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Most cellular processes are performed and regulated by proteins act-
ing in macromolecular complexes. Many of these complexes are
composed of large numbers of unique proteins. For example, RNA
polymerase II transcription complexes in eukaryotic cells probably
contain at least 50 different proteins1, and the eukaryotic ribosome
consists of at least 78–80 unique proteins2,3. Conventional genetic
and biochemical approaches for identifying protein–protein inter-
actions generally focus on one target gene or protein at a time4. Even
when macromolecular complexes are isolated intact from the cell,
the protein components are separated and identified individually5.
Methods to identify complex mixtures of proteins without the need
to purify each component to homogeneity not only would improve
the efficiency of protein identification, but should also increase the
sensitivity of detection.

We report the development of a process for the direct analysis of
large protein complexes (DALPC) that is capable of comprehensive-
ly identifying individual proteins in even the most complex macro-
molecular complex in the cell without first purifying each protein
component to homogeneity. The DALPC process is shown schemat-
ically in Figure 1. It couples multidimensional chromatography and
tandem mass spectrometry with automated comparison of tandem
mass spectra with translated genomic sequences.

Although proteins in simple mixtures can be identified by com-
bining liquid chromatography and tandem mass spectrometry,
complex mixtures overwhelm the resolution capability of any sin-
gle-dimensional (1D) chromatography system6–8. Orthogonal two-
dimensional (2D) separation methods dramatically improve the res-
olution of highly complex mixtures of proteins and peptides com-
pared with any 1D separation9–13. The DALPC process uses the inde-
pendent physical properties of charge and hydrophobicity to resolve
complex peptide mixtures before mass spectrometry. A denatured
and reduced protein complex is first digested to generate a mixture
of peptide fragments (Fig. 1). The acidified complex peptide mix-
ture is applied to a strong cation exchange (SCX) chromatography
column, and a discrete fraction of the absorbed peptides are dis-
placed onto a reversed-phase (RP) chromatography column using a
salt step gradient. Peptides are retained on the RP column, but cont-
aminating salts and buffers are washed away and diverted to waste.

The peptides are then eluted from the RP column into the mass spec-
trometer using a gradient of increasing acetonitrile. Finally, the RP
column is reequilibrated in preparation for absorbing another frac-
tion of peptides from the SCX column. An iterative process of
increasing salt concentration is then used to displace additional frac-
tions of peptides from the SCX column onto the RP column. Each
simplified fraction is eluted from the RP column into the mass spec-
trometer.

Using the SEQUEST algorithm, acquired fragmentation spectra
of peptides are correlated with predicted amino acid sequences in
translated genomic databases6,14. The DALPC process relies on the
predictive powers of whole genome sequences to identify actual pro-
teins in complexes. This approach avoids the manual interpretation
of amino acid sequences from each tandem mass spectrum and pro-
vides a rapid method to process the spectrometry data. The resulting
list of peptide sequences identifies the proteins in the starting com-
plex. To demonstrate these concepts, the Saccharomyces cerevisiae
ribosome was analyzed using DALPC.

The eukaryotic 80S ribosome, comprising a small 40S subunit
and a large 60S subunit, is one of the largest macromolecular com-
plexes in the cell. For S. cerevisiae, the number and identities of pro-
teins in each subunit have been determined primarily by isolating
the ribosomal particles, electrophoretically separating the proteins
using 2D gels, and sequencing the proteins by Edman degradation.
Several groups have estimated that the yeast cytoplasmic 80S ribo-
some complex contains 78 different proteins present at unimolar
amounts (32 proteins in the 40S and 46 in the 60S subunits)3,15,16. In
yeast, 137 genes encode the 78 proteins with 59 of the proteins
encoded by duplicate genes3. For duplicated genes that have been
transcriptionally analyzed, both genes are actively expressed but
usually at different levels17. Although a small percentage of yeast
genes contain introns (~3.7% of the annotated open reading frames,
ORFs), 66% of the ribosomal genes contain a single intron in the 5¢
region of the gene.

