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We describe a generic strategy for determining the specific composition, changes in the composition,
and changes in the abundance of protein complexes. It is based on the use of isotope-coded affinity
tag (ICAT) reagents’ and mass spectrometry to compare the relative abundances of tryptic peptides
derived from suitable pairs of purified or partially purified protein complexes. In a first application,
the genuine protein components of a large RNA polymerase Il (Pol Il) preinitiation complex (PIC) were
distinguished from a background of co-purifying proteins by comparing the relative abundances of
peptides derived from a control sample and the specific complex that was purified from nuclear extracts
by a single-step promoter DNA affinity procedure?. In a second application, peptides derived from
immunopurified STE12 protein complexes isolated from yeast cells in different states were used to
detect quantitative changes in the abundance of the complexes, and to detect dynamic changes in the
composition of the samples. The use of quantitative mass spectrometry to guide identification of spe-
cific complex components in partially purified samples, and to detect quantitative changes in the abun-
dance and composition of protein complexes, provides the researcher with powerful new tools for the

comprehensive analysis of macromolecular complexes.

One of the primary goals of proteomics is the description of the
composition, dynamics and connections of the multiprotein
modules that catalyze a wide range of biological functions in
cells>. A number of recently described technologies have pro-
vided ways to approach these problems. The yeast 2-hybrid
(Y2H) method is a genetic selection that is designed to detect
binary interactions between proteins in the nucleus of a yeast
cell%, and this method has provided the first large-scale protein
linkage map for the yeast Saccharomyces cerevisiae®. One limita-
tion of this technique is that it does not detect protein—protein
interactions in the context of their physiologic environment.
Another widely used approach for the analysis of protein com-
plexes involves the use of affinity chromatography for complex
isolation or enrichment, followed by mass spectrometric identifi-
cation of the constituent proteins. Two recently published large-
scale efforts demonstrate the power of this approach, as the
groups were able to detect co-precipitating proteins for roughly
460 and 493 bait proteins, respectively®’. Although this method
is extremely powerful and allows, in principle, for the detection
of many co-purifying proteins in a fraction, it remains difficult to
distinguish specific from nonspecific interactions, and to detect
quantitative changes in protein complex abundance and compo-
sition without direct visualization of the proteins in gels. This is
mainly because mass spectrometry is not an inherently quantita-
tive technique, and because the control and specific samples are

prepared for mass spectrometry separately and are therefore sub-
ject to different sample-handling errors.

In the method described here, stable isotope tagging and mass
spectrometry were used: to guide the identification of the gen-
uine components of a large RNA Pol II PIC (approximately
68 subunits) within a high background of co-purifying proteins
following a simple one-step DNA affinity procedure; to detect
quantitative changes in the abundance of STE12 protein com-
plexes immunoprecipitated from yeast cells in different states;
and to detect dynamic changes in the composition of STE12
immunoprecipitates from yeast cells in different cell states. The
method is rapid, sensitive and comprehensive. In addition, since
partially purified preparations can be used for the analysis, sam-
ple losses and potential losses of interacting proteins resulting
from multiple chromatographic steps are avoided.

In a first application of the method, we attempted to distin-
guish specific components of a large, affinity-purified RNA Pol
II PIC from a high background of co-purifying proteins after a
one-step purification from yeast nuclear extracts. This was
accomplished by comparing the sample containing the partially
purified RNA Pol II PIC with a control sample in which the spe-
cific complex was not enriched. Proteins isolated from the spe-
cific and control purifications were labeled with either heavy or
normal stable isotopes"®? (Fig. 1). In this study, cysteine reac-
tive ICAT reagents were used. Next, proteins were combined and
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proteolyzed. To increase coverage by mass spectrometry, sample
complexity was first reduced by strong cation exchange (SCX)
chromatography and then ICAT-labeled peptides were isolated
by avidin affinity chromatography'?. Labeled peptides were ana-
lyzed by microcapillary reversed-phase liquid chromatography
(WLC) electrospray ionization (ESI) tandem mass spectrometry
(MS/MS), and peptides were identified by sequence database
searching using the search algorithm SEQUEST!!. The relative
abundance of an identified ICAT-labeled peptide pair was deter-
mined from the ratio of the peptides’ signal intensities. Bona fide
components of the complex (or complexes) were identified by
their increased abundance in the specific purification compared
with the nonspecific purification.

