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The current in-depth proteomics makes use of long chro-
matography gradient to get access to more peptides for
protein identification, resulting in covering of as many as
8000 mammalian gene products in 3 days of mass spec-
trometer running time. Here we report a fast sequencing
(Fast-seq) workflow of the use of dual reverse phase high
performance liquid chromatography - mass spectrometry
(HPLC-MS) with a short gradient to achieve the same
proteome coverage in 0.5 day. We adapted this workflow
to a quantitative version (Fast quantification, Fast-quan)
that was compatible to large-scale protein quantification.
We subjected two identical samples to the Fast-quan
workflow, which allowed us to systematically evaluate
different parameters that impact the sensitivity and accu-
racy of the workflow. Using the statistics of significant
test, we unraveled the existence of substantial falsely
quantified differential proteins and estimated correlation
of false quantification rate and parameters that are ap-
plied in label-free quantification. We optimized the setting
of parameters that may substantially minimize the rate of
falsely quantified differential proteins, and further applied
them on a real biological process. With improved efficiency
and throughput, we expect that the Fast-seq/Fast-quan
workflow, allowing pair wise comparison of two proteomes
in 1 day may make MS available to the masses and impact
biomedical research in a positive way. Molecular & Cel-
lular Proteomics 12: 10.1074/mcp.M112.025023, 2370–2380,
2013.

The performance of mass spectrometry has been improved
tremendously over the last few years (1–3), making mass
spectrometry-based proteomics a viable approach for large-

scale protein analysis in biological research. Scientists around
the world are striving to fulfill the promise of identifying and
quantifying almost all gene products expressed in a cell line or
tissue. This would make mass spectrometry-based protein
analysis an approach that is compatible to the second-gen-
eration mRNA deep-seq technique (4, 5).

Two liquid chromatography (LC)-MS strategies have been
employed to achieve deep proteome coverage. One is a
single run with a long chromatography column and gradient to
take advantage of the resolving power of HPLC to reduce the
complexity of peptide mixtures; the other is a sequential run
with two-dimensional separation (typically ion-exchange and
reverse phase) to reduce peptide complexity. It was reported
by two laboratories that 2761 and 4500 proteins were identi-
fied with a 10 h chromatography gradient on a dual pressure
linear ion-trap orbitrap mass spectrometer (LTQ Orbitrap
Velos)(6–8). Similarly, 3734 proteins were identified using a
8 h gradient on a 2 m long column with a hybrid triple qua-
drupole - time of flight (Q-TOF, AB sciex 5600 Q-TOF)(9) mass
spectrometer. The two-dimensional approach has yielded
more identification with longer time. For example, 10,006
proteins (representing over 9000 gene products, GPs)1 were
identified in U2OS cell (10), and 10,255 proteins (representing
9207 GPs) from HeLa cells (11). It took weeks (for example,
2–3 weeks) of machine running time to achieve such pro-
teome coverage, pushing proteome analysis to the level that
is comparable to mRNA-seq. With the introduction of faster
machines, human proteome coverage now has reached the
level of 7000–8500 proteins (representing 7000–8000 GPs) in
3 days (12). Notwithstanding the impressive improvement, the
current approach using long column and long gradient suffers
from inherent limitations: it takes long machine running time
and it is challenging to keep reproducibility among repeated
runs. Thus, current throughput and reproducibility have hin-
dered the application of in-depth proteomics to traditional
biological researches. A timesaving approach is in urgent
need.
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In this study, we used the first-dimension (1D) short pH 10
RP prefractionation to reduce the complexity of the proteome
(13), followed by sequential 30 min second-dimension (2D)
short pH 3 reverse phase-(RP)-LC-MS/MS runs for protein
identification (14). The results demonstrated that it is possible
to identify 8000 gene products from mammalian cells within
12 h of total MS measurement time by applying this dual-short
2D-RPLC-MS/MS strategy (Fast sequencing, Fast-seq). The
robustness of the strategy was revealed by parallel testing on
different MS systems including quadrupole orbitrap mass
spectrometer (Q-Exactive), hybrid Q-TOF (Triple-TOF 5600),
and dual pressure linear ion-trap orbitrap mass spectrometer
(LTQ-Orbitrap Velos), indicating the inherent strength of the
approach as to merely taking advantage of the better MS
instruments. This strategy increases the efficiency of MS se-
quencing in unit time for the identification of proteins. We
achieved identification of 2200 proteins/30 mins on LTQ-
Orbitrap Velos, 2800 proteins/30 mins on Q-Exactive and
Triple-TOF 5600 respectively. We further optimized Fast-seq
and worked out a quantitative-version of the Fast-seq work-
flow: Fast-quantification (Fast-quan) and applied it for protein
abundance quantification in HUVEC cell that was treated with
a drug candidate MLN4924 (a drug in phase III clinical trial).
We were able to quantify � 6700 GPs in 1 day of MS running
time and found 99 proteins were up-regulated with high con-
fidence. We expect this efficient alternative approach for in-
depth proteome analysis will make the application of MS-
based proteomics more accessible to biological applications.

