
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Mar. 1999, p. 1720–1730 Vol. 19, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Correlation between Protein and mRNA Abundance in Yeast
STEVEN P. GYGI, YVAN ROCHON, B. ROBERT FRANZA, AND RUEDI AEBERSOLD*

Department of Molecular Biotechnology, University of Washington, Seattle, Washington 98195-7730

Received 5 October 1998/Returned for modification 11 November 1998/Accepted 2 December 1998

We have determined the relationship between mRNA and protein expression levels for selected genes
expressed in the yeast Saccharomyces cerevisiae growing at mid-log phase. The proteins contained in total yeast
cell lysate were separated by high-resolution two-dimensional (2D) gel electrophoresis. Over 150 protein spots
were excised and identified by capillary liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Protein spots were quantified by metabolic labeling and scintillation counting. Corresponding mRNA levels
were calculated from serial analysis of gene expression (SAGE) frequency tables (V. E. Velculescu, L. Zhang,
W. Zhou, J. Vogelstein, M. A. Basrai, D. E. Bassett, Jr., P. Hieter, B. Vogelstein, and K. W. Kinzler, Cell
88:243–251, 1997). We found that the correlation between mRNA and protein levels was insufficient to predict
protein expression levels from quantitative mRNA data. Indeed, for some genes, while the mRNA levels were
of the same value the protein levels varied by more than 20-fold. Conversely, invariant steady-state levels of
certain proteins were observed with respective mRNA transcript levels that varied by as much as 30-fold.
Another interesting observation is that codon bias is not a predictor of either protein or mRNA levels. Our
results clearly delineate the technical boundaries of current approaches for quantitative analysis of protein
expression and reveal that simple deduction from mRNA transcript analysis is insufficient.

The description of the state of a biological system by the
quantitative measurement of the system constituents is an es-
sential but largely unexplored area of biology. With recent
technical advances including the development of differential
display-PCR (21), of cDNA microarray and DNA chip tech-
nology (20, 27), and of serial analysis of gene expression
(SAGE) (34, 35), it is now feasible to establish global and
quantitative mRNA expression profiles of cells and tissues in
species for which the sequence of all the genes is known.
However, there is emerging evidence which suggests that
mRNA expression patterns are necessary but are by them-
selves insufficient for the quantitative description of biological
systems. This evidence includes discoveries of posttranscrip-
tional mechanisms controlling the protein translation rate (15),
the half-lives of specific proteins or mRNAs (33), and the
intracellular location and molecular association of the protein
products of expressed genes (32).

Proteome analysis, defined as the analysis of the protein
complement expressed by a genome (26), has been suggested
as an approach to the quantitative description of the state of a
biological system by the quantitative analysis of protein expres-
sion profiles (36). Proteome analysis is conceptually attractive
because of its potential to determine properties of biological
systems that are not apparent by DNA or mRNA sequence
analysis alone. Such properties include the quantity of protein
expression, the subcellular location, the state of modification,
and the association with ligands, as well as the rate of change
with time of such properties. In contrast to the genomes of a
number of microorganisms (for a review, see reference 11) and
the transcriptome of Saccharomyces cerevisiae (35), which have
been entirely determined, no proteome map has been com-
pleted to date.

The most common implementation of proteome analysis is
the combination of two-dimensional gel electrophoresis (2DE)

(isoelectric focusing-sodium dodecyl sulfate [SDS]-polyacryl-
amide gel electrophoresis) for the separation and quantitation
of proteins with analytical methods for their identification.
2DE permits the separation, visualization, and quantitation of
thousands of proteins reproducibly on a single gel (18, 24). By
itself, 2DE is strictly a descriptive technique. The combination
of 2DE with protein analytical techniques has added the pos-
sibility of establishing the identities of separated proteins (1, 2)
and thus, in combination with quantitative mRNA analysis, of
correlating quantitative protein and mRNA expression mea-
surements of selected genes.

The recent introduction of mass spectrometric protein anal-
ysis techniques has dramatically enhanced the throughput and
sensitivity of protein identification to a level which now permits
the large-scale analysis of proteins separated by 2DE. The
techniques have reached a level of sensitivity that permits the
identification of essentially any protein that is detectable in the
gels by conventional protein staining (9, 29). Current protein
analytical technology is based on the mass spectrometric gen-
eration of peptide fragment patterns that are idiotypic for the
sequence of a protein. Protein identity is established by corre-
lating such fragment patterns with sequence databases (10, 22,
37). Sophisticated computer software (8) has automated the
entire process such that proteins are routinely identified with
no human interpretation of peptide fragment patterns.

In this study, we have analyzed the mRNA and protein levels
of a group of genes expressed in exponentially growing cells of
the yeast S. cerevisiae. Protein expression levels were quantified
by metabolic labeling of the yeast proteins to a steady state,
followed by 2DE and liquid scintillation counting of the se-
lected, separated protein species. Separated proteins were
identified by in-gel tryptic digestion of spots with subsequent
analysis by microspray liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and sequence database searching.
The corresponding mRNA transcript levels were calculated
from SAGE frequency tables (35).

This study, for the first time, explores a quantitative com-
parison of mRNA transcript and protein expression levels for
a relatively large number of genes expressed in the same met-
abolic state. The resultant correlation is insufficient for predic-
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tion of protein levels from mRNA transcript levels. We have
also compared the relative amounts of protein and mRNA
with the respective codon bias values for the corresponding
genes. This comparison indicates that codon bias by itself is
insufficient to accurately predict either the mRNA or the pro-
tein expression levels of a gene. In addition, the results dem-
onstrate that only highly expressed proteins are detectable by
2DE separation of total cell lysates and that therefore the
construction of complete proteome maps with current technol-
ogy will be very challenging, irrespective of the type of organ-
ism.

