Research

Quantitative Proteomics Reveals Regulation of
Dynamic Components within TATA-binding
Protein (TBP) Transcription Complexes*□
S

Florence Mousson‡§¶, Annemieke Kolkman§¶储**, W. W. M. Pim Pijnappel‡ ‡‡,
H. Th. Marc Timmers‡ ‡‡§§, and Albert J. R. Heck储‡‡¶¶

The development of quantitative mass spectrometry has
had a major impact in proteomics allowing quantification of
protein expression levels under different conditions (1–3).
Among the applications of quantitative mass spectrometry
the accurate determination of specificity of protein-protein
interactions is crucial to the understanding of multisubunit
protein assemblies. To discriminate between specific and
nonspecific interacting proteins within complexes, most
widely used methods in quantitative proteomics are stable
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topic differentiation of interactions as random or targeted
(I-DIRT) (3–9). In the most common approach stable isotopelabeled amino acids are used in cell cultures (SILAC) in combination with affinity purification (3). In such experiments, two
cell populations differing by the presence of a tagged protein
are grown in identical culture media with the exception that
the first medium contains a “light,” e.g. naturally abundant
isotope of a selected amino acid, whereas the second medium contains a “heavy,” e.g. stable isotope version of this
amino acid. The labeled amino acid is efficiently incorporated
during protein synthesis in the cell. This leads to a difference in
mass for chemically identical peptides that can be detected by
mass spectrometry. Two populations of cells can be combined
directly after harvesting, and subsequent purification will have
the same effect on the heavy and light forms of the proteins. The
relative abundance of proteins (“SILAC ratio”) is derived by
comparison of the integrated mass spectrometry peak areas of
the labeled and unlabeled forms of a peptide. Incorporation of
heavy forms of arginine and lysine offers the advantage that
most tryptic peptides can be used for quantification.
The relevance of multisubunit protein assemblies in cellular
regulation pathways is well recognized (10), but progress in
determining pathways of assembly and disassembly of complexes and regulation of (individual) subunit exchange has
been hampered by a lack of generic methods. The importance
of developing such methods is stressed by observations that
a single protein can reside simultaneously in multiple protein
complexes of distinct functions. The TATA-binding protein
(TBP) is an example of a protein involved in different functions
(11). Transcription initiation by RNA polymerase (pol) II requires the binding of TBP to core promoter DNA that triggers
the formation of the preinitiation complex by assembly of pol
II and basal transcription factors. TBP does not exist as a
monomeric protein in human cell extracts (12), but it resides in
at least four distinct protein complexes in eukaryotic cells.
First TBP is incorporated with 13–14 TBP-associated factors
(TAFs) into the TFIID complex involved in pol II transcription
(13). Next in pol I transcription, TBP is part of the SL1 complex
consisting of four other subunits: TAFI110, TAFI63, TAFI48,
and TAFI41 (14). The pol III system uses the TFIIIB complex
consisting of TBP, Brf1, and Bdp1 proteins (15). Finally a
major proportion of cellular TBP resides in the B-TFIID com-
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Affinity purification in combination with isotope labeling of
proteins has proven to be a powerful method to discriminate specific from nonspecific interactors. However, in the
standard SILAC (stable isotope labeling by amino acids in
cell culture) approach dynamic components may easily be
assigned as nonspecific. We compared two affinity purification protocols, which in combination revealed information on the dynamics of protein complexes. We focused on
the central component in eukaryotic transcription, the human TATA-binding protein, which is involved in different
complexes. All known TATA-binding protein-associated
factors (TAFs) were detected as specific interactors. Interestingly one of them, BTAF1, exchanged significantly in cell
extracts during the affinity purification. The other TAFs did
not display this behavior. Cell cycle synchronization
showed that BTAF1 exchange was regulated during mitosis. The combination of the two affinity purification protocols allows a quantitative approach to identify transient
components in any protein complex. Molecular & Cellular
Proteomics 7:845– 852, 2008.
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EXPERIMENTAL PROCEDURES