MATERIALS AND METHODS

Preparation of Protein Samples—Proteins of HeLa, HepG2, or
HUVEC cells were extracted with 8 M urea, and 200 to 400 �g of
protein was reduced by adding 2.96 �l of 0.1 M dithiothreitol for 4 h at
37 °C and then alkylated by adding 3.29 �l of 0.5 M iodoacetamide for
60 min at room temperature in the dark. The protein sample was
finally digested using trypsin at a mass ratio of 1:50 enzyme/protein
overnight at 37 °C and stopped by addition of 1% formic acid (FA).

First Dimension High pH RP Chromatography—The first dimension
RP separation by microLC was performed on an L-3000 HPLC Sys-
tem (Rigol) by using a Durashell RP column (5 �m, 150 Å, 250 mm �
4.6 mm i.d., Agela). Mobile phases A (2% acetonitrile, adjusted pH to
10.0 using NH3�H20) and B (98% acetonitrile, adjusted pH to 10.0
using NH3�H20) were used to develop a gradient. The solvent gradient
was set as follows: 5–8% B, 2 min; 8–18% B, 11 min; 18–32% B, 9
min; 32–95% B, 1 min; 95% B, 1 min; 95–5% B, 2 min. The tryptic
peptides were separated at an eluent flow rate of 1.5 ml/min and
monitored at 214 nm. The column oven was set as 60 °C. Eluent was
collected every minute. The samples were dried under vacuum and
reconstituted in 15 �l of 0.1% (v/v) FA, 2% (v/v) acetonitrile in water
for subsequent analyses.

Second Dimension Low pH RP Chromatography Coupled with
MS/MS Measurement—Fractions from the first dimension RPLC were
dissolved with loading buffer and then separated by a C18 column (75
�m inner-diameter, 360 �m outer-diameter � 10 cm, 3 �m C18).
Mobile phase A consisted of 0.1% formic acid in water solution, and
mobile phase B consisted of 0.1% formic acid in acetonitrile solution;
a series of adjusted linear gradients according to the hydrophobicity
of fractions eluted in 1D LC with a flow rate of 350 nL/min was
applied. The MS conditions are as the followings: For LTQ-Orbitrap

Velos, the source was operated at 1.8 kV, with no sheath gas flow and
with the ion transfer tube at 350 °C. The mass spectrometer was
programmed to acquire in a data dependent mode. The survey scan
was from m/z 375 to 1600 with resolution 60,000 at m/z 400. The 50
most intense peaks with charge state 2 and above were acquired with
collision induced dissociation with normalized collision energy of
35%, activation time of 5 ms, one microscan and the intensity thresh-
old was set at 500. The MS2 spectra were acquired in the LTQ normal
scan mode. For Triple-TOF 5600: A spray voltage of 2600 V was
applied. The MS scan range was m/z 350–1250. The top 50 precursor
ions were selected in each MS scan for subsequent MS/MS scans
with high resolution. MS scans were performed for 0.25 s, and sub-
sequently 50 MS/MS scans were performed for 0.04 s of each. The
dynamic exclusion for MS/MS was set as 12s. The collision induced
dissociation (CID) energy was automatically adjusted by the rolling
CID function of Analyst TF 1.5.1. For Orbitrap Q-Exactive: The source
was operated at 1.8 kV. For full MS survey scan, automatic gain
control (AGC) target was 3e6, scan range was from 300 to 1400 with
the resolution of 70,000. The 75 most intense peaks with charge state
2 and above were selected for fragmentation by higher-energy colli-
sion dissociation (HCD) with normalized collision energy of 27%. The
MS2 spectra were acquired with 17, 500 resolution.