Results
Validating DALPC using the 80S ribosome. We isolated the yeast
80S ribosomes and proteolytically digested 120 mg of the purified
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proteins (~1.5 mg per protein) under highly denaturing conditions to
produce a mixture of tryptic peptides. As a benchmark, the digested
proteins were first applied to a 1D RP column coupled to an electro-
spray ionization–tandem mass spectrometer to identify the proteins
in the original mixture (Fig. 2A and B). The experiment identified
only 56 ribosomal proteins, 22 fewer than the predicted number.
Many of the protein identifications were based on single-peptide
fragmentation spectra and required manual verification.
Examination of the mass spectra of ionized peptides before parent
ion selection and fragmentation showed that multiple peptide ions
were coeluting and escaping identification.

Automated 2D liquid chromatography was employed to improve
the separation of peptides. Starting with the same amount of the
peptide mixture used in the single-column experiment, 12 iterative
cycles of DALPC were performed (i.e., 12 independent fractions
from the SCX column were eluted to the RP column and analyzed).
Compared with the 1D chromatography experiment, the number of
unique peptides that correlated with the translated yeast genome
dramatically increased (Fig. 2A). Of the unique peptides identified,
84% were detected in only one of the 12 cycles, suggesting most of
the peptides were displaced from the SCX column in discrete salt
displacement cycles. In ~24 h, the single DALPC experiment identi-
fied 95 unique proteins in the mixture (Fig. 2C). Most of these iden-
tifications were based on two or more unique peptides per protein,
which greatly increased the certainty of the identifications.

Further analysis of the proteins identified from the ribosome
complex showed that 90 of the 95 polypeptides were from distinct

ribosomal genes (Fig. 3C). These represent 75 of the 78 predicted
ribosomal proteins. Even though some of the duplicate genes
expressed proteins with >98% amino acid sequence identity,
uniquely identified peptides from both proteins verified that the
duplicate genes were each expressed and that both proteins cosedi-
mented in the ribosome complexes. Overall, 58% of the 571 predict-
ed tryptic peptides from the ribosome complex with masses in the
scan range of the mass spectrometry were successfully identified
during the DALPC run. Three predicted ribosomal proteins,
RPL41A/B, RPL40A/B, and RPL29, which are assumed present in the
purified complex, were not identified. RPL41A/B is a 3.3 kDa pro-
tein that produces tryptic peptides less than two amino acids long.
The other two proteins, RPL40A/B (6.0 kDa) and RPL29 (6.7 kDa),
generate short tryptic peptides with an average length of three to
four amino acids, only four of which are in the mass spectrometer’s
range. A mass spectrometric analysis of the trypsin-digested 80S
complex designed only to perform tandem mass spectrometry on
the parent masses of the four missing tryptic peptides failed to iden-
tify the peptides. We suspect the missing proteins did not cosedi-
ment with the 80S complex in this preparation. DALPC did success-
fully identify the small ribosomal proteins RPS29A/B (6.2 kDa) and
RPL39 (5.7 kDa).

To confirm that the DALPC process successfully identified the
major proteins in the 80S ribosome preparation, we separated 120
mg of the purified ribosomal proteins on a 2D gel and observed
55–60 intense silver-stained spots (Fig. 2D). Individual spots were
excised from the gel and proteolytically digested. Recovered peptides
were analyzed using microcapillary HPLC–electrospray ioniza-
tion–tandem mass spectrometry18. From the 56 spots analyzed, we
identified 64 proteins on the 2D gel. All 64 proteins were also identi-
fied using the single DALPC experiment (Fig. 3C). RPL29,
RPL40A/B, RPL41A/B were not identified on the 2D gel. We suspect
the limited fractionation range of the 2D gel and unequal solubiliza-
tion of ribosomal proteins limited the number of proteins that could
be identified. Various 2D electrophoretic methods used to define the
protein composition of the ribosome often have given ambiguous
and incomplete results15. The DALPC system provided a more com-
prehensive analysis of the complex in a fraction of the time it would
take to purify each component to homogeneity and subsequently
identify each protein.

