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Abstract

Mass spectrometry-based approaches are commonly used to identify proteins from multiprotein complexes, typically with the goal of
identifying new complex members or identifying post-translational modifications. However, with the recent demonstration that spectral
counting is a powerful quantitative proteomic approach, the analysis of multiprotein complexes by mass spectrometry can be reconsid-
ered in certain cases. Using the chromatography-based approach named multidimensional protein identification technology, multipro-
tein complexes may be analyzed quantitatively using the normalized spectral abundance factor that allows comparison of multiple
independent analyses of samples. This study describes an approach to visualize multiprotein complex datasets that provides structure
function information that is superior to tabular lists of data. In this method review, we describe a reanalysis of the Rpd3/Sin3 small
and large histone deacetylase complexes previously described in a tabular form to demonstrate the normalized spectral abundance factor
approach.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A powerful approach to understanding the function of
any given transcriptional protein is to determine its interac-
tion partners. Proteomic analysis of protein complexes has
facilitated the discovery of functional information about
the roles of genes and their protein products in the biology
of organisms from Saccharomyces cerevisiae to humans.
Directly incorporating generic affinity purification tags into
individual genes simplified the analysis of protein complex-
es by mass spectrometry. For example, the tandem-affinity
purification (TAP) tag [1] enabled the analysis of protein
complexes in yeast including a large scale qualitative analy-
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sis of protein complexes from S. cerevisiae cells grown in
YPD media [2]. Another notable report of a high-through-
put protein complex identification is the study by Ho et al.,
which also analyzed protein complexes from S. cerevisiae

grown in YPD media [3] using the FLAG epitope tag [4].
However, neither method proved sufficiently comprehen-
sive to provide full coverage, and 50% of the data reported
in these two high-throughput proteomic analyses [2,3] were
predicted to be spurious [5]. Notably, high-throughput
analysis of protein complexes without consideration of the
biology of the system and appropriate validation of interac-
tions can lead to many false positives [5]. Finally, the data in
both of these datasets is strictly qualitative. Alterations in
abundance and content of protein complexes are key cellu-
lar events in response to stimuli. The lack of analysis of the
dynamics of protein complexes from organisms in response
to stimuli results from the lack of methodologies and
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technologies. With the advent of quantitative proteomics
methods, this will change.

A powerful approach for analyzing the content of pro-
tein complexes is combining affinity purification via tag-
ging of specific subunits with chromatography-based
shotgun proteomics. Multidimensional protein identifica-
tion technology (MudPIT) was originally devised as an
approach for comprehensive analyses of proteomes [6,7],
but has proven even more powerful for the analysis of mul-
tiprotein complexes [8–10]. In a MudPIT analysis of a mul-
tiprotein complex, the complex is first purified—by either
affinity chromatography, co-immunoprecipitation or tradi-
tional biochemical techniques—then digested into peptides.
Peptide mixtures are loaded onto a microcapillary column
that serves as an electrospray ionization source when
placed in line with an HPLC and a tandem mass spectrom-
eter. The microcapillary column consists of three phases,
reversed phase (RP), strong cation exchange (SCX), and
reversed phase. Sample is desalted directly on the column
in the first RP, after which a RP gradient moves peptides
to the SCX portion of the triphasic column. Next, a salt
pulse consisting of a low amount of ammonium acetate
releases small batches of peptides from the SCX to the
RP, and a RP gradient over 90 min elutes peptides into a
tandem mass spectrometer. Iterative cycles of increasing
salt concentration followed by RP gradients slowly elute
peptides into the tandem mass spectra spectrometer where
they are isolated and fragmented. The SEQUEST algo-
rithm interprets the peptide sequence within tandem mass
spectra [11], after which additional algorithms recombine
thousands of peptides to determine which proteins were
present in the original sample [12].