Protein Identification—Raw files from Orbitrap Q-Exactive and
LTQ-Orbitrap Velos were searched by Proteome Discovery version
1.3 using MASCOT search engine with percolator against the human
ref-sequence protein database (34,361 proteins, updated on 07-04-
2012). The mass tolerance was set to be 20 ppm for precursor. As for
the tolerance of product ions, QE was set as 20 mmu and Velos was
set as 0.5 Da. Oxidation (Met), Acetyl (N terminus) was chosen as
variable modifications; carbamidomethyl (Cys) was chosen as a fixed
modification; and one missed cleavage on trypsin was allowed. Wiff
files from Triple-TOF 5600 were first searched by ProteinPilot version
4.2 using Paragon search engine against the human ref-sequence
protein database (34,361 proteins, updated on 07-04-2012). Mascot
generic format (Mgf) files containing MS peak lists were then exported
by ProteinPilot and delivered to Proteome Discovery version 1.3 to
search with the same parameters as with QE’s.

Thorough and Stringent Data Analysis in Proteome Discovery—We
also re-analyze all the data in another platform that permits the
calculation of protein false discovery rate (FDR).

(Step 1) All the raw files of mass spectra were converted into mgf
files using the msconvert module (15) in Trans-Proteomic Pipeline
(TPP v4.5.2)(16). The MS/MS peak lists (mgf files) were searched
using the Mascot v2.3.2 local server (17) against the database con-
taining all the human protein sequences from NCBI Reference Se-
quences Database. Search parameters were: precursor and product
ion peaks were searched with an initial mass tolerance of 20 ppm and
0.05 Da respectively. The enzyme specificity with trypsin was used.
Up to two missed cleavages were allowed and peptides with at least
seven amino acids were retained. Carbamidomethylation cysteine
(�57.0215Da) was set as a fixed modification and oxidation
(�15.9949Da) on methionine was set as a variable modification.

(Step 2) Identification Quality Control: The target-decoy based
strategy was applied to control both peptide and protein level FDRs
lower than 1%(18). PepDistiller (19) was used to calculate the proba-
bility value (q-value) that keep the FDR measured by the decoy hits
lower than 1% for every peptide-spectrum match (PSM). Then all the
peptide lengths shorter than seven amino acids was removed. The
cutoff ion score for peptide identification was 20. All the PSMs in all
fractions were combined for protein quality control, which was a more
stringent quality control strategy (20). The q-values of both target and
decoy peptide sequences were dynamically increased until the corre-
sponding protein FDR was less than 1% employing the parsimony
principle (21).
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Protein Quantification and Absolute Amount Estimation—For each
LC-MS/MS run, we first loaded identification results and the raw data
from mzXML file. Then for each identified peptide, we extracted its
XIC by searching against the MS1 based on its identification infor-
mation, and estimate its abundance by calculating the area under the
extracted XIC curve using a home-made program that improved XIC
calculation of Protein Discoverer 1.3 as supplied by the manufacturer.
For protein abundance calculation, we make use of the nonredundant
peptide list to assemble proteins by using the parsimony principle at
first. Proteins are sorted as equivalent, subset, superset, subsumable,
differentiable, and distinct proteins (21). These differentiable, distinct,
and equivalent proteins with more than one unique peptide are re-
tained. Then, the protein abundances are estimated by using the
iBAQ algorithm (22). For estimation of protein “absolute amounts,”
summed iBAQ values of total proteome were taken as proxies. Like-
wise, we divided the protein amount loaded on the column (400 �g �
20% loading) by the average molecular weight (60 kDa) to calculate
molar mass of the total amount of protein. These two quantities
should be equal to each other, which allowed us to estimate the
“absolute amounts” for each protein from its normalized MS signal.

Statistical Analysis of Quantification Proteome Data Set—The dif-
ferential proteins of the data set was determined by the method as
described previously (23). Briefly, we took the natural logarithm of all
normalized protein ratios and calculated the 15.87, 50, and 84.13
percentiles r-1, r0, and r1. We define r1-r0 and r0-r-1 as the right- and
left-sided robust standard deviations. A suitable measure for a ratio
r�r0 of being significantly far away from the main distribution would
be the distance to r0 measured in terms of the right standard deviation

z �
r � r0

r1 � r0

Similarly, for a ratio r�r0 one would take

z �
r � r0

r�1 � r0

p value

significanceA �
1
2

erfc� z

�2� �
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�2��
z

�

e�t2/ 2dt

Number of p value �0.01 (NO.p value �0.01).
In 1-repeat scheme, only 1 p value set was calculated (RP2-

repeat1/RP1-repeat1), whereas 4 sets and 9 sets were calculated in
the 2-repeat scheme (RP2-repeat1/RP1-repeat1, RP2-repeat1/RP1-
repeat2, RP2-repeat2/RP1-repeat1, RP2-repeat2/RP1-repeat2) and
3-repeat (RP2-repeat1/RP1-repeat1, RP2-repeat1/RP1-repeat2,
RP2-repeat1/RP1-repeat3, RP2-repeat2/RP1-repeat1, RP2-repeat2/
RP1-repeat2, RP2-repeat2/RP1-repeat3, RP2-repeat3/RP1-repeat1,
RP3-repeat3/RP1-repeat2, RP3-repeat3/RP1-repeat3) scheme respec-
tively. The NO.p value �0.01 was set as filter for differential protein
determination. For example, “NO.p value �0.01 � 5” means proteins that
have at least 5 p value lower than 0.01.