In the yeast S. cerevisiae, the core Pol II preinitiation tran-
scription machinery consists of approximately 68 subunits.
The 12-subunit Pol II is responsible for the synthesis of all
messenger RNAs in the nucleus. In addition to Pol II, the
machinery includes six general transcription factors (GTFs;
TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH)!'2. TFIID con-
sists of the TATA binding protein (TBP) and 15 other proteins
called TAFs (TBP-associated factors) that are recruited to a
subset of promoters'>!“. In addition, a complex consisting of
at least 24 factors, called Mediator, associates with Pol II and
appears to be required for transcription of most promoters!?.
In total, this core Pol II PIC (Pol II, GTFs, Mediator and TAFs)
consists of at least 68 polypeptides. In addition to the core
transcription machinery, a number of chromatin remodeling
complexes (CRCs) are recruited to promoters, including
SWI/SNF, RSC, ISW1, ISW2, SAGA and NuA4 (refs. 12, 15).
The goals of this project were, first, to use a simple one-step
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DNA-affinity isolation technique followed by quantitative
mass spectrometry to comprehensively characterize a core Pol
IT PIC, and second, to catalog the protein composition of a
eukaryotic Pol IT promoter.

Pol II PICs were isolated from yeast nuclear extracts using an
immobilized promoter DNA isolation scheme? (Fig. 2a). Briefly,
a biotinylated template containing the TATA box region of the
HIS4 promoter with a single Gal4 binding site located upstream
was linked to streptavidin-coated magnetic beads and used as an
affinity matrix. In previous experiments, it was established that
active, promoter-dependent PICs could be isolated from nuclear
extracts, and TBP and other components of the PIC were essen-
tial for full assembly of active complexes®. One extract was pre-
pared from a strain carrying a temperature-sensitive mutation
in TBP (TBPI143N)!®. TBP is a central component in transcrip-
tion initiation because it can nucleate PIC formation by binding
to the TATA element (see ref. 12 for review). When this extract
was used in the immobilized promoter assay, recruitment of all
core PIC factors probed for was defective, and this defect corre-
lated with transcription inactivity?. Importantly, addition of
recombinant wildtype TBP (rTBP) to the reactions restored
both the levels of all core PIC factors probed for and the tran-
scription activity of the complexes to the levels observed with a
wildtype extract.

Affinity-purified samples were isolated using a TBPI143N
nuclear extract in the presence or absence of rTBP (Fig. 2). Con-
sistent with previous results?, the levels of known PIC compo-
nents were increased by rTBP (Fig. 2b). Analysis of these
fractions by SDS-PAGE followed by silver staining revealed that
the isolated sample mixtures were so complex that it was difficult

to detect specific components of the complex within the
matrix of co-purifying proteins (Fig. 2¢). Quantitative
western blots and silver-stained SDS-PAGE gels (Fig. 2¢
and data not shown) indicated that the core Pol IT compo-
nents were present at 1/5-1/20 the levels of the most abun-
dant proteins in the sample. Consistent with the
background complexity, when these fractions were ana-
lyzed by mass spectrometry, 58% of the 326 unambigu-
ously identified proteins had annotated functions in
databases!” that were unrelated to Pol II transcription (see
Supplementary Table 1 online). Included in the remaining
42% of proteins with annotated roles in Pol II transcrip-
tion were components of the core Pol II transcription
machinery as well as chromatin-remodeling factors and
transcriptional regulatory factors. These included 64 of
the 68 known components of the core Pol II PIC, 9 of the
9 SAGA subunits, 7 of the 7 NuA4 subunits, 7 of the

Fig. 1 Schematic representation of the quantitative proteomics
approach for the analysis of affinity purified macromolecular com-
plexes. To distinguish specific complex components from co-purifying
proteins, a control purification (sample 1) is carried out in which the
complex of interest is not enriched. To detect quantitative changes in
the abundance and composition of a complex isolated from cells in dif-
ferent states, the samples are prepared identically. Affinity-purified
proteins from both purifications are reduced, labeled with either the
isotopically heavy or the normal version of the ICAT reagent and com-
bined. After proteolysis, sample complexity is reduced in three sequen-
tial chromatographic steps, and then samples are subjected to
ESI-MS/MS analysis. During this process, peptide pairs are quantified
7,600 by measuring their peak ratios as they co-elute from the C18 column

into the mass spectrometer. In every other scan, peptides are selected

for fragmentation. The resulting MS/MS spectra are used to search

sequence databases using SEQUEST to identify the peptides and thus

the proteins from which they originated. Depending on the experi-
ment, the relative quantification can be used to distinguish specific
complex components from co-purifying proteins or to detect changes
in the abundance and composition of complexes isolated from cells in
different states.
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bound proteins were recovered in the supernatant. Core PIC components are colored. Co-purification of chromatin remodeling complexes and nonspecific proteins
(striped balls) are indicated. Proteins from each sample were labeled with either the isotopically heavy (+ rTBP) or the normal version of the ICAT reagent and then
combined. Proteins were then analyzed as described in Figure 1. b, Western-blot analysis of proteins isolated from the single-step promoter DNA affinity purifica-
tion. In this, 0.5% of the affinity purified proteins from a were electrophoresed on a 4-12% Bis-Tris gel, transferred to a membrane and probed with antibodies to
known components of the core Pol Il PIC. Proteins were detected by ECL. The factor of stimulation by TBP, as determined by quantitative western blotting, is listed
to the right of the blots. , Silver-stained SDS-PAGE analysis of proteins isolated from the single-step promoter DNA affinity purification. Here, 0.5% of the affinity-
purified proteins from a were electrophoresed on a 4-12% Bis-Tris gel and detected by silver staining.