Typically, protein mass spectrometry analyses of multi-
protein complexes results in a tabular list of the proteins
present in the sample compared to a negative control.
However, the number of peptides identified per protein is
growing in use for quantitative analysis [13–20]. The most
straightforward implementation of this approach is spec-
trum counting which is the total number of peptides used
to identify a protein [13,16,19,20]. An important consider-
ation with spectrum counting and similar approaches is the
fact that small proteins tend to have fewer peptides identi-
fied per protein compared to large proteins. Therefore, it is
important to take into consideration the length [15] or
sequence [18] of a protein when determining protein abun-
dances using spectrum counting. We have recently expand-
ed the spectrum counting approach to allow for
normalization of spectrum counting data using normalized
spectral abundance factor (NSAF) [21]. In this method
article, we will revisit the analysis of the Large and Small
Rpd3/Sin3 histone deacetylase complexes we recently
described qualitatively in a tabular form [10,22]. In the cur-
rent body of work, we describe the purification and Mud-
PIT analysis of these complexes, and we demonstrate that
the NSAF approach is providing additional functional
insight into protein complexes than previously obtained
using tabular displays of protein lists.
2. Purification of protein complexes

2.1. Cell growth and extraction

Tandem-affinity purification (TAP) tagged Rpd3 and
Sin3 proteins in the S. cerevisiae cell line BY4741 are used
as an example in this study. The entire S. cerevisiae TAP
tag library is available from Open Biosystems (Huntsville,
AL). A given yeast strain was inoculated into 5 ml of
YPD media (1% yeast extract, 1% peptone, and 2% glu-
cose) overnight at 30 �C. The following morning, 5 ml of
overnight media was added to 2.5 L of YPD and grown
in independent cultures of until reaching an optical density
at 600 nm of approximately 1.5 Cells were collected by cen-
trifugation for 20 min at 4000g 4 �C. The supernatant was
discarded and the pellet was resuspended in 250 ml of cold
ultrapure water followed by an additional centrifugation
for 20 min at 4000g at 4 �C for pelleting the cells. Again,
the supernatant was discarded. Cells were resuspended in
25 ml of Extraction Buffer (40 mM Hepes–KOH (pH
7.5), 10% glycerol, 350 mM NaCl, 0.1% Tween-20, with
freshly added 1 lg/ml pepstatin A, 2 lg/ml leupeptin,
0.5 mM DTT, 1 mM PMSF) followed by centrifugation
for 20 min at 4000g at 4 �C. The supernatant was discarded
and the cells resuspended in 25 ml of Extraction Buffer with
the centrifugation and resuspension in extraction buffer
repeated a total of three times.

After the final resuspension of cells in 25 ml of Extrac-
tion Buffer, cells were broken open by using a bead beater
model 1107900 (BioSpec Products Inc., Bartlesville, OK).
Following this protocol, cells were disrupted with 25 ml
of silica beads 0.5 mm diameter (BioSpec Products Inc.,
Bartlesville, OK) by rotating at high speed forces (0.43
HP motor) in a polycarbonate chamber of 50 ml cooled
with an ice water cooling jacket (BioSpec Products Inc.,
Bartlesville, OK). Ten cycles of 30 s bead beating and
1 min break were performed. Beads were then washed with
10 ml of extraction buffer and the washed fraction added to
the lysate. Next, beads and cell debris were spun down by
centrifugation for 30 min at 4000g at 4 �C. After transfer-
ring the supernatant to ultracentrifuge tubes, the superna-
tant was spun for 1.5 h at 45,000g at 4 �C. The supernatant
contained the soluble protein extract and was used for fur-
ther purification. The pellet contained membranes and
unbroken cells and can be kept for additional experimenta-
tion or discarded.