RESULTS

A Streamlined Workflow of Fast-seq—We used two-dimen-
sional chromatography-MS/MS for peptide sequencing. We
firstly employed high pH (pH 10) RP-LC (13, 24) to decrease
the complexity of the tryptic digest of the HeLa total cell
lysate. We collected 24 fractions in the first dimension RP-LC
of a 72-min gradient. Then each fraction was run with a

60-min RP-LC gradient running at pH-3 coupled with a Q-
Exactive MS. This experimental set required 1 day of instru-
ment time (24 fractions � 60 min) and 8586 proteins (8406
GPs) were identified (supplemental Figs. S1A and 1B and
Supplemental Table S1). We modified the workflow to reduce
running time of both RP dimensions time to 30 min (supple-
mental Fig. 1C). In this experiment, 22 fractions were col-
lected and measured in parallel on Q-Exactive (QE), Triple-
TOF 5600 (5600), and LTQ-Orbitrap Velos (Velos) with the
second dimension LC-MS/MS running with a 30 mins gradi-
ent (Fig. 1). The gradient of the second dimension LC was
adjusted to match the hydrophobicity of fractions eluted from
the first dimension RP-LC (supplemental Fig. S1D). A total of
8154, 8145, and 6763 proteins (representing 8032, 8031, and
6683 GPs) were found on QE, 5600 and Velos, respectively in
12 h of MS running (Fig. 2A and 2B and supplemental Table
S2). We further reduced the MS running time by pooling the
first RP fractions into 11 fractions that resulted in identification
of more than 6000 gene products within 6 h on all three
machines (supplemental Fig. S2A and S2B). These results
indicated that 12-hour MS running a good compromise be-
tween proteome coverage and MS running time.

FIG. 1. Streamlined workflow of Fast-seq strategy. Total proteins
were extracted in urea solution and then digested by trypsin. Reverse
phase chromatography with 30 min gradient in pH 10 condition was
employed to pre-fractionate peptides complex. A series of second
dimension reverse phase chromatography with 30 min gradient in pH
3 condition was applied and online deliver peptides to different types
of MS for identification.
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We reanalyzed a data set of 12-hour mode Fast-seq from
QE for rigorous evaluation by applying more stringent quality
control strategy (see Materials and Methods, Peptide length
�7, Mascot ion score �20, peptide FDR � 1%, protein
FDR � 1%, applying the parsimony principle (21) in peptide
grouping) and gained over 7700 protein (representing 7593
GPs) identifications. Using MaxQuant, we also identified �

7600 proteins with � 1% FDR on both peptide and protein
level (supplemental Table S2), confirming our analysis. We
concluded that Fast-seq that takes 12 h of MS running time is
an in-depth and efficient approach for proteome coverage
(online resource with annotated spectra information. http://
61.50.134.133/browseOneExperiment.jsp?experiment�Hela).

The Fast-seq Strategy Improves MS Identification Effi-
ciency—The fast-seq workflow achieved high efficiency for
protein ID on all three tested MS instruments including the
slower Velos instrument. In the 12-hour mode, the average
number of protein identified was 2223 � 356, 2439 � 392,
and 1454 � 226 and the maximum number of identified
protein were 2533, 2862, and 1737 on QE, 5600 and Velos in
the 30-mins MS run, respectively (Figs. 2A and 2B). In the
6-hour mode, the average number of identified proteins in-
creased to 2398 � 155, 2553 � 104 and 2065 � 133 and the
maximum value were 2718, 2741 and 2241 per 30 min on
the three MS platforms (supplemental Fig. S2A and S2B). The
number of proteins identified in this workflow with 30-min
gradient is no fewer than those from longer gradient (7, 8). We
detected 73,680 unique peptides on QE from the 12-h run,

which resulted in 21.26% median sequence coverage of iden-
tified proteins. The unique peptide number and coverage
percentage were 70,552 and 19.86% in the 5600 data set,
demonstrating a similar performance of Fast-seq approach on
different MS platforms. Detection of 8000 gene products im-
plies high dynamic range covered in the data set. As a result,
a dynamic range of 5.5 and 6 orders of magnitude was
achieved for precursor intensity of identified peptides in 6 h
and 12 h mode respectively (supplemental Fig. S2C). The
results indicated that the Fast-seq workflow is indeed an
efficient and deep proteome strategy not only in protein num-
ber counts, but also in protein sequence coverage.