10 SWI/SNF subunits, 7 of the 11 RSC subunits, 3 of the 4 ISW1
subunits and 2 of the 2 ISW2 subunits.

Although many proteins were identified, it was not possible
to distinguish specific components of the core Pol II PIC from
co-purifying proteins from the protein identification results
alone. However, this was possible by the application of ICAT
reagent-labeling technology coupled with multidimensional
chromatography (Table 1 and Supplementary Table 2 online).
Figure 3 illustrates this point by showing the quantitative
analysis of two peptide pairs identified in the same
ULC-MS/MS run. Reconstruction of single ion chro-
matograms and SEQUEST searching identified TAF12 as a pro-
tein whose abundance was increased by rTBP (Fig. 3¢). In
contrast, the abundance of RFA2, a DNA-binding component
of the replication machinery, was not affected by rTBP, and this
protein was therefore identified as a contaminant. Importantly,
the signal intensities for TAF12 peptides were approximately
1/5 the level of the signal intensities for RFA2 peptides
(Fig. 3b,c). Thus, this quantitative approach is capable of dis-
tinguishing specific complex components from co-purifying
proteins in complex samples, even if they are present at lower
levels than the co-purifying proteins.

Out of 206 quantified pro-

peptide ions with mass-to-charge (m/z) ratios (1+, 2+, 3+)
that were within the mass range used in this study (10%, 7 of
the 68 proteins). This limitation may be alleviated by the intro-
duction of amino-terminal isotopic labeling strategies!®.
Another possible reason for the lack of quantification of some
subunits was insufficient peak capacity of the multidimen-
sional chromatography. In addition, since only approximately
10% of the complexes are functional in this system!?, it is pos-
sible that a fraction of the complexes were partially assembled.
The main source of false-negative results was Mediator com-
ponents (12 of 24 quantitatively identified; 50%). Considering
the GTFs and nonshared Pol II subunits, the rate of false nega-
tives was only 4% (1 of 25), for which the one missed protein
lacked cysteine.

A few core Pol II components showed less than a 1.9-fold
stimulation by rTBP. Three subunits of the Pol II enzyme
(RPB5, 8 and 12) were present in roughly equal ratios in the
two samples. This is probably because these subunits are
shared with Pol I and III, which were present at higher levels
than Pol II in the samples and were unaffected by the TBP
mutation. TAF3 and TAF11 showed a 1.7 and 1.4-fold stimula-
tion, respectively. It is likely that the levels of these TAFs were

teins, 157 showed less than a
1.9-fold stimulation by rTBP

Table 1 « Summary of results

(76%) (Table 1 and Supple- Proteins identified 326
mentary Table 2 online). Of Percentage of identified proteins with a role in Pol Il transcription? 42
the 49 proteins that showed at Number of components of the core Pol Il PIC identified (Pol Il, GTFs, SRB/Meds, and TAFs) 64
least a 1.9-fold change in Percentage of core Pol Il PIC identified 94
: g Number of proteins quantified 206
abundance, 45 (92%) were Nymber of components of the core Pol Il PIC quantified 50
known components of the Percentage of quantified proteins that are components of the core Pol Il PIC 24
core Pol IT PIC. These proteins Percentage of the core Pol Il PIC quantified® 82
included 17 of the 18 GTFs, 7 Number of proteins stimulated by a factor of at least 1.9 by TBP 49
of the 7 nonshared subunits of Number of components of the core Pol Il PIC stimulated by a factor of at least 1.9 by TBP 45
Pol II. 9 of the 15 TAFs and Percentage of quantified core Pol Il PIC components stimulated by a factor of at least 1.9 by TBP 96
> . Number of potential new core Pol Il components (stimulated by a factor of at least 1.9 by TBP) 3

12 of the 24 Mediator sub- nymper of proteins of unknown function¢ 30

units. One reason for the
lack of quantification of some
subunits was the absence of