2.2. Tandem-affinity purification

The next step was binding the TAP tagged proteins to
IgG Sepharose 6 Fast Flow (GE Healthcare, Piscataway,
NJ). First, 500 ll of IgG resin was washed by centrifuga-
tion with 5 ml of extraction buffer followed by centrifuga-
tion for 2 min at 2000g at 4 �C. This process was
repeated three times. The clarified cellular protein extract
was mixed with the washed IgG resin and incubated over-
night at 4 �C on a mixer. On the following day, the extract
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Fig. 1. Purification of Rpd3/Sin3 large and small complexes. Whole cell
extracts (Section 2.1) from 6 L of the RPD3-TAP strain culture were
subjected to Ig-Sepharose followed by TEV elution (Section 2.2). TEV
eluates were fractionated on MonoQ ion exchange chromatography to
separate the small and large Rpd3/Sin3 complexes (Section 2.3). (A)
MonoQ fractions 26 through 30 corresponding to Rpd3/Sin3L (as defined
by Superose 6 gel filtration, [10]) were pooled and further subjected to
Calmodulin-sepharose. EGTA elutions 1 through 10 were resolved on 8%
SDS–PAGE followed by silver staining. Bands known to correspond to
different subunits are shown. (B) MonoQ fractions 19 through 23
containing Rpd3/Sin3S were pooled and further subjected to Calmodu-
lin-sepharose. EGTA eluates 1 through 10 were resolved on 8% SDS–
PAGE followed by silver staining. Bands known to correspond to different
subunits are shown.
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plus resin was transferred to 20 ml Poly-prep Chromatog-
raphy columns (Biorad, Hercules, CA), and the extract
was allowed to drain by gravity. Beads were washed with
20 ml of extraction buffer and drained by gravity. Next,
beads were washed with 10 ml of TEV cleavage buffer
(10 mM Tris (pH 8), 150 mM NaCl, 0.1% NP-40,
0.5 mM EDTA, 10% glycerol; with freshly added 1 lg/ml
pepstatin A, 2 lg/ml leupeptin, 1 mM DTT, 1 mM PMSF)
by gravity flow. Beads were then resuspended in the col-
umn with 1 ml of TEV cleavage buffer followed by transfer
to a 1.5 ml microfuge tube. After adding 10 ll of AcTEV
protease (Invitrogen, Carlsbad, CA), the tubes were incu-
bated overnight at 4 �C on the mixer.

The following day, the suspension was transferred in a
new 20 ml column and the TEV cleaved products were elut-
ed by allowing the buffer to drip out of the column by grav-
ity. The resin was washed with 3 ml of calmodulin binding
buffer 0.3 M (10 mM Tris (pH 8), 1 mM MgAc, 1 mM
Imidazole, 2 mM CaCl2, 0.1% NP-40, 10% glycerol,
0.3 M NaCl, with freshly added 1 lg/ml pepstatin A,
2 lg/ml leupeptin, 0.5 mM DTT, 1 mM PMSF). This flow
through was pooled with the fraction containing the TEV
cleaved products. To the TEV cleaved products and the
washing fraction were added 3 ll of 1 M CaCl2. Next the
Calmodulin Sepharose 4B resin was washed (GE Health-
care, Piscataway, NJ) by centrifugation with 5 ml of Cal-
modulin binding buffer 0.3 M NaCl. This procedure was
carried out three times. After washing, the TEV cleaved
products were mixed with the Calmodulin resin and incu-
bated overnight at 4 �C on mixer.

The following day, the resin was washed by centrifuga-
tion 5 min at 2000g at 4 �C in five successive steps. The first
three washes were with calmodulin binding buffer NaCl
0.3 M followed by two washes with calmodulin binding
buffer NaCl 0.15 M (10 mM Tris (pH 8), 1 mM MgAc,
1 mM Imidazole, 2 mM CaCl2, 0.1% NP-40, 10% glycerol,
0.15 M NaCl, with freshly added 1 lg/ml pepstatin A,
2 lg/ml leupeptin, 0.5 mM DTT, 1 mM PMSF). After
transferring the resin to a 1.5 ml microfuge tube, 500 ll
of calmodulin elution buffer (10 mM Tris (pH 8), 0.15 M
NaCl, 1 mM MgAc, 1 mM Imidazole, 2 mM EGTA,
0.1% NP-40, 10% glycerol, with freshly added 1 lg/ml pep-
statin A, 2 lg/ml leupeptin, 0.5 mM DTT, 1 mM PMSF)
were added and mixed for 5 min at room temperature.
Next, the resin was spun down by centrifugation for
1 min at 14,000g at 4 �C and the supernatant was trans-
ferred in a clean tube. This elution step was repeated nine
times and each of the elution fractions was analyzed by
SDS–PAGE using silver staining (Fig. 1).

2.3. Fractionation of large and small Rpd3/Sin3 complexes

In many circumstances, the TAP purification followed
by protein mass spectrometry is insufficient to completely
characterize multiprotein complexes. In the case of the
example used in this article, Rpd3 and Sin3 belong to large
and small Rpd3/Sin3 complexes, each with distinct subunit
compositions and functions [10,22]. When planning on sep-
arating the large and small Rpd3/Sin3 complexes, it is rec-
ommended to grow at least 6 L of YPD cultures at optical
density at 600 nm of approximately 1.5, because the addi-
tional chromatography step will lead to sample loss. In
order to separate large (Rpd3L) and small (Rpd3S) com-
plexes, the following change to the TAP purification proto-
col described above was made.