Combining three data sets of 12-hour running, we found
9037 proteins (represent 8823 gene products) at 1% FDR at
the protein level, representing most efficient in-depth pro-
teome covered in a mammalian cell line with the shortest MS
measurement time (10, 11) (12 h � 3 instruments) (Fig. 2C and
supplemental Table S3). When overlaying these data onto
pathway database of the Kyoto Encyclopedia of Genes and
Genome (KEGG)(25), we found 196 of 200 KEGG pathways
were covered, and more than 100 of which have coverage of
over 50%, indicating our dataset has good coverage of the
proteome/genome. The three data sets from different instru-
ments have similar coverage for the KEGG pathways as
shown in supplemental Fig. S3.

Using the intensity based absolute quantification (iBAQ) algo-
rithm (22), we estimated the distribution of protein abundance
ranged up to 6 orders of magnitude (Fig. 2D). The predicted

FIG. 2. High efficiency of Fast-seq strategy in deep proteome coverage. A, Individual identified protein counts of first dimension RP fractions
measured by three different MS platforms in 12-hour mode. B, Cumulative protein mass identified by three MS in 12-hour mode. C, Venn diagram
of identified protein from three MS. D, Dynamic range of Fast-seq analysis of HeLa cells identified by three MS. Ranking of proteins according to
their absolute amounts. Quantification is based on added peptide intensities of the proteins as described in the Materials and Methods section.
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median protein amount was 2 fmole, 9 fmole, and 19 fmole (in
400 �g of total protein applied to the first dimension HPLC) in
QE, 5600 and Velos data set respectively after fraction of the
total (FOT) normalization with the assumption that average mo-
lecular weight is 60 kDa (8) (Materials and Methods).

Evaluation of Repeatability of Fast-seq Using Label-free
Quantification—We then evaluated the possibility of using the
fast-seq workflow for large-scale proteome quantification.
Whole cell extract of HepG2 cells was digested and pro-
cessed with Fast-seq strategy. We performed two parallel MS
analysis from either same fractions of one RP experiment (MS
repeats), or equivalent fractions of two RP-LC experiments
(RP repeats) (Fig. 3A). In these data set, 8226 proteins were
identified, and over 7000 proteins could be quantified for
repeatability evaluation. After log2-transformation, the corre-
lation coefficient (R2) of protein abundance was 0.94 and 0.93
within MS repeats, and was over 0.80 across RP repeats (Fig.
3B), implying good repeatability of the Fast-seq workflow. The
median coefficient of variation (CV) was 0.75% and 0.82% in
MS repeats, and was 1.8% across RP repeats (Figs. 3C and
3D). These data suggested that the Fast-seq workflow may be
usable for label-free proteome quantification.

Optimization of Fast-seq for Large-scale Proteome Quanti-
fication: A Quantitative Version of Fast-seq—Fast Quantifica-
tion (Fast-quan)—In Fast-seq, we found the protein/peptide

accumulation curve rapidly reached its plateau in the first sev-
eral runs, suggesting a compromise could be made to further
reduce the MS running time without reducing proteome cover-
age too much. Shorter MS running time has the added benefit
that the MS instrument running conditions could be constant,
which is a prerequisite for label-free quantification.

We then evaluated the efficiency and accuracy for label-free
quantification of different variations of the Fast-seq workflow
within 12 h of MS running time. We divided equally a tryptic
digest of HeLa whole cell lysate and then added tryptic pep-
tides of 10 isotope-labeled quantitative concatenated protein
(QconCAT) proteins with known ratios (supplemental Table
S4). We fractionated them in the first dimension LC and col-
lected 24 fractions for each run (RP1 and RP2). In the con-
finement of 12 h MS running time, we run the 24 fractions
once (24 � 1, scheme 1), pooled two fractions for 12 MS runs
with two MS repeats (12 � 2, scheme 2), and pooled three
fractions for 8 MS runs with three MS repeats (8 � 3, scheme
3) (Fig. 4A). As expected, the proteome identification was
reduced by 15% in the three-repeat scheme as compared
with the one-repeat scheme (Table I).