. .. . of March 2002.
cysteine-containing  tryptic

alncludes proteins involved in maintaining or remodeling chromatin structure. PPercentage of quantified core Pol I
components that have cysteine-containing tryptic peptide ions with m/z ratios (1+, 2+, 3+) that are within the mass
range (400-1800 m/z) used in this study. ‘According to Yeast Protein Database and Saccharomyces Genome Database as
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Fig. 3 Use of relative quantification to guide identification of
specific complex components in complex mixtures. a, Analysis
of avidin-purified SCX fraction 23 by uLC-MS/MS. lon chro-
matogram showing the base peak as a function of time. b, MS
spectrum of ions eluting between 24 and 26 min during the
uLC-MS/MS run in a. lons that were selected by the data-
dependent routine for MS/MS analysis and identified as ICAT-
labeled peptides are indicated by an asterisk. ¢, Example of
post-MS processing of the data. Peaks 1 and 2 in b were selected
for MS/MS analysis. The peptides (and the proteins from which

...... they originated) were identified by sequence database searching

using SEQUEST. Single-ion chromatograms were then recon-
structed for each peptide pair using XPRESS, and the relative
abundance of each peptide pair was calculated after summing the
signal intensities for each peptide. The relative abundance data
reveal that TAF12, but not RFA2, was enriched in the reaction con-
taining rTBP. C* in the peptide sequence indicates a cysteine
residue that was labeled with the heavy form of the ICAT reagent.

cells exposed to different environmental conditions.
The yeast transcription factor STE12 was protein A
tagged at its native locus, and the complex of STE12
and associated proteins was immunopurified from
whole-cell extracts prepared from mating type a
(MATa) cells grown in the presence or absence of
o-mating factor. Immunopurified proteins were then
labeled with either isotopically heavy or normal ICAT
reagents and prepared for mass spectrometric analy-
sis as described in Figure 1. Treatment of MATa cells

with o-factor causes cells to arrest in the G1 stage of
mitosis and to express mating-specific genes in
preparation for conjugation with cells of the opposite

mating type?!. STE12 mediates transcriptional
induction of mating-specific genes in response to
peptide pheromones. Using co-immunoprecipita-
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stimulated by approximately twofold by rTBP, like the other
quantified TAF subunits, but because only one cysteine-con-
taining peptide pair was quantified for TAF3 and 11 (1 of 1 for
TAF3 and 1 of 2 for TAF11), it was difficult to assign high con-
fidence to these measurements.

Of the four stimulated proteins that were not known compo-
nents of the core Pol II PIC, three have been implicated in Pol II
transcription by other studies. MOT1 is known to specifically
interact with TBP on DNA?’, Additional experiments are being
performed to test whether or not the other factors are bona fide
components of the core Pol II PIC. Of particular interest was a
protein corresponding to a previously uncharacterized open
reading frame (ORF).

This is the first time that fully assembled RNA Pol II PICs have
been comprehensively analyzed. The quantitative mass spec-
trometry technique therefore provided, also for the first time, a
detailed description of the partially purified core Pol II complex
and led to the detection of potential new components of this
extensively studied complex. The technique is of general utility in
any situation in which partially purified, macromolecular com-
plexes are being analyzed. It obviates the need for extensive
purification, which is often accompanied with general sample
loss and, more importantly, with the specific loss of (weakly)
interacting proteins. Therefore, the described method greatly
extends the utility of mass spectrometry for the analysis of
macromolecular complexes.

In the second application of the method, we attempted to
detect quantitative changes in the abundance and composition of
immunopurified STEI2 protein complexes isolated from yeast

352

shown to interact with a number of proteins. These

include DIG1, DIG2, TECI1, FUS3, KSS1, ALPHAL,

and MCMI1 and PSE1 (see ref. 17 for references). It is
likely that the extent of some of these interactions change in
response to o.-factor treatment. In fact, co-immunoprecipitation
experiments suggest a lower association of STE12 with FUS3 and
DIGI in response to O-factor treatment??.

Quantitative mass spectrometry allowed for the unambiguous
identification and quantification of 13 proteins and the identifi-
cation of four peptides derived from the GAG protein of Ty
retroelements (Table 2). Ty retroelements are present in multiple
copies in the yeast genome?®. Because of their redundancy, it is
not possible to determine unambiguously the element from
which each peptide was derived. Among the unambiguously
identified proteins were STE12 and two known interactors, DIG1
and DIG2. Peptides derived from these proteins showed an
approximate doubling in abundance in immunoprecipitates
from o.-factor treated cells relative to immunoprecipitates from
untreated cells. By contrast, ten other proteins that were present
in both samples showed no change in abundance in immunopre-
cipitates from treated and untreated cells. It is likely that these
proteins co-purified nonspecifically because all (except for
SCW4) have been previously identified as common contami-
nants in high-throughput proteomics studies®’. Results from
western blots (see Supplementary Fig. 1 online) and DNA
microarray experiments®* concur with the observed increase in
STE12 abundance after o-factor treatment. The coordinated
increase in association of DIG1 and DIG2 with STEI2 after
o-factor treatment indicates an increase in a STE12 complex
minimally consisting of STE12, DIG 1 and DIG2. This observa-
tion appears to be inconsistent with other results?> reporting a
decrease in the amount STE12 that co-precipitated with DIG1 in
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Table 2 « Quantitative characterization of STE12-pA immunoprecipitates from control and