The TEV cleavage eluate was applied to a 1 ml MonoQ
anion-exchange column at 4 �C. The large and small Rpd3/
Sin3-containing complexes were eluted using a linear gradi-
ent ranging from 0.1 M NaCl to 0.5 M NaCl in 50 mM
Tris–HCl, pH 8, 10% glycerol, 0.1% Tween 20, 1 mM
PMSF, and 0.5 mM DTT. The fractions were analyzed
using Western blotting with the anti-TAP antibody (Open
Biosystems, Huntsville, AL) to determine the fractions con-
taining the small and large Rpd3/Sin3 complexes. The
small complex eluted before the large complex on a Mon-
oQ column and two to three fractions containing each form
of the complex were pooled and subjected to the calmodu-
lin binding and EGTA elution steps described above.
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Six different samples were obtained and subjected to
MudPIT analysis: whole TAP fractions from Rpd3-TAP
and Sin3-TAP cells, large/small complexes purified from
Rpd3-TAP, and large/small complexes purified from
Sin3-TAP.

3. Analysis of multiprotein complexes by MudPIT

3.1. Protein digestion

The protein eluates were first TCA precipitated by
bringing the solution to 400 ll with 100 mM Tris–HCl,
pH 8.5, and adding 100 ll 100% Trichloroacetic Acid (final
TCA concentration of 20%). The reaction was carried out
on ice and the sample was left overnight at 4 �C. The fol-
lowing day, the TCA-precipitated proteins were pelleted
down by centrifugation at 14,000 rpm for 30 min at 4 �C.
The supernatant was drawn with a gel loading tip, leaving
5–10 ll in the tube such as not to disturb the pellet. Next,
the protein pellet was washed twice with 500 ll of cold ace-
tone followed by centrifugation for 10 min at 14,000 rpm in
a microfuge. Lastly, the acetone washed pellet was dried
using a speed vac for 5 min.

Next, 100 mM Tris–HCl, pH 8.5, 8 M Urea (freshly
made) were added to the TCA-precipitated proteins and
vortexed until the sample was in solution. The solution
was brought to 5 mM Tris (2-Carboxylethyl)-Phosphine
Hydrochloride (TCEP) with 0.1 M stock solution, and
incubated at room temperature for 30 min. Iodoacetamide
was added to 10 mM IAM with 0.5 M stock, and the carb-
oxyamidomethylation was let to proceed at room tempera-
ture in dark for 30 min. Endoproteinase LysC (Roche
Applied Science, Indianapolis, IN) was added at 1 lg/ll
(1:100) to the denatured, reduced, and carboxymethylated
proteins; and incubated at 37 �C for at least 6 h. After
endoproteinase LysC digestion, the solution was diluted
to 2 M Urea with 100 mM Tris–HCl, pH 8.5, and CaCl2
was added to 2 mM from a 500 mM stock solution. Final-
ly, trypsin (modified sequence grade, Roche Applied Sci-
ence, Indianapolis, IN) was added at 0.1 lg/ll (1:100),
the digestion was let to proceed at 37 �C overnight while
shaking. On the next day, 90% Formic acid was added to
5% and the sample stored at �80 �C.

3.2. Microcapillary column construction and sample loading

Three phase microcapillary columns were used for all
analyzed peptide mixtures [23]. To begin, a window was
burnt in the center of �50 cm of 100 lm · 365 lm fused sil-
ica capillary (Polymicro Technologies, Phoenix, AZ) by
holding it over a flame until the polyimide coating has been
charred. The charred material was removed by gently wip-
ing the capillary with a tissue soaked in methanol. Next, to
pull a needle, the capillary was placed into a Model P-2000
Laser Puller (Sutter Instrument Co. Novato, CA), with the
capillary exposed window positioned in the mirrored cham-
ber. Our four step parameter setup for pulling�3–5 lm tips
from a 100 lm i.d. · 365 lm o.d. capillary was as follows:
[Heat = 290, Velocity = 40, and Delay = 200], [Heat = 280,
Velocity = 30, and Delay = 200], [Heat = 270, Velocity =
25, and Delay = 200], and [Heat = 260, Velocity = 20,
and Delay = 200], with all other values set to zero.