Materials and Reagents—Labeled L-arginine ([13C,15N]Arg) and Llysine ([13C,15N]Lys) were from Sigma Isotec. Modified Eagle’s medium deficient in arginine, lysine, and leucine was obtained from
Cambrex. Non-labeled leucine, arginine, lysine and puromycin were
obtained from Sigma. Dialyzed serum, L-glutamine, non-essential
amino acids, penicillin/streptomycin, and trypsin were from Cambrex.
FLAG peptide and M2 affinity resin were from Sigma, and HA peptide
was from Sigma-Genosys. HA affinity resin was prepared by covalently binding 12CA5 HA antibody to Dynabeads-protein A (Dynal)
using dimethyl pimelimidate dihydrochloride (Pierce) following the
manufacturer’s instructions.
Generation of Stable Cell Lines—Human TBP was introduced by
GATEWAY cloning into retroviral destination plasmid derived from
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pBABE-puro carrying N-terminal HA and FLAG tags. HeLa S3 cell
clones expressing HA/FLAG-tagged TBP were obtained by retroviral
transduction and puromycin selection. Positive clones were identified
by immunoblotting using 1F8 (25) and 3F10 (Roche Applied Science)
antibodies directed against TBP and the HA tag, respectively.
Cell Culture Preparation and Cell Culture Conditions—Amino aciddeficient medium was supplemented with unlabeled leucine and either labeled or unlabeled arginine (498 M) and lysine (405 M). It was
also supplemented with 10% dialyzed fetal bovine serum, glutamine,
non-essential amino acids, and antibiotics. For SILAC, cells were
grown for at least six cell divisions. When necessary cells were
treated with 60 ng/ml nocodazole for 17 h. For cell cycle analysis,
cells were stained with 5 g/ml propidium iodide and analyzed by a
BD FACSCalibur flow cytometer (BD Biosciences). DNA contents
were analyzed using CellQuestPro software (BD Biosciences).
Affinity Purification and Immunoblotting—HeLa cells were lysed in
a hypotonic lysis buffer (10 mM HEPES-KOH, pH 8.0, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF) supplemented with phosphatase inhibitors (100 mM sodium orthovanadate, 5 mM NaPPi, 60
mM glycerol 2-phosphate). Cells were lysed by Dounce homogenization, and proteins were extracted by addition of 1 volume of a whole
cell extraction buffer (40 mM HEPES-KOH, pH 8.0, 1.5 mM MgCl2, 0.4
mM EDTA, 50% glycerol, 1.2 M NaCl, 0.5 mM DTT) supplemented with
a mixture of protease inhibitors (Sigma) and phosphatase inhibitors
including 100 mM NaF. The lysates were centrifuged at 168,000 ⫻ g
for 45 min at 4 °C. Supernatants were dialyzed overnight (20 mM
HEPES-KOH, pH 8.0, 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5
mM PMSF, 0.5 mM DTT supplemented with phosphatase inhibitors).
Dialyzed extracts (30 mg of total proteins/extract, equivalent to 5䡠108
asynchronous cells) were incubated for 5 h with M2 affinity resin
pre-equilibrated in BC100 buffer (20 mM HEPES-KOH, pH 7.9, 20%
glycerol, 100 mM KCl, 0.2 mM EDTA supplemented with phosphatase
inhibitors). Resin was subsequently washed with 100 column volumes
of BC300 buffer (40 mM Tris-HCl, pH 7.9, 20% glycerol, 300 mM KCl,
0.2 mM EDTA, 0.1% Nonidet P-40 supplemented with phosphatase
inhibitors). Proteins were eluted with 1 column volume of BC300
buffer supplemented with 160 g/ml FLAG peptide. The elution step
was repeated once, and the fractions were pooled and subsequently
incubated overnight with HA affinity resin pre-equilibrated in BC300
buffer. Resin was washed with BC300 buffer. Bait and interacting
proteins were eluted at 30 °C with 2 mg/ml HA peptide. Recovery of
the TBP bait was checked by immunoblotting using either anti-HA or
anti-TBP antibody.
In-gel Tryptic Digestion—Protein eluates were separated on a gradient NuPAGE gel and visualized using Coomassie Blue staining. A
gel lane was cut into slices, and each slice was cut into small (1-mm3)
pieces. The gel pieces were washed, in-gel reduced with dithiothreitol, alkylated with iodoacetamide, and digested overnight at 37 °C
by adding trypsin at a concentration of 10 ng/ml as described by
Wilm et al. (26).
On-line Nanoflow Liquid Chromatography FT-ICR-MS/MS—Peptides generated by in-gel digestion were analyzed by nanoflow liquid
chromatography using an Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) consisting of a solvent degasser, a
binary pump, and a thermostated well-plate autosampler coupled on
line to a 7-tesla linear trap quadrupole (LTQ)-FT mass spectrometer
(Thermo Electron, Bremen, Germany). The system was operated in a
setup essentially as described previously (27). Aqua C18 5-m resin
(Phenomenex, Torrance, CA) was used for the trap column, and
ReproSil-Pur C18-AQ 3-m resin (Dr. Maisch GmbH, Ammerbuch,
Germany) was used for the analytical column. Peptides were trapped
at 5 l/min in 100% solvent A (0.1 M acetic acid in water) on a 2-cm
trap column (100-m internal diameter, packed in house) and eluted
to a 20-cm analytical column (50-m internal diameter, packed in