o-mating factor-treated cells

control experiment, the
researcher can readily test the

Number of Number

Locus Protein peptide ions of unique

quantified peptides
YBL101W-A (+19)* Ty2 Gag 2 1
YARO10C (+53)* Ty1 Gag 3 1
YGR109W-A (+4)*  Ty3 Gag 1 1
YBLOO5W-A (+6)* Ty1 Gag 1 1
YDR480W DIG2 5 2
YPL049C DIG1 1 1
YHR084W STE12 7 2
YBR118W TEF1 or 2 1 1
YLR180W SAM1 2 1
YBL087C RPL23A 2 1
YLR441C RPS1A or B 1 1
YDR502C SAM1 or 2 1 1
YGL135W RPL1A or B 2 1
YGR279C SCW4 1 1
Human IgGs 35 22
YNLO64C YDJ1 1 1
YBR127C VMA2 1 1

specificity of the interaction.

d/do >TD Percent Having  described  three
error . .
applications of the use of quan-
520 titative proteomics for the
100 study of macromolecular com-
13.9 plexes, it is important to com-
6.9 ment on the accuracy of the
2.3 0.4 17 method. Three different lines
g? 04 19 of evidence hav.e b.een used to
13 show the quantitative accuracy
12 0.0 0 of the method. First, several
1.1 0.2 18 previously published papers
1.1 have shown that the method
1.0 provides  accurate relative
1.0 01 10 quantification of proteins at
(1)8 0.1 1 known concentrations (with
0.9 an accuracy in the region of
0.8 15%) in mixtures"?>2°, Fur-

*Numbers in parentheses indicate the number of open reading frames encoded in the S. cerevisiae genome containing

the same peptide sequence.

thermore, a dose-response
curve has been presented that

response to a 30 minute o.-factor treatment. This discrepancy is
probably explained by the significantly different duration of
a-factor exposure (30 minutes versus 3 hours) and in the differ-
ent immunoprecipitation targets that were used in the respective
studies. In the model proposed by Tedford et al??, DIG1 and
DIG2 bind to STE12 and repress the ability of STE12 to activate
transcription, in the absence of o-factor. After exposure to
o-factor, the mitogen-activated protein (MAP) kinase FUS3
phosphorylates DIG 1, DIG2 and STE12, which results in the
release of STE12 from repression by DIG1 and DIG2, allowing
STE12 to activate the transcription of genes involved in the mat-
ing response. Microarray data show, however, a decrease in the
expression of a number of STE12-induced genes after exposure
to a-factor for 2 hours®®. It is probable that, after prolonged
exposure to o-factor treatment, the STE12-DIG1-DIG2 com-
plex is re-established to downregulate STE12-induced gene
expression. This model is consistent with our data as well as the
previous data??. The results demonstrate the ability of the tech-
nique to detect changes in the abundance of an immunopurified
protein complex isolated from cells exposed to different environ-
mental conditions, thus greatly extending the usefulness of cur-
rent mass spectrometry techniques.

In addition to detecting changes in the abundance of protein
complexes, the method can detect dynamic changes in the com-
position of affinity-purified protein samples. Peptides derived
from Ty 1, 2 and 3 retroelement GAG proteins show an approxi-
mately 7 to over 100-fold increase in abundance in STEI2
immunoprecipitates from o-factor—treated cells compared with
untreated cells (Table 2). Since the STE12 core complex shows
only an approximately twofold increase in abundance after
o-factor treatment, the increase in Ty GAG proteins indicates an
increased association of these proteins with the STE12 affinity
matrix after exposure to o-factor. Because, however, the tran-
scription of Ty 1, 2 and 3 retroelements is strongly induced by
exposure of cells to a-factor?*, we cannot rule out potential non-
specific interactions of the increased amounts of Ty GAG pro-
teins without further experiments. The results nonetheless
demonstrate the ability of the technique to detect dynamic
changes in the composition of immunopurified protein samples
by direct mass spectrometric analysis, a type of information that
has been difficult to obtain. By performing an appropriate

nature genetics ¢ volume 33 ¢ march 2003

demonstrated the linearity of
the approach over a tenfold
range of relative abundance?®. Second, in cases in which, during
the analysis of complex peptide mixtures, several observations of
peptides from the same protein are made, the error inherent in
the method can be assessed. An error rate of less than 20% was
consistently found!”. Analysis of the data from the Pol IT complex
experiment indicates an error rate of 25% or less for more than
90% of the quantitative measurements for which more than one
peptide pair was quantified (see Supplementary Table 2 online
and data not shown). Third, comparisons of abundance ratios
measured in complex mixtures by isotope dilution and by west-
ern blotting consistently show comparable values?’” (Fig. 2b).
Data also showed the coordinate increase (2—3-fold) in 20 ribo-
somal subunits in response to Myc expression, again reflecting
the ability of the technique to accurately to detect quantitative
changes in the abundance of protein complexes®’. In every case,
the ICAT reagent method was found to measure changes in
abundance accurately.