Next, triphasic columns (one for each peptide mixture)
were packed in the pulled microcapillaries. First,
15–20 mg of Aqua Reversed Phase (RP) (Phenomenex,
Torrance, CA) packing material was mixed with 1 ml of
MeOH into a 1.7 ml microfuge tube, and the resulting
slurry was placed into a stainless steel pressurization vessel
(Brechbuehler, Inc., Houston, TX, or materials transfer
agreement for blueprints available by request from John
Yates, Scripps Research Institute, La Jolla, CA). The
pulled microcapillary column was inserted into a Swage-
lok� fitting with a 0.4 mm Teflon ferrule in the lid of the
pressure vessel and fed through the ferrule until the end
of the capillary reached the bottom of the microfuge tube.
Helium pressure was then applied to 500–1000 psi to push
the packing material up into the pulled microcapillary,
until the RP level was about 9 cm from the top of the col-
umn. Similarly, a slurry of 15–20 mg/ml Whatman Paritsh-
pere SCX (Whatman, Florham Park, NJ) was prepared in
methanol, and packed in the same microcapillary until the
SCX level was about 3 cm below the first RP level. Finally,
the microfuge tube with RP in methanol was placed back
into the pressurization vessel and another 2 cm of RP
material was added after the SCX.

The packed column was washed with methanol for at
least 10 min, and equilibrated with Buffer A (5% ACN,
0.1% formic acid) for at least 30 min. To get rid of any par-
ticulate (which could clog the microcapillary column), the
peptide mixture to be loaded was spun down for 30 min
at 14,0000 rpm and the supernatant transferred to a new
1.7 ml microfuge tube using a gel loading tip. The peptide
mixture was then loaded by placing the 1.7 ml microfuge
tube into the pressurization vessel. The loaded column
was washed with Buffer A for at least 1 h until installed
onto the mass spectrometer.

3.3. Liquid chromatography coupled to tandem mass

spectrometry

The loaded and washed three phase column was
installed onto a nanoelectrospray stage (MTA for blue-
prints available by request from John Yates, Scripps
Research Institute, La Jolla, CA). This nanoelectrospray
stage was coupled to a Agilent 1100 series G1379A degas-
ser, G1311A quaternary pump, G1329A autosampler,
G1330B autosampler thermostat, and G1323B controller
(Agilent Technologies, Palo Alto, CA) and an LCQ
DECA-XPplus tandem mass spectrometer (Thermo Elec-
tron, San Jose, CA) [24]. The HPLC flow rate was kept
constant at 0.1 ml/min throughout the chromatography.
However, to achieve a flow rate at the tip of the column
of about 200–300 nl/min, the flow was split using a waste
line consisting of 50 lm fused silica capillary cut to about
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40 cm. The microcapillary column, quaternary HPLC
pump, overflow tubing, and gold wire (through which a
2.4 kV voltage was applied) were connected using a Micro-
Tight Cross (Upchurch).

The gradient profile used for analyzing protein com-
plexes was set-up through and controlled by the Xcalibur�

instrument software. Since we used three phase columns
[23], the first step was a reversed phase gradient to move
any bound peptide from the first RP to the SCX material.
Then, successive salt bumps were run to move small
amounts of peptides from the SCX onto the last RP, fol-
lowed by a slow reversed phase gradient to resolve pep-
tides within the last RP before they were eluted off into
the mass spectrometer. The three buffers were buffer A
(5% acetonitrile, 0.1% formic acid made with HPLC grade
water), buffer B (80% Acetonitrile, 0.1% formic acid made
with HPLC grade water), and buffer C (500 mM Ammoni-
um Acetate, 5% Acetonitrile, 0.1% formic acid made with
HPLC grade water). The gradient profile of the first step
was a 16 min linear gradient from 0 to 60% Buffer B fol-
lowed by a 1 min linear gradient to 100% Buffer B, with
3 min at 100% Buffer B for a total time of 20 min. The gra-
dient profiles of the next four chromatographic steps
began with 3 min of 100% Buffer A followed by 2 min of
X% Buffer C (where X was equal to 15, 30, 50, and 70%
in steps 2, 3, 4, and 5, respectively), followed by 100%
Buffer A for 5 min, followed by a 15 min linear gradient
to 15% Buffer B, followed by a 92 min slow linear gradient
to 45% Buffer B for a total time of 117 min. The gradient
profile of the final step began with 2 min of 100% Buffer A,
followed by 20 min of 100% Buffer C, followed by 5 min of
100% Buffer A, followed by a 10 min linear gradient to
20% Buffer B, followed by a 48 min linear gradient to
70% Buffer B, followed by a 5 min linear gradient up to
100% Buffer B, which is then held at 100% Buffer B for
5 min, ending with 2 min at 100% Buffer A for a total time
of 97 min.