Next, we tested the ability of DALPC to identify the ribosomal
proteins in the background of a total yeast cell extract. At the same
time, we wanted to investigate the potential for analyzing proteins in
mixtures more complex than the purified 80S ribosome. Starting
with 375 mg of trypsin-digested total cellular protein purified from
yeast growing in rich media (1.4 ´ 108 cell equivalents), 21 iterative
cycles of DALPC were performed with the chromatography and
mass spectrometry conditions employed in the analysis of the 80S
complex. The increase in iterative cycles was used to elute peptides
from the SCX column in smaller, less complex increments. We iden-
tified 749 unique peptides in the mixture leading to the identifica-
tion of 189 unique proteins (Fig. 3). Without any prior enrichment,
the process was able to detect 71 of 78 predicted ribosomal proteins.
This total is only four fewer than that achieved when starting with
the purified 80S ribosome. The seven ribosomal proteins that were
not identified were small ribosomal proteins that generate only two
to three tryptic peptides in the scan range of the mass spectrometer.
Given the number of cell equivalents applied and mass spectrometer
detection limit of 1,000 fmol, we estimate that this DALPC experi-
ment was starting to identify proteins present at levels of 4,300 mol-
ecules/cell. However, the signal from the more abundant proteins
still obscures many proteins present at or below this cellular abun-
dance. Increasing the peak capacity of the 2D liquid chromatography
by increasing the fractionation steps is one way to identify less abun-
dant proteins. Nonetheless, the results demonstrate that DALPC has

Figure 1. Direct analysis of large protein complexes (DALPC). In the
flow diagram, the rectangles represent a strong cation exchange
(SCX) and a reversed-phase (RP) liquid chromatography column.
Typically, a denatured protein complex is digested with trypsin. The
acidified peptide mixture is loaded onto the SCX column. A discrete
fraction of peptides is displaced from the SCX column to the RP
column. This fraction is eluted from the RP column into the mass
spectrometer. This iterative process is repeated, obtaining the
fragmentation patterns of peptides in the original peptide mixture.
The program SEQUEST is used to correlate the tandem mass
spectra of fragmented peptides to amino acid sequences using
nucleotide databases6. The filtered outputs from the program are
used to identify the proteins in the original protein complex.

Denaturated protein complex

Identified proteins in complex

Peptides (pH < 3)

2D chromatographic
separation of pepetides

Peptide fragmentation using
tandem mass spectrometry

Computational translation of
tandem mass spectra to amino
acid sequences using genomic
sequences
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the capacity to directly identify proteins even more complex then the
core 80S ribosome.

Increasing sensitivity using integrated DALPC. A serious limita-
tion of two-column DALPC as an analytical tool for identifying pro-

teins is the large amount of starting material required. The implica-
tion of this demand for identifying proteins in complexes scarcer
than the 80S ribosome was a serious concern. The decreased sensi-
tivity was due to the dead volumes in the chromatography, the com-
plex electrospray interface, and the relatively high chromatographic
flow rate. To improve the detection limit, we developed an integrated
2D microcapillary chromatography version of the DALPC process
(Fig. 4A). Instead of two individual columns and multiple switching
valves, we used a novel biphasic microcapillary column with sequen-
tial strong cation exchange and RP particles. To ionize eluted pep-
tides, the column was coupled to the mass spectrometer using a sim-
plified microelectrospray ionization interface19. By replacing the 1
mm i.d. columns with a 100 mm microcapillary, the mobile-phase
flow rate was reduced from 50 ml/min to 0.3 ml/min. Compared with
a 1,000 fmol detection limit using a 1 mm column, the microcapil-
lary device has a 10 fmol detection limit for identifying a single
trypsin-digested protein19.

To demonstrate the concepts of the integrated DALPC process,
we analyzed 0.2 mg of tryptic peptides from the yeast ribosomal 40S
subunit. As a caveat, the amount of 40S peptides loaded onto the col-
umn may not reflect the amount of starting subunit proteins.
Sample losses during digestion and desalting may be significant.
After loading the peptide mixture onto the column, acetonitrile gra-
dients were run through the biphasic column. The repeated RP elu-
tion gradients did not affect the retention of peptides in the SCX
phase (Fig. 4B). Salt step gradients followed by acetonitrile gradients
were required to detect peptides from the biphasic column. As was

Figure 2. Identifying proteins in the yeast ribosome complex using
DALPC. (A) Cumulative number of unique peptides identified from
a digested ribosomal 80S complex using 1D liquid chromatog-
raphy (LC) and 2D LC coupled to a mass spectrometer. The num-
bers enclosed in the 2D bracket are the salt displacement step
gradients used in the experiment (see Experimental protocol).
The cumulative total of peptides identified after each DALPC cycle
is shown. The numbers above the columns are the total numbers
of unique peptides identified. Identical amounts of digested pro-
teins were used for both experiments. (B) Number of proteins
identified starting with identical amounts of trypsin-digested ribo-
somal proteins in the 1D and 2D chromatography experiments.
The number of proteins identified based on two or more unique
peptide sequences is shown in black. The numbers above the