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plex (12). B-TFIID contains only another subunit, BTAF1
(named Mot1p in yeast cells), which belongs to the family of
SNF2-like ATPases (16, 17) and has emerged as an essential
element in the regulation of TBP recruitment and activity on
the promoter (16).
TBP is essential for all three nuclear RNA polymerase systems, suggesting that regulation of the composition and dynamics of TBP complexes should be a fine tuned process.
Illustrations of variations in the composition of TBP complexes are multiple. As an example, study of taf4⫺/⫺ mouse
embryonic fibroblasts revealed that TAF4 and its isoform
TAF4b display distinct target gene specificities and that competition between the two proteins regulates expression of
genes controlling cell proliferation (18). Expression of an isoform of TAF6 (TAF6␦) is specifically induced in apoptotic cells
and correlates with TFIID complexes lacking TAF9 (19). TAF7
has been reported to be released from TFIID upon initiation of
transcription (20). In addition, it has been shown that the
repression of all nuclear transcription during mitosis (21) leads
to changes in localization and composition of TBP complexes. Immunocytochemistry experiments indicated that the
majority of TFIID is released from chromatin during mitosis
(22). Mitotic phosphorylation of Bdp1 by CK2 results in dissociation from RNA pol III promoters (23), but Brf1, the other
TFIIIB subunit, hyperphosphorylated during mitosis, remains
associated with promoters along with TBP (24). Contrary to
the accumulation of data on the variation in their composition,
regulation of dynamics within TBP complexes is not well
understood mainly because approaches to study subunit exchange within protein complexes are lacking.
Here we applied SILAC combined with affinity purification
to investigate the specificity of protein complex interactions.
Our results indicated that the standard SILAC/affinity purification may easily assign dynamic components as nonspecific. The comparison of two affinity purification protocols
allowed us to investigate dynamics within TBP complexes.
Among all the TAFs, BTAF1 was the only one to exchange
during affinity purification, and this behavior was inhibited
during mitosis. The combination of two affinity purification
protocols provides a generic tool to identify in a quantitative
manner transient components in any protein complex.
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house) at about 150 nl/min in a 50-min gradient from 0 to 40% solvent
B (0.1 M acetic acid in 8:2 (v/v) acetonitrile/water). The column eluent
was sprayed directly into the ESI source of the mass spectrometer via
a butt-connected nano-ESI emitter (New Objectives, Woburn, MA).
The mass spectrometer was operated in data-dependent mode, automatically switching between MS and MS/MS acquisition. Full scan
MS spectra (from m/z 300 to 1500) were acquired in FT-ICR with a
resolution of 100,000 at m/z 400 after accumulation to a target value
of 1,000,000. The two most intense ions at a threshold above 5000
were selected for collision-induced fragmentation in the linear ion trap
at a normalized collision energy of 35% after accumulation to a target
value of 10,000.
Protein Identification—In a postanalysis process, raw data were
converted to peak lists using BioworksBrowser software, Version 3.1.
For protein identification, MS/MS data were submitted to the International Protein Index (IPI) human (release 3.25, 67,250 sequence
entries) using Mascot Version 2.1 (Matrix Science) with the following
settings: 20 ppm and 0.8-Da deviation for precursor and fragment
masses, respectively. Trypsin was specified as the proteolytic enzyme, and up to two missed cleavages were allowed. Carbamidomethylcysteine was set as fixed modification, and oxidized methionines, [13C6,15N2]lysine, and [13C6,15N4]arginine were set as variable
modifications. Cutoffs of Mascot scores of peptides and proteins
were set to 40 and 80, respectively, for considering them as being
accurate identifications.
Protein Quantification—Relative quantification ratios of identified
proteins were derived by MSQuant, which is open source software
(SourceForge). Briefly peptide ratios between the monoisotopic
peaks of light and heavy forms of the peptide were calculated and
averaged over consecutive MS cycles for the duration of their respective LC-MS peaks in the total ion chromatogram using FT survey.
Peptide ratios of the same protein were averaged to give protein
abundance ratios as well as the respective standard deviation. Peptide ratios obtained by using the MSQuant software were all inspected manually.
Argine to proline conversion can be a potential limitation in SILAC
experiments (28) but was only minor in the present experiments. In
our data, the conversion of arginine to proline was estimated as 12%.