There are two primary factors that potentially compromise the
accuracy of quantification. First, variations in signal-to-noise
ratio will affect the accuracy of the measurement, especially for
low-intensity ions. Since different peptides ionize with different
efficiencies, it is not possible to obtain consistent signal-to-noise
data for all the peptides from a particular protein or from a pro-
tein complex. Second, although ICAT-labeled peptide pairs
closely chromatograph, there is a slight delay in the elution of
peptides labeled with the normal isotope. Fluctuations in elec-
trospray ionization can produce variations in ion intensity dur-
ing elution. This can lead to inaccuracies in quantification. These
issues are being addressed by a number of technical advances.
The use of a matrix-assisted laser desorption (MALDI) quadru-
pole time-of-flight mass spectrometer increases signal-to-noise
ratios because the high mass accuracy and resolution afforded by
these instruments reduces the noise level in the mass window of
the target analyte, and the MALDI ionization method circum-
vents problems with unstable electrospray®®. In addition, a new
automated, quantification algorithm has been developed which
increases the accuracy of quantification by improved modeling
of eluting peptide peaks and by taking into account background
noise (X. Li, manuscript in preparation). Furthermore, second-
generation ICAT reagents, which show precise co-elution of the
heavy and normal form of a peptide during reversed-phase
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high-performance liquid chromatography (HPLC), have been
introduced (ABI). It can therefore be anticipated that the accu-
racy of quantification achieved with quantitative mass spectrom-
etry will further increase in the near future.

Comprehensive analysis of macromolecular complexes is a
formidable task due to the complexity of the samples, the
propensity to co-purify unrelated (unspecific) proteins in even
the most rigorous complex isolation schemes, the difficulty of
purifying sufficient quantities for protein identification, the loss
of interacting proteins during purification and the need to detect
quantitative changes in complex abundance and composition.
The quantitative proteomics strategies described here provide
the researcher with powerful new ways to approach these prob-
lems. The technology provides a way of reliably distinguishing
specific complex components from co-purifying proteins, even
when the specific components are more than 20 times less abun-
dant than the copurifying proteins. By applying the technology
to the analysis of complexes isolated by simple one-step affinity
purifications, protein losses resulting from multiple purification
steps are avoided, the potential to identify weakly associated fac-
tors is increased, and time is saved. In addition, since the method
provides better-controlled data than traditional mass spectrome-
try methods, it is expected to benefit high-throughput studies in
which validation of the data is generally a huge problem,
although this has yet to be shown. Finally, the ability to detect
quantitative changes in the abundance and composition of pro-
tein complexes greatly extends the usefulness of data acquired
with current mass spectrometric techniques. For these reasons,
this approach constitutes a powerful new tool for the characteri-
zation of a wide range of macromolecular complexes.

Methods

Yeast strains and extracts. We used 18 | of yeast strain SHY70 [MATa ade6
leu2-3,112 ura3-52 his4-519 Aspt15:HIS4/pSH254 (ARS CEN LEU2 sptl5
(TBPI143N)] grown at 26 °C in YPAD (1% yeast extract, 2% peptone, 40 mg
1! adenine and 2-3% glucose) to an A, of 3 to prepare nuclear extracts for
the Pol IT PIC purification as described?®. We used yeast strain DF5a [MATa
leu2-3,112 his3-A200 trpl-1 lys2-801] to create a C-terminal protein
A-tagged version of genomic STE12 by PCR-mediated homologous recom-
bination as previously described?. Primer sequences are available upon
request. We grew two 1-1 cultures in YPD to an A4, of 0.2 at 30 °C. One of
the cultures was induced by the addition of o-mating factor
(WHWLQLKPGQPMY-OH, Biopeptide) to 3 uM, and both cultures were
incubated at 30 °C for 3 h. Approximately 80% of cells had formed shmoos
at the time of harvest. We collected the cells, washed them in water and resus-
pended them in 20 ml lysis buffer (LB; 20 mM NaHPO, (pH 7.5), 150 mM
NaCl, 0.1 mM MgCl, and 50 mM B-glycerophosphate) containing protease
inhibitors: 1 mM PMSE 2 mM benzamidine, 0.6 UM leupeptin, 2 UM pep-
statin A and 3 UM chymostatin. After lysing the cells using a microfluidizer
(Microfluidics), we added dimethylsulfoxide and Triton X-100 to 10% and
1% (v/v), respectively, and incubated the extracts at 4 °C for 30 min. Insolu-
ble material was removed by centrifuging extracts at 30,000¢ for 30 min.
We added glycerol to 10% (v/v) and stored the extracts at —80 °C. We deter-
mined protein concentrations using the BioRad dye-binding assay.