Data-dependent acquisition of tandem mass spectra
during the HPLC gradient was programmed through the
LCQ Xcalibur� software. The method consisted of a con-
tinual cycle beginning with one MS scan, which recorded
all of the m/z values of the ions eluting into the mass spec-
trometer at a particular point in time, followed by three
rounds of MS/MS at 35% collision energy. Full MS spectra
were recorded on the peptides over a 400–1600 m/z range.
Dynamic exclusion was activated to improve the protein
identification capacity during the analysis. Extended details
regarding the instrumentation setup have been described
previously [24]. Upon the completion of a run, *.RAW files
which have been acquired by the mass spectrometer were
converted to *.DAT files for MS/MS analysis using the
XCalibur file converter function. An example of the chro-
matographic profile of a successful analysis is shown in
Fig. 2 where the six step MudPIT analysis described above
was used to analyze the large Rpd3/Sin3 complex purified
using the Sin3-TAP strain and the purification procedure
described in Section 2.1.
4. Data analysis

4.1. MS/MS dataset search

Each data file was converted into a ms2 file [25] using
extract-ms in order to obtain the coordinates of the MS/
MS spectra to be analyzed. Each ms2 file was then subject-
ed to the 2to3 software [26] to remove spectra of poor qual-
ity and assign a tentative charge state to precursor peptides.

SEQUEST� [11] was used to search the ms2 files against
a database containing S. cerevisiae protein sequences
downloaded from the National Center for Biotechnology
Information (NCBI). This database consisted of 5872 S.

cerevisiae sequences (NCBI, March 6th, 2006 release), com-
plemented with 177 sequences from usual contaminants
such as human keratins, IgGs, and proteolytic enzymes.
In addition, to estimate false positive discovery rates
(FDR), each sequence was randomized (keeping the same
amino acid composition and length), and the resulting
6049 ‘‘shuffled’’ sequences were added to the ‘‘normal’’
yeast database and searched at the same time [27]. For
every spectrum matching a ‘‘shuffled’’ peptide, there should
be one false positive in the ‘‘normal’’ dataset. The Peptide
False Discovery Rate (FDR) was hence calculated based
on spectral count (SpC) as in [28]:

FDR ¼ ð2�
00Shuffled00 SpCÞ
Total SpC

ð1Þ

The sequest.params file was set up such as the peptide mass
tolerance was 3; no enzyme specificity was required; parent
ions were calculated with average masses, while fragment
ions were modeled with monoisotopic masses; and cysteine
residues were considered fully carboxyamidomethylated
(+57 Da) and searched as a static modification.

4.2. Protein list assembly and comparison

DTASelect [12] was used to parse the peptide informa-
tion contained in the SEQUEST output files and assemble
it into protein level information. Multiple protein lists were
compared using CONTRAST [12] and an in-house devel-
oped script, contrast-report. To be retained, MS/MS spec-
tra had to match fully tryptic peptides of at least 7 amino
acid long, with a normalized difference in cross-correlation
scores (DeltCn) of at least 0.08, and minimum cross-corre-
lation scores (Xcorr) of 1.8 for singly-, 2.5 for doubly, and
3.5 for triply charged spectra. Proteins identified by single
unique peptides were allowed if they were detected in multi-
ple runs, while contaminants and proteins that were subsets
of others were removed from the final list. These strict
selection criteria led to an average Spectra_FDR of
0.42% ± 0.26 for the six analyses reported in this study,
i.e., the spectrum/peptide matched could be trusted at least
99.5%.

Combining the six analyses, 103 non-redundant proteins
were confidently detected, 49 of which were not detected,
or were detected spuriously, in the negative controls.
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Fig. 2. Base peak chromatograms from a MudPIT analysis of Rpd3/Sin3L. A peptide mixture generated from Rpd3/Sin3L (Section 3.1) obtained from
affinity and MonoQ purifications of Sin3-TAP was resolved on a triphasic microcapillary column (Section 3.2) using the six step multidimensional
gradients described in Section 3.3. Briefly, shown in (A) is the first step, a 20 min RP gradient. This was followed by (B) step 2 that contains a 15% Buffer C
salt bump, (C) step 3 that contains a 30% Buffer C salt bump, (D) step 4 that contains a 50% Buffer C salt bump, (E) step 5 that contains a 70% Buffer C
salt bump, and (F) step 6 that contains a 100% Buffer C salt bump with each salt bump followed by a wash and a RP gradient.