In the mass spectra, this is seen as the formation of distinct peak
clusters for all proline-containing peptides in the labeled state. This
effect is even more pronounced if a peptide contains more than 1
proline residue. For a correct quantification these satellite peaks
should be added to the peak intensity of the labeled peptides. The
correct amount of the heavy state is therefore the sum of the Argand/or Lys-labeled peptide and the labeled peptide ⫹ [13C5,15N]Pro
peaks. These extra peaks should be added up to the labeled peptides
to correct for the conversion. We corrected the quantification data for
[13C6,15N4]arginine to [13C5,15N]proline conversion for all peptides
containing one or more proline residues using an in-house written
script.
RESULTS AND DISCUSSION

We generated HeLa S3 cells expressing TBP tagged by the
HA and FLAG epitopes at near endogenous levels (TBP HeLa
S3 cells) (supplemental Fig. S1). The tagged TBP was efficiently incorporated into endogenous TBP complexes (supplemental Fig. S2). An extract of the TBP HeLa S3 cells was
purified using anti-FLAG and anti-HA affinity resins. The sample was separated on a 1D gel, digested in gel with trypsin,
and analyzed by mass spectrometry (Raw data, available as a
Scaffold file, are available upon request.). Among the identified TBP-interacting proteins were all subunits of known TBP
complexes, including the newly reported TAFI41 subunit of
SL1 (14) (Fig. 1A). The only exception to this was the Bdp1
subunit of TFIIIB that is known to dissociate easily (29). This
confirmed the specificity of the TBP interactions and validated
our approach for further characterization of TBP complexes
expressed at endogenous levels in human cells. TAFs were
not the only proteins to be identified in this experiment. Strikingly most of these other proteins were presented by low
Mascot scores suggesting that they were substoichiometric
to the TBP complexes. They included several subunits of the
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FIG. 1. Experimental setup for the determination of dynamics within TBP complexes. A, Coomassie-stained 1D SDS-polyacrylamide gel
of affinity-purified samples. HA-FLAG-TBP expressed in HeLa S3 cells was affinity-purified, and the eluted proteins were separated by
SDS-PAGE. Indicated on the left side of the gel are the identified proteins belonging to the different TBP-containing complexes, namely SL1,
TFIID, B-TFIID, and TFIIIB. B, schematic representation of the two different affinity purification protocols used in this study. Control HeLa S3
cells were grown on light medium, whereas TBP HeLa S3 cells were grown on heavy medium. In a standard approach (purification protocol
A, left panel), samples were mixed before the affinity purification step. To reveal specificity, a second sequence was used where samples were
mixed after affinity purification (purification protocol B, right panel).
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TABLE I
SILAC ratios of TAFs identified after affinity purification of asynchronous extracts
Control and TBP HeLa S3 cells were grown in light and heavy media, respectively. SILAC ratios calculated in the experiment where samples
were mixed before affinity purification are indicated in the protocol A column, whereas ratios calculated in the experiment where samples were
mixed after affinity purification are indicated in the protocol B column. SILAC ratios were averaged over all quantified unique peptide pairs.
Standard deviations are given. Peptide pair quant., number of unique peptide pairs used for the calculation of the ratios; ND, not determined.
Purification protocol A
IPI number

Peptide
pair quant.