Immobilized promoter templates. We prepared immobilized promoter
templates as previously described?. For these experiments, a 400-bp frag-
ment containing 71 bp of the yeast HIS4 promoter centered around the
TATA box, one Gal4 binding site and upstream vector sequences was PCR
amplified from pSH515 with biotinylated upstream primer p965 and
downstream primer BKS8. Primer sequences are available upon request.

Isolation of RNA Pol II PICs. We prepared Pol II PICs as previously
described? with the following modifications. Reactions were scaled up
215x compared with the reactions used to analyze proteins by western
blotting®. Transcription buffer consisted of 20 mM HEPES buffer (pH 7.6),
100 mM potassium acetate, 5 mM magnesium acetate and 1 mM EDTA.
After incubating the TBP(I143N) nuclear extract with promoter templates
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for 60 min, we washed the templates four times with transcription buffer
containing 0.05% Nonidet P-40 and 2.5 mM dithiothreitol and once with
transcription buffer containing 0.003% Nonidet P-40. We resuspended
templates in 1 ml PstI buffer (100 mM NaCl, 50 mM Tris-HCI (pH 7.9) and
10 mM MgCl,) with 645 Units PstI (Boehringer Mannheim) and incubat-
ed them for 30 min at 22 °C with agitation. We concentrated the beads
with a magnet and recovered the supernatants. For western-blot analysis,
proteins were electrophoresed on a 4-12% Bis-Tris gel (Invitrogen), trans-
ferred to Immobilon membranes (Millipore) and probed with antibodies
to known components of the core Pol II PIC. Proteins were detected by
ECL (Amersham). We quantified proteins by densitometry with
IQMACv1.2 software (Molecular Dynamics). The relative levels of sub-
units were determined from standard curves that were generated with
increasing amounts of nuclear extract.

ICAT labeling of DNA affinity-purified proteins and preparation of pep-
tides for ULC-MS/MS. We concentrated protein samples in Microcon 10
devices (Amicon) and exchanged buffer by diluting the samples tenfold with
20 mM Tris-HCI (pH 8.3), 50 mM NaCl and 1 mM EDTA. After concentrat-
ing the samples to 50 ul, we added SDS to 0.3% and heated the samples at
100 °C for 5 min. Proteins (approximately 130 pg per sample) were reduced
with 5 mM TBP at 37 °C for 30 min and then diluted with 250 pl 20 mM
Tris-HCI (pH 8.3), 1 mM EDTA and 7.2 M urea. We added isotopically heavy
(+TBP) or normal (-TBP) ICAT reagent to 1.75 mM and incubated samples
for 90 min at 22 °C. We quenched reactions by adding 10 mM dithiothreitol
for 20 min at 37 °C, combined samples and digested proteins by adding 4 ug
endoproteinase Lys-C (Boehringer Mannheim) at 37 °C for 3 h. SDS and
urea concentrations were reduced to 0.01% and 1.2 M, respectively, by
adding 20 mM Tris-HCI (pH 8.3) and 1 mM EDTA, and samples were
digested with trypsin (Promega, sequencing grade modified, 1:25 w/w)
overnight at 37 °C. We diluted the sample with an equal volume of Buffer A
(5 mM KH,PO, (pH 3), 25% CH3CN) and adjusted the pH to 3 with
10% trifluoroacetic acid. Peptides were fractionated by SCX HPLC
(2.1 X200 mm PolySULFOETHYL A; PolyLC) by running the following
gradient: 0-15% Buffer B (5 mM KH,PO, (pH 3), 600 mM KClI, 25%
CH;CN) over 30 min, 15-60% Buffer B in 20 min and 60-100% Buffer B in
15 min at 0.2 ml min~!. We collected 30 fractions of 0.4 ml. Labeled peptides
were purified over monomeric avidin cartridges (ABI) and washed with
2 % phosphate-buffered saline (PBS; pH 7.2), 1x PBS (pH 7.2) and 50 mM
NH,HCO; (pH 8.3), 20% CH;OH. Peptides were eluted with 0.4% trifluo-
roacetic acid in 30% CH;CN, dried under reduced pressure and resuspend-
ed in 10% CH;CN, 0.1% trifluoroacetic acid. Peptides from avidin
flowthrough fractions were captured on C18 cartridges (Vydac), washed
with 0.5% CH;3CN, 0.1% trifluoroacetic acid and eluted with 60% CH;CN,
0.1% trifluoroacetic acid. Samples were dried and resuspended in 0.5%
CH;CN, 0.1% trifluoroacetic acid.