columns are the total numbers of unique
proteins identified. (C) Schematic of the
proteins identified from the purified ribo-
some 80S complex using DALPC. The
numbers below the icons identify the pro-
tein. Parentheses around a number indi-
cate that the protein was identified on the
2D gel in Figure 4D. The protein names
have been put into a web site32. (D) A 120
mg fraction of the purified ribosomal com-
plex displayed on a silver-stained 2D gel.
A white dot indicates the spot was
sequenced using methods already
described18. The arrow points to the 2D
gel protein identified as YMR116p (BEL1).
The largest and smallest calculated pI
and Mr (Da) values of the identified 2D gel
proteins are shown.

D

Figure 3. Identifying ribosomal proteins in a total yeast extract using
DALPC. A 375 mg aliquot of an acidified total yeast protein digest was
analyzed using the DALPC conditions described in Experimental pro-
tocol, except 21 salt step gradients were used. The meanings of the icons
are explained in Figure 2C and the protein names have been put into a
web site32. The identified proteins have been grouped into two classes,
ribosomal and other. The SCX step gradients were: 0%, 0–10%, 10–12.5%,
12.5–15%, 15–17.5%, 17.5–20%, 20–22.5%, 22.5–25%, 25–27.5%,
27.5–30%, 30–32.5%, 32.5–35%, 35–37.5%, 37.5–40%, 40–50%, 50–60%,
60–70%, 70–80%, 80–90%, 90–100% of SCX-B, and 100% SCX-C.
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observed earlier, the number of unique peptides that could be identi-
fied increased significantly using the integrated DALPC process
compared with a 1D RP microcapillary column experiment (Fig.
4B). The process identified 52 unique polypeptides, which included
30 of the 32 predicted 40S ribosomal proteins (Fig. 5). With a low
nanogram detection limit, the ability of integrated DALPC to identi-
fy proteins in complex mixtures is equivalent to or better than the
detection of proteins on silver-stained polyacrylamide gels.

Localizing a novel ribosomal component to the 40S subunit. We
consistently found one protein cosedimenting in the complex that
had not previously been identified as part of the ribosome:
YMR116C (BEL1) (Fig. 2C, icon 76). YMR116p was found to be
associated with the ribosome complex purified from the diploid
strain 12441 (MATa/MATa his7/his7 ura3/ura3) and the haploid
strain AAY1048 (MATa his3 leu2 lys2 ura3) growing in either rich or
minimal media. The protein was also identified on the 2D gel of the
80S complex (Fig. 2D). Comparison of the intensity of the 2D gel
spot identified as YMR116p with those of other ribosomal proteins
indicated YMR116C was present at equimolar concentration to
other ribosomal proteins. Sequence analysis of YMR116C showed
the gene has a single intron structure similar to that of the majority
of yeast ribosomal genes20, suggesting that YMR116p is an integral
ribosomal protein in yeast. Discrepancies in the composition of the
ribosome using earlier electrophoretic methods and the relative
acidity of the protein probably caused YMR116p to be missed in pre-
vious studies. The pI of YMR116p is 6.04 compared with an average
pI of 10.03 (standard deviation = 1.89) for the other 78 ribosomal
proteins. We deleted YMR116C from the yeast genome. The deletion
strain was viable but had a reduced growth rate and an abnormally
large cell size compared with the wild-type haploid strain.

We fractionated the yeast 40S and 60S subunits from a total yeast
lysate through a 1 M KCl sucrose gradient and separately pooled the
fractions for each subunit (Fig. 5). After trypsin digestion, we ana-
lyzed each subunit using the integrated DALPC system. The
acquired tandem mass spectra from the experiments was first corre-
lated with the sequence from YMR116p to see if the protein sedi-
mented in either fraction. YMR116p was found in the 40S but not
the 60S subunit (Fig. 5). The data were then correlated with the
entire yeast ORF database to verify the purity of the 40S–60S frac-
tions. These results indicated that YMR116p was tightly associated
with the 40S ribosomal subunit.