Ratio

TBP
BTAF1
TAF1
TAF2
TAF3
TAF4
TAF4b
TAF5
TAF6
TAF7
TAF8
TAF9
TAF9L
TAF10
TAF12
TAF13
TAFI110
TAFI63
TAFI48
TAFI40
Brf1

IPI00022831
IPI00024802
IPI00009891
IPI00328144
IPI00477959
IPI00413755
IPI00023258
IPI00298925
IPI00028579
IPI00018111
IPI00065313
IPI00002993
IPI00642105
IPI00030364
IPI00002806
IPI00018108
IPI00246842
IPI00291416
IPI00024263
IPI00012225
IPI00016859

3
21
13
4
4
11
2
9
16
8
ND
5
2
2
5
3
7
3
2
2
6

0.01
0.40
0.02
0.00
0.00
0.01
0.00
0.02
0.01
0.01
ND
0.01
0.00
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.10

SWI/SNF complexes (30) and the TFIIA subunits TFIIA␣/␤ and
TFIIA␥ indicative of the TAC complex (31).
We next used SILAC to better distinguish between background proteins and TBP-binding proteins. For this purpose
TBP HeLa S3 cells were grown in medium containing heavy
13
C,15N-labeled arginine (⌬mass ⫽ 10 Da) and 13C,15N-labeled lysine (⌬mass ⫽ 8 Da), whereas control non-tagged
HeLa S3 cells were grown in medium containing light versions
of arginine and lysine. Mass spectrometric analysis showed
that after six cell generations the labeled amino acids were
fully incorporated (⬎98%) (data not shown). As described in
the standard protocols (3, 7) cellular extracts were mixed in a
ratio of 1:1 (total protein amount) before the affinity purification (Fig. 1B, left panel, purification protocol A). Samples were
then processed for 1D gel separation and in-gel digestion with
trypsin and analyzed by mass spectrometry. For all detected
unique TAF peptides the ratio of the signal of their unlabeled
version versus their labeled version (SILAC ratio) was determined (A list of all quantified peptides and proteins, including
Mascot score, protein name, and IPI accession number, and
raw data are available upon request). Then ratios were averaged over all quantified unique peptides corresponding to the
same TAF (Table I, protocol A). Using this, we expected that
TBP and proteins that specifically interact with TBP would be
represented exclusively by isotope-labeled peptides, whereas
nonspecific background proteins would yield both unlabeled
and labeled peptides theoretically with equal intensities. Indeed for TBP, TFIID-TAFs, and also for all SL1 and TFIIIB
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Purification protocol B
S.D.

Peptide
pair quant.

Ratio

S.D.

0.01
0.07
0.04
0.00
0.00
0.01
0.00
0.03
0.01
0.01
ND
0.01
0.00
0.00
0.01
0.00
0.01
0.00
0.01
0.00
0.06

3
3
7
ND
ND
6
ND
5
4
ND
4
6
2
2
4
2
5
2
ND
ND
2

0.00
0.01
0.01
ND
ND
0.00
ND
0.01
0.00
ND
0.00
0.01
0.00
0.00
0.01
0.01
0.00
0.00
ND
ND
0.00

0.00
0.01
0.03
ND
ND
0.00
ND
0.01
0.00
ND
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.00
ND
ND
0.00