Purification of protein A-tagged STE12. We prepared 240 ul IgG Sepharose
beads (Pharmacia) by washing them four times with 2.5 ml LB containing
10% dimethylsulfoxide and 1% Triton X-100 (LBDT) with 500 mM NaCl
and then once with 2.5 ml LBDT containing 150 mM NaCl. Next, we incu-
bated beads in 0.5 M acetic acid (pH 3.2) for 5 min and then washed them
three times with 2.5 ml LBDT containing 150 mM NaCl. Beads were equili-
brated in LBDT containing 150 mM NaCl for 30 min before use. We incu-
bated 120 mg of extract from control and o-factor—treated cells with 120 pl
IgG Sepharose beads at 4 °C for 15 h. We transferred beads to columns and
washed them extensively with wash buffer (WB; 20 mM Tris (pH 7.6),
150 mM NaCl, 1 mM EDTA and 0.1 mM MgCl,) containing 0.1% Nonidet
P-40 and protease inhibitors and then with WB containing 0.005% Nonidet
P-40. Proteins were first eluted with 1 ml WB containing 500 mM NaCl and
0.005% Nonidet P-40. After washing the beads with water, a second elution
was carried out by incubating the beads in 250 ul 0.5 M acetic acid (pH 3.2)
for 10 min. We repeated this elution twice and pooled the eluates.

ICAT labeling of IgG purified proteins and preparation of peptides for
ULC-MS/MS. We concentrated the 0.5 M fractions in Microcon 10 devices
(Amicon) and exchanged buffer by diluting the samples tenfold with 20 mM
Tris-HCI (pH 8.3), 30 mM NaCl, 1 mM EDTA. After concentrating the sam-
ples to 25 pl, we added SDS to 0.25% and heated the samples at 100 °C for 5
min. The acetic acid—eluted fractions were dried down, resuspended in 25 pl
20 mM Tris-HCI (pH 8.3), 1 mM EDTA and 0.25% SDS and heated at 100 °C
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for 5 min. Proteins (approximately 20—-40 ug per sample) were reduced with
5mM TBP at 37 °C for 30 min and then diluted with 100 pl 20 mM Tris-HCIl
(pH 8.3), 1 mM EDTA, 7.5 M urea. We added isotopically heavy (o-factor) or
normal (untreated) ICAT reagent to 1.5mM and incubated samples for 90
min at 22 °C. We quenched reactions by adding 10 mM dithiothreitol for 20
min at 37 °C, combined samples and digested proteins by adding 1 pug endo-
proteinase Lys-C (Boehringer Mannheim) at 37 °C for 3 h. SDS and urea con-
centrations were reduced to 0.01% and 1.2 M, respectively, by adding 20 mM
Tris-HCI (pH 8.3), 1 mM EDTA, and samples were digested with trypsin
(Promega, sequencing grade modified, 1:20 w/w) overnight at 37 °C. The
samples were diluted with an equal volume of Buffer A, and the pH was
adjusted to 3 with 10% trifluoroacetic acid. Peptides were loaded onto SCX
cartridges (ABI) and successively eluted with 0.75 ml Buffer A containing
40 mM, 200 mM, 350 mM and 600 mM KCI. Labeled peptides were purified
over monomeric avidin cartridges (ABI) and prepared for MS analysis as
described above.

ULC-MS/MS and data analysis. We pressure-loaded 50-100% of avidin-
purified fractions onto 10 cm X 75 pm fused silica microcapillary reversed
phase columns (5 pm Magic C18 beads, Michrom Bioresources) equili-
brated with 10% CH3;0H, 0.4% acetic acid, 0.005% heptafluorobutyric
acid (HFBA). Peptides were resolved by running 80-min gradients from
10-40% Buffer C (100% CH3;OH, 0.4% acetic acid, 0.005% HFBA) at
0.3 il min~! and analyzed by uLC-MS/MS using an LCQ ion trap mass
spectrometer (ThermoFinnigan) as described!. We also analyzed 33% of
each of the avidin flowthrough fractions from the DNA affinity experiment
by automated uULC-MS/MS3. We identified peptides by searching MS/MS
spectra against a yeast protein database using SEQUEST as described!?. We
quantified and analyzed data essentially as described!® using XPRESS and
INTERACT computer programs, respectively. We normalized the relative
ratios to adjust for differences in labeling efficiency by identifying a repre-
sentative mean ratio. This was done by calculating the mean ratio from an
approximately normal distribution identified from the histogram of all
ratios. For the DNA affinity experiment, this distribution included
160 ratios ranging from 1.0:0.5 to 1.0:1.2. Fifty-five ratios that were greater
than 1.0:1.2 lay outside this distribution. All peptide identifications and
quantifications were confirmed by manual inspection of the data.

URL. Saccharomyces Genome Database is available at http://genome-
www.stanford.edu/Saccharomyces/.

Note: Supplementary information is available on the Nature
Genetics website.
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