In a similarity search of protein databases, YMR116p showed sig-
nificant sequence similarity throughout its sequence to the human
protein RACK1 (54% amino acid identity). RACK1 has been previ-
ously identified as a putative intracellular receptor for activated pro-
tein kinase C (PKC)21. We wanted to determine whether RACK1 is

associated with the human ribosome. A HeLa cell protein lysate was
fractionated on a sucrose gradient. Fractions containing ribosomal
subunits, 80S monosomes, and polysomes were collected (Fig. 6). To
look for RACK1 sedimenting in the fractions, we rapidly screened an
equivalent amount of each fraction using microcapillary
HPLC–electrospray ionization–tandem mass spectrometry. RACK1
was absent in the fraction containing the 60S subunit alone, but pre-
sent in fractions containing the 40S subunit including the polysome
fractions (Fig. 6). The data strongly suggested that RACK1 is the
human homolog of YMR116p and is a component of the human 40S
ribosomal subunit. Like most other ribosomal proteins, the function
of RACK1 is unknown. However, the indication that the ribosome-
associated RACK1 protein is an intracellular receptor for activated
protein kinase C (PKC) suggests a role of translation in PKC-mediat-
ed signal transduction.

Discussion
Direct analysis of protein complexes by mass spectrometry is a com-
pelling approach to comprehensively identifying protein compo-
nents. It provides a list of actual proteins present in a purified com-
plex instead of a descriptive visualization of the components that
must be individually identified later. Typically, 1D or 2D gel elec-
trophoresis, a time- and labor-intensive process with limited molec-
ular mass or pI ranges, is used to resolve complicated protein mix-
tures into individual bands or spots. Peptides from digested proteins
must be recovered from the stained gel or an electroblot of the gel.
Automation of this process requires expensive robotics to cut out
and process the spots. Directly identifying proteins from complexes
bypasses the potential limitations of gel electrophoresis, including
protein insolubility, limited fractionation ranges, and limited recov-
eries of material. In addition, DALPC provides a highly automatable
system and rapid process for repeated analysis of protein complexes.

There is a strong incentive to extract quantitative information
from mass spectrometry data to directly measure changing stoichio-
metric ratios of proteins in complexes isolated under different bio-
logical circumstances and purification conditions. In general, the
use of mass spectrometry to quantify amounts of individual proteins
in a complex mixture is problematic. Incomplete proteolytic diges-
tion, unequal loss of peptides, and differences in peptide ionization
efficiencies currently make quantitative analysis unreliable.
Experiments intended to produce quantitative measurements will
need to incorporate appropriate controls and internal standards. We
and others are working on this problem.

Broader applications of the DALPC process will depend on defin-
ing the dynamic range and the maximum number of proteins that
the process can identify. Measurement of the dynamic range will be

Figure 4. Integrated DALPC. (A) The schematic shows a biphasic microcapillary
chromatography column and electrospray interface used for high-sensitivity
identification of protein complexes. SCX and RP, strong cation exchange and
reversed-phase packing materials, respectively. A precolumn application of 1.8 kV at
the liquid–metal interface produces a stable electrospray at the front of the heated
capillary during the RP gradients. (B) Cumulative number of peptides identified
starting with identical amounts of trypsinized 40S ribosomal subunit using
microcapillary 1D LC–MS/MS and integrated 2D or integrated DALPC. The numbers
enclosed in the integrated 2D bracket are the salt displacement step gradients used in
the experiment (see Experimental protocol). The numbers above the columns are the
final numbers of unique peptides identified.
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dependent on the complexity of the protein mixture and the resolv-
ing power of the liquid chromatography. Changing the number of
salt displacement cycles, the slope of the RP gradients, and the chro-
matography–electrospray interface makes DALPC a process tunable
to the complexity of the starting protein complex. Ultimately, the
ability to identify rare proteins will be limited only by the detection
limit of the mass spectrometer and not by limits imposed by protein
visualization and sample manipulation techniques.

Note added in proof
Chantrel et al.22 have recently shown that by immunoblotting ribo-
somal polysome profiles, the yeast protein ASC1 or BEL1 is associat-
ed with the yeast 40S ribosomal subunit.

Experimental protocol
Purifying yeast 80S ribosomes. Yeast strain 12441 (MATa/MATa ura3 his3)
was grown in YPD to a cell density approximately 3 ´ 107 cells/ml. The 80S

ribosomes were purified using discontinuous sucrose gradients essentially as
described23. The pelleted ribosome complexes were resolubilized and dena-
tured in 8 M urea, 1 M NaCl, 100 mM b-mercaptoethanol (b-ME), 100 mM
Tris-HCl pH 7.5. Ribosomal RNA was extracted using acetic acid and the
proteins lyophilized essentially as described24.