subunits only labeled peptides could be detected in the mass
spectra (Fig. 2, A–C, left panels, and Table I). In general, the
SILAC ratios for those proteins ranged from 0.00 to 0.1 (Table
I). Surprisingly and in contrast with the other TAFs, significant
amounts of unlabeled peptides could be detected for BTAF1
(Fig. 2D, left panel, and Table I). The signal from the unlabeled
peptides averaged over all detected peptides was ⬃40 ⫾ 7%
of the intensity of the labeled peptides. This result was highly
reproducible as indicated by the average SILAC ratio of
0.37 ⫾ 0.05 from three biologically independent experiments.
In contrast, a background protein like tubulin ␤-2c displayed
a SILAC ratio of ⬃1 (Fig. 2E, left panel).
We hypothesized that exchange of BTAF1 took place during the affinity purification process whereby BTAF1 from the
unlabeled cell extracts exchanged to replace the labeled
BTAF1 from extracts containing tagged TBP. To test this and
to exclude that BTAF1 is a nonspecific TBP-interacting protein, the protocol of the affinity purification was changed. TBP
HeLa S3 cells were grown in heavy medium, whereas control
HeLa S3 cells were grown in light medium. Cellular extracts
(same amount of total proteins) were separately affinity-purified, and only after this step eluted materials were mixed prior
to 1D gel separation (Fig. 1B, right panel, purification protocol
B). Again SILAC ratios were determined for all the TAFs (Table
I, protocol B) (Raw data are available upon request.). As
expected, in this experiment only labeled TAF peptides including BTAF1 peptides could be detected in the mass spectra (Fig. 2, A–D, right panels, and Table I). As a control, tubulin
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␤-2c-derived peptides again appeared with a SILAC ratio of
about 1 (Fig. 2E, right panel). Together these results indicate
that, complexed to TBP, BTAF1 is a dynamic protein. It is
unlikely that this stems from a low affinity interaction as a Kd
of 1 nM has been determined for the yeast orthologues (32).
Besides it is unlikely that the abundant amount of unlabeled
BTAF1 peptides is a consequence of oligomerization of the
protein. BTAF1 coelutes with TBP from gel filtration columns
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FIG. 2. Representative peptide mass spectra of four different
proteins belonging to distinct TBP complexes. A, from the TFIID
protein complex, the peptide IFDLQNK from TAF1 is shown. B, the
peptide INYSVLR from BRF1 from the TFIIIB complex is depicted. C,
VVLDVTEQISR from TAFI110 from the SL1 complex is shown. D,
LLTQEQWEVR from the protein BTAF1 from the B-TFIID complex. E,
for comparison we included the spectra of a peptide of a nonspecific
interacting protein, LAVNMVPFPR from tubulin ␤-2c. The mass spectra on the left side correspond to the experiment in which the samples
from different cultures were mixed before affinity purification (protocol
A), whereas the mass spectra on the right side originate from the
experiment in which the samples were mixed after they have been
affinity-purified (protocol B). It is indicated in the spectra if the labeled
or unlabeled version of the peptide is present. If the unlabeled peptide
is not present, an arrow indicates the position in the mass spectrum
where it theoretically is expected.