308 L. Florens et al. / Methods 40 (2006) 303–311
Among these specific proteins, Rpd3, Sin3, Ume1, Rco1,
and Eaf3 were recovered in all 6 runs, while Sds3, Dep1,
Sap30, Cti6, Rxt2, Pho23, Rxt3, and Ash1 were not found
in the Rpd3S preparations (Table 1). Although Ume6 was
detected only in 3 of the 6 runs, it has been shown to be a
bona fide component of Rpd3L by MudPIT analyses of
Rpd3 complexes purified by reciprocal TAP-tagging
Ume6 and Ash1 [22].
4.3. Spectral count normalization

In recent years, spectral counts obtained from shotgun
proteomic approaches have been shown to be a good esti-
mation of protein abundance [13,20]. To account for the fact
that larger proteins tend to contribute more peptide/spectra,
spectral counts were divided by protein length, defining a
Spectral Abundance Factor (SAF) [15]. SAF values were



Table 1
NSAF values measured for Rpd3/Sin3 subunits and TCP1 ring complex

Name Rpd3-TAP Rpd3-TAP_L Rpd3-TAP_S Sin3-TAP Sin3-TAP_L Sin3-TAP_S ScTAP_
Controls

Length MW pI

Rpd3 0.0609 0.0770 0.0599 0.1116 0.1217 0.1290 0.0000 433 48904 5.5
Sin3 0.0536 0.0806 0.0616 0.0963 0.0885 0.1578 0.0000 1536 174838 5.6
Ume1 0.0864 0.1143 0.1253 0.0955 0.1387 0.1943 0.0000 460 51022 5.3
Rco1 0.0325 0.0143 0.0968 0.0396 0.0519 0.2142 0.0000 684 78836 8.8
Eaf3 0.0198 0.0089 0.0861 0.0329 0.0415 0.1950 0.0009 401 45203 8.3
Sds3 0.0389 0.0531 0.0000 0.0493 0.0645 0.0000 0.0000 327 37625 8.8
Dep1 0.0530 0.0686 0.0000 0.0479 0.0766 0.0000 0.0000 420 48672 4.7
Sap30 0.0949 0.1101 0.0000 0.0856 0.1021 0.0000 0.0000 201 23026 9.7
Cti6 0.0327 0.0706 0.0000 0.0434 0.0680 0.0000 0.0000 506 57053 4.9
Rxt2 0.0333 0.0470 0.0000 0.0332 0.0632 0.0000 0.0000 430 48629 4.9
Pho23 0.0241 0.0389 0.0000 0.0422 0.0521 0.0000 0.0000 330 37024 7.7
Rxt3 0.0335 0.0178 0.0000 0.0274 0.0038 0.0000 0.0000 294 33812 6.5
Ash1 0.0189 0.0223 0.0000 0.0224 0.0226 0.0000 0.0000 588 65685 9.9
Ume6 0.0000 0.0043 0.0012 0.0013 0.0000 0.0000 0.0000 836 91124 9.5

Rpd3/Sin3 puritya 58.2 72.8 43.1 72.9 89.5 89.0
TCP1 0.0193 0.0000 0.0642 0.0000 0.0000 0.0000 0.0013 559 60481 6.5
CCT2 0.0271 0.0000 0.1018 0.0000 0.0000 0.0000 0.0000 527 57203 6.1
CCT3 0.0179 0.0000 0.0579 0.0000 0.0000 0.0000 0.0000 534 58814 6.1
CCT4 0.0187 0.0000 0.0427 0.0000 0.0000 0.0000 0.0014 528 57604 7.9
CCT5 0.0113 0.0004 0.0270 0.0000 0.0000 0.0000 0.0000 562 61914 5.5
CCT6 0.0180 0.0000 0.0621 0.0000 0.0000 0.0000 0.0000 546 59924 5.9
CCT7 0.0225 0.0000 0.0689 0.0000 0.0000 0.0000 0.0007 550 59736 5.5
CCT8 0.0173 0.0004 0.0457 0.0032 0.0000 0.0000 0.0000 568 61662 5.7

TCP1 Contaminationa 15.2 0.1 47.0 0.3 0.0 0.0

a Complex purity/contamination was estimated by summing the NSAF values for each subunit of the complex and multiplying by 100.