Purifying yeast 40S–60S ribosomal subunits. Yeast strain BJ5622 (ref. 25)
was grown in YPD to a cell density of approximately 5 ́ 107 cells/ml. The sub-
units were purified from a total cell lysate using a 10–40% sucrose gradient
essentially as described26. The fractionated proteins were precipitated27 and
resuspended in 8 M urea, 200 mM NH4HCO3, 20 mM CaCl2. Proteins were
quantitated using a Bradford assay. The subunit fractions were diluted four-
fold with dH2O, modified trypsin (Boehringer-Mannheim, Germany) was
added to a final substrate-to-enzyme ratio of 50:1, and the reaction was incu-
bated at 37°C for 15 h. The peptide mixture was desalted on an RP column,
lyophilized, and resuspended in 0.5% acetic acid. The desalted peptide mix-
tures were quantitated using amino acid composition.

Preparing total yeast extracts. Yeast strain 12441 was grown in YPD to a
cell density of 1.5 ́ 107 cells/ml. Cells were disrupted using glass beads in the

Figure 5. Localizing YMR116p to the
yeast 40S ribosomal subunit. A
Coomassie brilliant blue–stained
15% SDS–PAGE gel of sucrose-gra-
dient fractions of a total yeast lysate.
40S and 60S are pooled ribosomal
subunit fractions. (M, protein stan-
dards; T, protein lysate layered on
the top of the sucrose gradient).
Aliquots of 0.2 and 0.25 mg from the
digested and desalted 40S and 60S
subunit fractions, respectively, were
analyzed using the integrated
DALPC conditions described in
Experimental protocol. The table
shows the proteins identified in the
fractions. The identified proteins
have been divided into four classes
(YMR116p, 40S, 60S, and other), and
each class has been subdivided into
proteins unique to a fraction or pro-
teins identified in both fractions. The
meaning of the icons is explained
in Figure 2C, and the protein names
have been put into a web site32.

Figure 6. Localizing RACK1 to the human 40S ribosomal subunit.
Ultraviolet trace of the HeLa cell extract fractionated on a sucrose
gradient. Dark balls indicate the fractions analyzed by microcapillary
HPLC–electrospray ionization–tandem mass spectrometry. nd, Not
done. A 20% aliquot of each fraction was analyzed by microcapillary 1D
LC–MS/MS. The column was eluted with a gradient of 0–60%
acetonitrile in 0.5% acetic acid over 90 min at 0.5 ml/min. Using the
SEQUEST program, the acquired spectra were first correlated with the
RACK1 protein sequence and then with Frederick Biomedical
Supercomputing Center nonredundant protein database (release
980530) (Frederick, MD). For each fraction, the table shows whether
RACK1 was identified and the total number of human 40S, 60S, and
nonribosomal (other) proteins identified. The names of the identified
proteins have been put into a web site32. In fractions 3, 7, and 9, RACK1
was identified based on acquired tandem mass spectra correlating with
the RACK1 peptide sequence IIVDELKQEVISTSSK with an m/z 896 for
the (M+2H)2+ ion. An ion with the same m/z and similar retention time
was detected in fraction 8 but was below the ion abundance threshold
for being fragmented. No ion signal above background noise with a
similar m/z and elution time was detected in fractions 1, 2, 4, 5, and 6.
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presence of protease inhibitors28. Urea, NaCl, and b-ME were added to final
concentrations of 8 M urea, 1 M NaCl, and 100 mM b-ME, and the lysate cen-
trifuged at 30,000 g for 30 min. Nucleic acids were extracted using acetic acid
essentially as described, and the proteins were lyophilized24.

Purifying human ribosomal complexes. The human ribosomal subunits
were purified by sucrose gradient centrifugation essentially as described29. A
cytosolic extract from HeLa cells (approximately 7 ´ 107 cells) was prepared
and layered onto the top of 15–50% sucrose gradient. After centrifugation at
36,000 r.p.m. in a Beckman SW-40 rotor (Beckman Instruments, Fullerton,
CA) for 8 h, the gradient was fractionated into 12 fractions of 1-ml each using
an Isco Density Gradient Fractionator (model 185; Isco, Lincoln, NE), while
monitoring absorbance at 254 nm. The fractions were processed as described
for the yeast 40S–60S protein complexes.