in fractions corresponding to a 300-kDa complex and is not
present in any higher molecular mass complexes (Refs. 33 and
34 and supplemental Fig. S2). It is also important to note that
the dynamic behavior of BTAF1 was not shared by any of the
other TAFs of the TFIID, SL1, and TFIIIB complexes under our
experimental conditions. The results indicate that in combining
SILAC and affinity purification the sequence of the different
steps is crucial in determining the specificity of the interactions
and can reveal subunit exchange between protein complexes.
In a new step we investigated whether the affinity purification protocol A could be applied to study the exchange of
recombinant proteins within complexes. To this end, light
baculovirus-expressed BTAF1 protein (supplemental Fig. S3)
was added to the isotope-labeled TBP HeLa S3 or control
HeLa S3 cell extracts. These mixtures were then purified
using the protocol A (Fig. 1B, left panel). Significant amounts
of unlabeled BTAF1 peptides were detected only if recombinant BTAF1 had been added to the tagged TBP HeLa S3 cell
extract (Fig. 3, A and B). Increasing the amount of BTAF1
added to the cell extract resulted in increased amounts of
unlabeled BTAF1 peptides, and the use of light recombinant
B-TFIID complex also led to the detection of unlabeled BTAF1
peptides (data not shown). Together these results indicate
that recombinant BTAF1 is dynamic at the expense of the
endogenous BTAF1 protein and is able to exchange between
TBP complexes. Furthermore it validates the use of recombinant proteins to investigate dynamics within complexes. Our
proteomics approach was confirmed by TBP co-immunoprecipitation experiments mixing purified recombinant Histagged BTAF1 with recombinant B-TFIID (non-tagged BTAF1/
His-tagged TBP). Fig. 4A shows that His-tagged BTAF1 is
co-immunoprecipitated with TBP already engaged in a BTFIID complex. This result validates the exchange of BTAF1
subunit within the B-TFIID complex and indicated that this is
an intrinsic property of the complex.
Next we investigated the dynamic behavior of different TBP
complexes during the cell cycle as several reports indicate
regulation of TBP complexes during mitosis (22). Whole cell
extracts were prepared from cells treated with nocodazole for
17 h. Fluorescence-activated cell sorter analysis of propidium
iodide-stained cells indicated that 85 ⫾ 4% of the cells were
arrested in mitosis (supplemental Fig. S4). Using the mitotic
cell extracts the observed signals of the unlabeled BTAF1
peptides represented only 0.02 ⫾ 0.01 of the labeled peptides
when samples were mixed before the affinity purification (protocol A) compared with 0.40 ⫾ 0.07 in the asynchronous cells
(Fig. 3, A and C) (Raw data are available upon request.). The
average SILAC ratio of two biologically independent experiments was 0.05 ⫾ 0.03 showing that results obtained with
mitotic extracts are highly reproducible. The lack of detection
of unlabeled BTAF1 peptide did not stem from a difference in
relative amount of BTAF1 versus TBP in mitotic extract compared with asynchronous extract (supplemental Fig. S1).
Again when the samples were mixed after the purification
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steps (protocol B), no unlabeled BTAF1 peptides could be
detected (Fig. 3, A and C). This indicates that BTAF1 exchange is significantly inhibited in mitotic cell extracts. Similar
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FIG. 3. Dynamics of B-TFIID is a regulated process. A, SILAC
ratios of BTAF1 peptides have been determined in three different
experimental setups. In a first experiment, control and TBP HeLa S3
cells were grown in light and heavy media, respectively. Samples
were combined according to purification protocol A or B. In a second
experiment, mitotic control and TBP HeLa S3 cells were grown in light
and heavy media, respectively. Samples were combined according to
purification protocol A or B. In a third experiment, 150 g of unlabeled
recombinant His-tagged BTAF1 were mixed either with TBP or control
(Ct) HeLa S3 cell extracts, and samples were affinity-purified according to protocol A. As a control TBP HeLa S3 cell extract was purified
without addition of recombinant BTAF1. All samples of the three experiments were further analyzed by mass spectrometry, and ratios of
unlabeled versus labeled BTAF1 peptide signal were determined. The
average ratio of unique peptide pairs used for quantification is given for
one representative experiment. The number of unique peptide pairs
used for quantification is given in parentheses. n.d., not determined. B,
representative IAAGQAVEAIVK BTAF1 peptide mass spectrum is
shown for the experiment where recombinant His-tagged BTAF1 was
mixed with TBP HeLa S3 extract prior to affinity purification. C, representative IAAGQAVEAIVK BTAF1 peptide mass spectra are shown for
the experiments using mitotic extracts (lower panels). For comparison,
mass spectra of the same peptide obtained for experiments using
asynchronous extracts are included (upper panels). The mass spectra
on the left side correspond to the experiment in which the samples from
different cultures were mixed before affinity purification (protocol A),
whereas the mass spectra on the right side originate from the experiment in which the samples were mixed after they have been affinitypurified (protocol B). It is indicated in the spectra if the labeled or
unlabeled version of the peptide is present. If the unlabeled peptide is
not present, an arrow indicates the position in the mass spectrum where
it theoretically is expected. mito., mitotic; asyn., asynchronous.

FIG. 4. Evaluation of subunit exchange by quantitative mass
spectrometry. A, purified recombinant B-TFIID (non-tagged BTAF1/
His-tagged TBP) was incubated with (lanes 3 and 4) or without (lane 5)
purified recombinant His-tagged BTAF1. Immunoprecipitation (IP) was
performed as indicated with anti-TBP (1F8) (lanes 4 and 5) or anti-HA
(12CA5) (lane 3), and bound proteins were analyzed by immunoblotting
with anti-BTAF1 and anti-His as indicated. 10 and 1% inputs are indicated in lanes 1 and 2. As a control His-tagged BTAF1 alone was
immunoprecipitated with anti-TBP (1F8) (lane 7) or anti-BTAF1 (Pf299)
(lane 8). B, specificity and dynamics are revealed by the combination of
two different protocols in SILAC/affinity purification. A control cell line is
grown in light medium, whereas a tagged bait cell line is grown in heavy
medium. Extracts are mixed before the affinity purification step in protocol A, whereas extracts are separately affinity-purified, and eluted
materials are mixed prior to 1D gel separation in protocol B. Using the
protocol B to mix the samples (after affinity purification) assigns specific
and nonspecific interactions with the bait, whereas using the protocol A
to mix the samples (before affinity purification) reveals dynamic and
stable subunits by comparison with the protocol B data.
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