Rpd
3

Sin3
Um

e1
Rco

1
Eaf

3
Sds

3
Dep

1

Sap
30

Cti6
Rxt2

Pho
23

Rxt3
Ash

1
Um

e6
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

n=6 n=3

N
S

A
F

-B
as

ed
 R

an
k

n=4

Fig. 3. Summary percentile statistics of NSAF-based ranks for Rpd3/
Sin3 subunits. Specific proteins detected within a particular run were
ranked based on their NSAF values calculated for each of the six
analyses reported here (Section 4.3, Eq. (2)). The distribution of these
ranks for the 14 proteins belonging to Rpd3/Sin3 complexes was
plotted as a box plot representation, where the 25th and 75th
percentiles are represented by the upper and lower boundaries of the
box, the median being the line dissecting the box, and the mean being
the small square in each box. The 5th and 95th percentiles are shown
with lines attached to the box, the ‘X’ represents the 1st and 99th
percentiles, and the stand alone ‘–’ represents the complete range. The
number (n) of runs in which each protein was detected is shown within
arrows below the graph.
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then normalized against the sum of all SAFs for a particular
run (removing redundant proteins) allowing us to compare
protein levels across different runs (Table 1). Using an in-
house developed script (contrast-report-add-nsaf), for each
protein k detected in a particular MudPIT analysis, Nor-
malized Spectral Abundance Factors (NSAFs) were calcu-
lated as follow[21]:

ðNSAFÞk ¼
ðSpC=LengthÞkPN
i¼1ðSpC=LengthÞi

ð2Þ

NSAF values should range from 0 to 1, with values closer
to 1 indicating higher protein levels (Table 1). NSAFs were
used to rank proteins within a particular run, and showed
that the proteins specific to the Rpd3L and/or Rpd3S com-
plexes were ranked within the top 16 protein identifications
(Fig. 3). Again Ume6 was the outlier, but NSAF-based
ranking on protein lists established for pull-downs of two
other Rpd3/Sin3L subunits, Ash1-TAP and Dep1-TAP,
placed Ume6 within the top 16 proteins (data not shown).
This indicated that Ume6 was likely not present in every
Rpd3/Sin3L complex, but in a subset. NSAF values were
also used to estimate the purity level of Rpd3/Sin3 com-
plexes in the six fractions analyzed (Table 1). Because the
TCP1 ring complex co-purified at stochiometric levels with
the small complex purified from Rpd3-TAP (Table 1), the
purity in the Rpd3-TAP preparations was lower than with
the Sin3-TAP ones (Table 1).

The normalization of spectral count can also be applied
to proteins belonging to a specific complex to estimate the
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Fig. 4. Spectral abundance factors normalized against subunits of Rpd3/
Sin3 complexes. NcSAFs values for each of the 14 proteins belonging to
Rpd3/Sin3 complexes were calculated (Section 4.3, Eq. (3)) for whole TAP
preparations (A), and large (B) and small (C) complex fractionations of
Rpd3-TAP (black bars) and Sin3-TAP (gray bars) pull-downs.
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relative levels of each subunit within the complex [29,30].
Here, for each of the 14 proteins h involved in the Rpd3L
and/or Rpd3S complexes, we calculated a spectral abun-
dance factor normalized against the complex (NcSAF) as
follow:

ðNcSAFÞh ¼
ðSpC=LengthÞhP14
j¼1ðSpC=LengthÞj

ð3Þ

In the whole TAP preparations (Fig. 4A), Rpd3, Sin3, and
Ume1 had NcSAF values about twice the ones measured
for the other proteins (with the exception of Sap30), most
likely because these subunits were present in both Rpd3/
Sin3 large and small complexes. While the MonoQ frac-
tionation allowed to purify Rpd3/Sin3S away from the
large complex (Fig. 4C), the reverse was not true as small
levels of the Rpd3/Sin3S specific subunits Eaf3 and Rco1
were detected in the large complex as well (Fig. 4B). In
the large complex, Rxt3, Ash1, and Ume6 were detected
at substochiometric levels, indicating that they might not
be present in all Rpd3/Sin3L complexes.
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