We applied the statistics of significant test to calculate p
values of proteins identified in RP1 and RP2 from the three
schemes to find the differentially expressed proteins (supple-
mental Fig. S4A) (23). One paired comparison could be made
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FIG. 3. Repeatability evaluation of Fast-seq strategy with label-free quantification. A, Experimental design to estimate the accuracy of
Fast-seq strategy in quantification, B, correlation curve of identified proteins iBAQ value in MS repeats or RP repeats. iBAQ value was
calculated and transformed to base-2 logarithms. Coefficient of variation that comes from the proteinsidentified in MS repeats and RP repeats
in Fast-seq strategy is visualized as box plots (C) and density plots (D).
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in scheme 1, whereas four and nine paired comparisons could
be made in scheme 2 and 3, respectively. We chose the p
value �0.01 as a gauge for assigning differentially expressed
proteins. In addition to the p value evaluation, we could also
use the numbers of p value �0.01 as a secondary parameter
for differential protein determination.

Because samples from RP1 and RP2 are identical, proteins
that were identified as differentially expressed proteins from
the significant test can be considered as false quantified

differential proteins (FQDPs). We evaluated the rate of false
quantification considering the parameters of iBAQ ratio and
the number of p values �0.01, which can be determined from
the number of repeats. Even with 9 p values �0.01 (the
3-repeat scheme), a significant number of false quantified
proteins were found and plotted at a function of iBAQ ratio
(Fig. 4B). The numbers of FQDPs in 1- (NO.p value �0.01 � 1),
2- (NO.p value �0.01 � 4), and 3- (NO.p value �0.01 � 9) repeat
schemes were 770, 275, and 117, respectively. Considering

FIG. 4. Development of Fast-quan strategy in large-scale proteome quantification. A, Experimental design of two repetitive RP-LC-MS
experiments with equal background proteome and differentially spiked labeled standard proteins QconCAT. B, Number of significant false
quantified proteins plot in correlated to differential ratio threshold. X-axis stands for number of false quantified proteins (whose NO.p value�0.01 �
1 in 1-repeat group, NO.p value�0.01 � 4 in 2-repeat group, NO.p value�0.01 � 9 in 3-repeat group) that distribute in rejection region whose
thresholds were defined in y-axis ( log2 (Ratio) ). Valued arrows marked in figure stand for logarithmic differential threshold value of 1% false
quantified protein rate. C, Total quantifiable proteins and false quantified proteins (NO.p value�0.01 � 9) comparison in Fast-quan (3-repeat)
dataset according to criteria of minimum number of peptides match for protein quantification. Percentage values marked in figure stand for
false quantification rate of the dataset. D, Experimental QconCAT ratios quantified by #1, #2, and #3 Fast-seq scheme (Fast-quan) were
consistent with their theoretical spiked ratios.
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proteins were identified with 1% FDR, it was logical to assume
that the lower limit of FQDPs in global proteome was 1%.
Taking 1% false quantification rate for all identified proteins,
we found that the minimum confidence limit of iBAQ log2 ratio
was 2.13, 3.14, and 7.01, (corresponding to ratio of 5, 10, and
50) respectively for 3, 2, and 1 repeat experiment (Fig. 4B).
The false quantification rate may be composed of two parts:
(1) inaccuracy in quantification, (2) FDR in identification. The
above calculation included proteins identified with 1 peptide.
Increasing the threshold of number of detected peptides for
protein quantification reduced both quantifiable proteins and
FQDPs, and the rate of drop for FQDPs is faster than that of
quantified proteins, which can be explained by increasing of
quantification accuracy and decreasing of FDR of protein
identification (Fig. 4C and supplemental Fig. S4C). Demand-
ing � 2 peptides detected for protein quantification dramati-
cally decreased the differential expression threshold of iBAQ
log2 ratio to 0.22, 1.66, 3.17 (corresponding to ratio of 1.2,
3.2, and 10) for 1% false quantification rate in 3, 2, and
1-repeat scheme, respectively (supplemental Fig. S4D).

We then tested the correlation of various parameters (iBAQ
ratio, number of p values�0.01, and number of peptides
detected in protein identification) with false quantification
rate. For the 3-repeat scheme, relaxing the number of p value
�0.01 from 9 to 5 resulted in increasing of FQDPs, but the
rate of increase was insignificant at higher iBAQ ratios region
(supplemental Fig. S4B). Increasing threshold of minimum
number of matched peptides to 2-peptide for protein quanti-
fication can dramatically compromise the loss of accuracy
caused by relaxing in NO.p values � 0.01 (supplemental Fig.
S4E). Importantly, the ratios of all spiked QconCAT proteins
were correctly determined in the 3-repeat scheme (Fig. 4D).
We concluded that the false quantification rate of the 3-repeat
scheme can be kept in a low level and named this scheme as
the Fast-quantification (Fast-quan) approach.