Digestion of 80S and total yeast extracts. Lyophilized proteins were resolu-
bilized in 8 M urea, 200 mM NH4HCO3, and 20 mM CaCl2 and quantified
using a Bradford assay. Endoprotease Lys-C (Boehringer-Mannheim) was
added to a final substrate-to-enzyme ratio of 100:1, and the reaction was
incubated at 37°C for 15 h. The Lys-C digestion was diluted fourfold with
dH20, and modified trypsin (Boehringer-Mannheim) was added to a final
substrate-to-enzyme ratio of 50:1. The trypsin digestion was incubated at
37°C for 15 h. The peptide mixture was desalted on an RP column,
lyophilized, and resuspended in 5 mM K2HPO4, 5% acetonitrile (pH 3).

2D gels of 80S ribosomes. Lyophilized proteins from the 80S ribosome
were resolubilized in 9 M urea, 4% 3-[(3-Cholamidopropyl)-dimethylam-
monio]-1-propanesulfonate (CHAPS), 2% 3-10 Serva ampholytes, 1%
dithiothreitol (DTT), and resolved using nonequilibrium 2D gel elec-
trophoresis18.

Mass spectrometry. All analyses were performed on Finnigan LCQ ion
trap mass spectrometer (Finnigan Corp., San Jose, CA) that was run and
operated as described18.

1D and 2D LC–MS/MS. An Integral chromatography workstation (PE
Biosystems, Foster City, CA) was configured either with a 1.0 ´ 250 mm
Vydac C18 (218TP) column (The Separations Group, Hesperia, CA) or with a
1.0 ´ 150 mm PolySULFOETHYL Aspartamide (PolyLC, Columbia, MD)
and 1.0 ´ 250 mm Vydac C18 (218TP) columns. The workstation was directly
coupled to an LCQ ion trap mass spectrometer equipped with an electrospray
ion source. The electrospray needle was operated with a voltage differential of
5.5 kV, and the heated desolvation capillary was held at 250°C.

Microcapillary 1D LC–MS/MS. A Finnigan LCQ ion trap mass spectrome-
ter equipped with a fritless electrospray interface and an RP microcapil-
lary–HPLC column (100 mm i.d. packed with 8 cm of 5 mm C18 RP particles
(218TP C18, Vydac) was run and operated essentially as described19. For the
microcapillary 1D LC–MS/MS experiment, a 0.2 mg aliquot of the digested
and desalted 40S ribosomal peptide mixture was analyzed19. The RP column
was eluted into the mass spectrometer with a linear gradient of 0 to 60% RP-
B over 30 min at 300 nl/min. For the integrated DALPC experiment, 0.2 mg
aliquot of the digested and desalted ribosomal 40S subunit was loaded onto
the biphasic microcapillary. Peptides fractions were displaced from the SCX
to the RP particles using the following salt step gradients: (1) 0% (1') 0% (1''),
0% (1''') 0% (2) 0–10% (3) 10–20% (4) 20–30% (5) 30–40% (6) 40–100% of
SCX-B', and (7) 100% SCX-C'. Peptides were eluted from the RP particles
into the mass spectrometer using a linear gradient of 0–60% RP-B over 30
min at 300 nl/min. Mobile-phase buffers were, for RP-A buffer, 0.5% acetic
acid, 5% acetonitrile; for RP-B, 0.5% acetic acid, 80% acetonitrile; for SCX-
B', 0.5% acetic acid, 5% acetonitrile, 250 mM KCl; for SCX-C', 0.5% acetic
acid, 5% acetonitrile, 500 mM KCl.

Biphasic microcapillary column. To construct the biphasic column, a
fused-silica capillary (100 mm i.d. ´ 365 mm o.d.) was pulled with a CO2-
based laser puller to make a fritless column as described19. The column was
packed first with 8 cm of 5 mm C18 RP particles (218TP C18, Vydac) and then
with 4 cm of 5 mm strong cation exchange particles (PolySULFOETHYL
Aspartamide; PolyLC). For the 1D LC–MS/MS experiment in Figure 2, 120 mg
of the 80S peptide mixture were loaded directly onto an RP column equilibrated
in RP-A. The RP column was then eluted into the mass spectrometer with a lin-
ear gradient of 5–60% RP-B over 60 min at 50 ml/min. For the 2D LC–MS/MS
experiment in figure 2, the peptide mixture was loaded onto an SCX column
equilibrated in SCX-A. Peptide fractions were displaced from the SCX to the RP
column using the following salt step gradients: (1) 0% (2) 0–10% (3) 10–15%
(4) 15–20% (5) 20–25% (6) 25–30% (7) 30–35% (8) 35–40% (9) 40–55% (10)
55–70% (11) 70–100% of SCX-B, and (12) 100% SCX-C. Peptides were eluted
from the RP column into the mass spectrometer using a linear gradient of
5–60% RP-B over 60 min at 50 ml/min. Mobile-phase buffers were, for SCX-A, 5