An Application of the Fast-quan Workflow: Screening of
Accumulated Proteins in Response to CRLs/SCF Inactivation
Induced by MLN4924—Cullin-RING ubiquitin ligases (CRLs)
represent the largest E3 ubiquitin ligase family in eukaryotes.
The discovery of their substrates, which is critical to revealing
regulation of the proteome, attracted broad interest (26, 27).
MLN4924 is a small molecule that selective inhibits Nedd8-
activating enzyme (NAE)(28). Inhibition of NAE by MLN4924
prevents the conjugation of cullin proteins with NEDD8, re-
sulting in inactivation of the entire family of CRLs. We em-
ployed the Fast-quan strategy to infer CRL substrates by
comparing proteome pattern of MLN4924 treated group with
vehicle group in human umbilical vein endothelial cell HUVEC.
In all, 6784 gene products were identified (online recourse
with annotated spectra information: http://61.50.134.133/
browseOneExperiment.jsp?experiment�HUVEC_DMSO_QE,
http://61.50.134.133/browseOneExperiment.jsp?experiment�
HUVEC_MLN_QE). Taking into account the known subtracts
based on prior knowledge, we generated two candidate lists
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for up-regulated proteins: (1) A sensitive but less accurate
194-candidate list (Ratio of MLN4924/Vehicle � 5, at least 6 p
values � 0.01), which has roughly 0.8% of false quantification
rate (60 FQDPs); (2) A accurate but less sensitive 99-
candidate list (Ratio of MLN4924/Vehicle � 5, at least 6 p
values � 0.01, at least 2 peptides matched), which has
roughly 0.3% of false quantification rate (25 FQDPs) (supple-
mental Table S5 and supplemental Fig. S4F).

We subjected differentially accumulated proteins to Ingenuity
Pathway Analysis (IPA, www.ingenuity.com) and found that ac-
cumulated proteins interacted with each other and concen-
trated in the cell cycle regulation pathway (Figs. 5A and 5B). As

the CRLs/SCF systems play major roles in the maintenance of
genomic integrity and cellular homeostasis, which are important
for tumor suppression and oncogenesis (29), many tumoorgen-
esis related proteins were found to be significantly accumulated
in response to CRLs/SCF inactivation, including MT1X (30),
CDCA2 (31), TPX2 (32), PLAUR (33), PLEK2 (34), SLC7A11 (35),
and SUV39H1 (36), suggesting potential mechanism for sup-
pressing of cancer cells by MLN4924 in cancer therapy.

DISCUSSION

The improvement in MS performance has made it possible
to achieve deep coverage of the proteome (11). Current pro-

FIG. 5. Ingenuity analysis of repre-
sentative accumulated proteins in re-
sponse to inactivation of CRL/SCF
system. A, Interacted network, and (B)
cellular pathway focus of accumulated
proteins induced by MLN4924.
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teomics strategy tends to use prefractionation and to employ
long gradient in the second dimension HPLC/MS/MS to over-
come the problem of sample complexity (8), this is achieved at
the expense of MS running time, such that a typical experi-
ment for proteome coverage takes days and weeks to com-
plete. Such long time of MS running is cost prohibitive for
many scientists and is challenging to maintain the instrument
at constant conditions during different runs so that the results
can be compared. This shortcoming has hindered the wide
spread use of proteome deep sequencing in biomedical
applications.

In this study, we sought for a strategy that effectively bal-
ances the efficiency and depth in proteome covering. Previ-
ous studies have revealed the outstanding capability of 2-D
RP-RP system in peptide separation (13, 24, 37). RP-RP
approaches using two different pH values were further dem-
onstrated to have good potential in fractionating complex
protein mixtures (14, 38, 39). Based on previous knowledge,
we chose an opposite way from current proteomics strategies
by using a dual-short RP/RPLC-MS/MS approach (Fast-seq
strategy) in proteome deep-coverage (Fig. 1). The results have
shown an increase in efficiency for proteome identification. An
average of over 2000 protein identifications in 30 min on all
three tested MS platforms far exceeded any reported MS
records from the literature. It is possible to identify 8000 GPs
in 12 h of MS running time and this implies that it is possible
to reach deep proteome coverage in a short time.

We combined data sets of the 12 h mode from three instru-
ments and gained over 8800 GPs from HeLa whole cell lysate
(Fig. 2). Meanwhile, the sequence coverage of identified pro-
tein was over 20% on average, indicating the approach is
indeed an efficient and deep proteome strategy not only in
protein number counts. Repeatability evaluation of protein
abundance has further extended the application of Fast-seq
in biological research on entire proteome quantification
across different physiology/pathology processes (Fig. 3).

The Fast-seq approach has several attractive characteris-
tics. First, the method is efficient in that it only requires 12 h of
MS measurement time to map a human proteome at the
depth of 8000 GPs. This is a sufficiently deep proteome
coverage that the majority of regulatory proteins that include
kinases, transcription factors (40), trans-membrane receptors
(41), tumor suppressor proteins, and onco-proteins are de-
tected, facilitating research in regulatory biology. Second, the
RP-RP approach eliminates the desalting step, further simpli-
fying the workflow of proteome analysis. Third and most
important, the Fast-seq approach is compatible with any la-
bel- and label-free based absolute and relative quantification.

We adapted the Fast-seq workflow to a version that al-
lowed for protein quantification—Fast-quan. We subjected
two identical samples to the fast-quan workflow, which al-
lowed us to systematically evaluate different parameters that
impact the sensitivity and accuracy of the Fast-quan workflow
(Fig. 4). Using the statistics of significant test, we unraveled

the existence of substantial falsely quantified differential pro-
teins (FQDPs) and estimated correlation of false quantification
rate and parameters that are applied in label-free quantifica-
tion. The rate of FQDPs is composed of the false discovery
rate (FDR) in identification, inaccuracy in AUC calculation, and
reproducibility of HPLC and MS runs. Our systematic evalu-
ation suggested that it is possible to obtain reasonable num-
bers of FQDPs (� 20 proteins) when using the following
parameters: 3 MS repeats, iBAQ ratio � 5, NO.p values � 0.01 �

9 and at least two peptides detected with 1% FDR in protein
identification.

Last, we employed the quantitative version of Fast-seq:
Fast-quan on differential proteome screenings in response to
de-activation of CRL/SCF system blocked by MLN4924, aim-
ing to find CRL/SCF regulated proteins. A total of 6784 GPs
were identified and quantified. The flexibility of the Fast-quan
workflow and its associated data analysis method allowed us
to take into account of the known subtracts based on prior
knowledge and generate two candidate lists for up-regulated
proteins: (1) A sensitive but less accurate 194-candidate list,
which may include 60 FQDPs and (2) An accurate but less
sensitive 99-candidata list, which may include 25 FQDPs. We
believe that for biological applications with known positive
controls, it is necessary to adjust the parameter set of Fast-
quan data analysis so that the positive controls are included,
but it is important to keep in mind the number of FQDPs under
the parameter set used for the analysis.

Our measurement yielded many known CRL substrates
including CDC25A, CDKN1A, CDKN1B, DTL, NFE2L2, CCND,
JUN, NUSAP1 (26), CEP110 (42), FBXO5, WEE1, and ORC1
(43), suggesting the sensitivity of Fast-quan in large-scale
proteome quantification. Apart from CDC25A, CCND1,
FBXO5 and NFE2L2 that have only single-peptide identified,
other known substrates were matched with at least two pep-
tides. Besides direct substrates of CRLs, changes of other
proteins that related to CRLs/SCF system were also quanti-
fied. Sororin (also known as CDC5A) was identified as a
substrate of the anaphase-promoting complex (APC)(44).
Emi1 (also known as FBXO5), another substrate of CRLs/SCF,
inhibits the activity of APC. We detected accumulation of both
Emi1 and Sororin under MLN4924 treatment. Thus, the can-
didate list includes both CRLs/SCF substrates and the pro-
teins that they regulate.

Previous proteomics study (27) had screened similar bio-
logical processes and achieved comparable proteome cover-
age with over 100 h (80 fractions � 80 min gradient) of total
MS measuring time for each condition. With the Fast-quan
workflow, we finished three MS technique repeats and
achieved over 6700 GPs within 12 h of total MS measuring
time for each condition. This corresponds to the reduction of
MS measuring time from 8 days to 1 day. The reduction in
time consumption may improve the measurement accuracy,
as it is likely that MS running can be kept under constant
conditions over a shorter time.
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Fast-seq and Fast-quan may serve different proteomics
purposes. Fast-seq is an efficient tool to push the envelope of
in-depth proteomics, whereas Fast-quan is a relatively con-
servative strategy that ensures accuracy of quantification at
the expense of slightly reduced proteome coverage. With
outstanding efficiency and throughput, we expect that the
Fast-seq/Fast-quan workflow will impact biomedical research
in a positive way and may make MS available to the masses.
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