mM K2HPO4, 5% acetonitrile (pH 3); for SCX-B, 250 mM KCl, 5% acetonitrile
(pH 3); for SCX-C, 500 mM KCl, 5% acetonitrile (pH 3); for RP-A, 0.5% acetic
acid; for RP-B, 0.5% acetic acid, 80% acetonitrile.

Analysis of MS/MS data. For automated spectrum and data analysis, each
raw tandem spectrum was processed as described here. Spectra derived from
single or multiply charged parent ions were first identified. For spectra from a
multiply charged peptide, an independent search was performed on both the
+2 and +3 mass of the parent ion. Except where noted, processed tandem
mass spectra were correlated with the standard S. cerevisiae ORFs30 using the
program SEQUEST running on a DEC Alpha workstation6. All searches were
performed without considering the protease used because we observed that
many proteins in the mixtures do not digest to completion. For multiply
charged peptides, the following criteria were used to determine whether to
select the +2 or +3 charge state: (1) A particular charge state was chosen if the
cross-correlation score was ³1 U more than that of the other charge state. (2)
A score was assigned to each charge state (+5 for tryptic start, +5 for tryptic
end, +2 if the cross-correlation score is greater than the other charge state, +2
if the preliminary score ranking is <50), and the charge state with the highest
score was chosen. (3) If the charge state scores were equal, then the charge
state with the highest cross-correlation score was chosen. (4) If both charge
states had the same cross-correlation score, the +2 charge state was chosen.
The selected charge of the peptide was used in the final protein identification
analysis and the SEQUEST output from the other charge state discarded. The
correlation results were then filtered using the value of the cross-correlation
score and the matched sequence for each spectrum. For singly charged pep-
tides, spectra with a cross-correlation score to a tryptic peptide ³1.5 were
retained. For multiply charged peptides, spectra with a cross-correlation to a
tryptic peptide ³2 were retained. All spectra with cross-correlation scores not
meeting these criteria were eliminated from further consideration.

For the protein identifications, the filtered results were sorted to show
unique peptide sequences that were derived from the same annotated ORFs
in the genome. Protein identifications based on mass spectra correlating to
one or more unique tryptic peptides were considered valid identifications.
Single peptides that alone identify a protein were manually validated after
meeting the following criteria. First, the SEQUEST cross-correlation score
must be >1.5 for a +1 tryptic peptide or >2 for a +2 or +3 tryptic peptide.
Second, the MS/MS spectrum must be of good quality with fragment ions
clearly above baseline noise. Third, there must be some continuity to the b or
y ion series. Fourth, the y ions that correspond to a proline residue should be
intense ions. Fifth, unidentified, intense fragment ions either corresponds to
+2 fragment ions or the loss of one or two amino acids from one of the ends
of the peptide. After going through this process we are fairly confident of a
protein identification. If there is any doubt, we err on the side of caution.
Typically, 35–50% of the protein identifications based on a single peptide
sequence are accepted.

Deletion of YMR116C. A deletion of YMR116C in the yeast diploid strain
12441 was created using the method of Güldener et al31. The DNA primers
TTTCCAAAAAATCCTTATAACACACTAAAGTAAATAAAGTGAAAAG-
CATAGGCCACTAGTGGATCTG and TAACTAGAAGATACATAAAAGAA-
CAAATGAACTTTATACATATTCCAGCTGAAGCTTCGTACGC were used to
amplify by PCR the loxP-kanMX-loxP YMR116C disruption cassette, and the
PCR product was transformed into the yeast strain 12441. The deletion was
verified using PCR and DNA primers flanking YMR116C (GGGCTATTC-
CTTTAATTGTGG and TTATAGTACCTAATGATAACC). The disruption cas-
sette was excised and the diploid was sporulated.
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