MATERIALS AND METHODS

Yeast strain and growth conditions. The source of protein and message tran-
scripts for all experiments was YPH499 (MATa ura3-52 lys2-801 ade2-101
leu2-D1 his3-D200 trp1-D63) (30). Logarithmically growing cells were obtained by
growing yeast cells to early log phase (3 3 106 cells/ml) in YPD rich medium
(YPD supplemented with 6 mM uracil, 4.8 mM adenine, and 24 mM tryptophan)
at 30°C (35). Metabolic labeling of protein was accomplished in YPD medium

exactly as described elsewhere (4) with the exception that 1 ml of cells was
labeled with 3 mCi to offset methionine present in YPD medium. Protein was
harvested as described by Garrels and coworkers (12). Harvested protein was
lyophilized, resuspended in isoelectric focusing gel rehydration solution, and
stored at 280°C.

2DE. Soluble proteins were run in the first dimension by using a commercial
flatbed electrophoresis system (Multiphor II; Pharmacia Biotech). Immobilized
polyacrylamide gel (IPG) dry strips with nonlinear pH 3.0 to 10.0 gradients
(Amersham-Pharmacia Biotech) were used for the first-dimension separation.
Forty micrograms of protein from whole-cell lysates was mixed with IPG strip
rehydration buffer (8 M urea, 2% Nonidet P-40, 10 mM dithiothreitol), and 250
to 380 ml of solution was added to individual lanes of an IPG strip rehydration
tray (Amersham-Pharmacia Biotech). The strips were allowed to rehydrate at
room temperature for 1 h. The samples were run at 300 V–10 mA–5 W for 2 h,
then ramped to 3,500 V–10 mA–5 W over a period of 3 h, and then kept at 3,500
V–10 mA–5 W for 15 to 19 h. At the end of the first-dimension run (60 to 70 kV z
h), the IPG strips were reequilibrated for 8 min in 2% (wt/vol) dithiothreitol in
2% (wt/vol) SDS–6 M urea–30% (wt/vol) glycerol–0.05 M Tris HCl (pH 6.8) and
for 4 min in 2.5% iodoacetamide in 2% (wt/vol) SDS–6 M urea–30% (wt/vol)
glycerol–0.05 M Tris HCl (pH 6.8). Following reequilibration, the strips were
transferred and apposed to 10% polyacrylamide second-dimension gels. Poly-
acrylamide gels were poured in a casting stand with 10% acrylamide–2.67%
piperazine diacrylamide–0.375 M Tris base-HCl (pH 8.8)–0.1% (wt/vol) SDS–0.05%

FIG. 1. Schematic illustration of proteome analysis by 2DE and mass spectrometry. In part I, proteins are separated by 2DE, stained spots are excised and subjected
to in-gel digestion with trypsin, and the resulting peptides are separated by on-line capillary high-performance liquid chromatography. In part II, a peptide is shown
eluting from the column in part I. The peptide is ionized by electrospray ionization and enters the mass spectrometer. The mass of the ionized peptide is detected, and
the first quadrupole mass filter allows only the specific mass-to-charge ratio of the selected peptide ion to pass into the collision cell. In the collision cell, the energized,
ionized peptides collide with neutral argon gas molecules. Fragmentation of the peptide is essentially random but occurs mainly at the peptide bonds, resulting in smaller
peptides of differing lengths (masses). These peptide fragments are detected as a tandem mass (MS/MS) spectrum in the third quadrupole mass filter where two ion
series are recorded simultaneously, one each from sequencing inward from the N and C termini of the peptide, respectively. In part III, the MS/MS spectrum from the
selected, ionized peptide is compared to predicted tandem mass spectra computer generated from a sequence database. Provided that the peptide sequence exists in
the database, the peptide and, by association, the protein from which the peptide was derived can be identified. Unambiguous protein identification is attained in a single
analysis because multiple peptides are identified as being derived from the same protein.
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(wt/vol) ammonium persulfate–0.05% TEMED (N,N,N9,N9-tetramethylethyl-
enediamine) in Milli-Q water. The apparatus used to run second-dimension gels
was a noncommercial apparatus from Oxford Glycosciences, Inc. Once the IPG
strips were apposed to the second-dimension gels, they were immediately run at
50 mA (constant)–500 V–85 W for 20 min, followed by 200 mA (constant)–500
V–85 W until the buffer front line was 10 to 15 mm from the bottom of the gel.
Gels were removed and silver stained according to the procedure of Shevchenko
et al. (29).

Protein identification. Gels were exposed to X-ray film overnight, and then the
silver staining and film were used to excise 156 spots of varying intensities,
molecular weights, and isoelectric focusing points. In order to increase the
detection limit by mass spectrometry, spots were cut out and pooled from up to
four identical cold, silver-stained gels. In-gel tryptic digests of pooled spots were
performed as described previously (29). Tryptic peptides were analyzed by mi-
crocapillary LC-MS with automated switching to MS/MS mode for peptide
fragmentation. Spectra were searched against the composite OWL protein se-
quence database (version 30.2; 250,514 protein sequences) (24a) by using the
computer program Sequest (8), which matches theoretical and acquired tandem
mass spectra. A protein match was determined by comparing the number of
peptides identified and their respective cross-correlation scores. All protein
identifications were verified by comparison with theoretical molecular weights
and isoelectric points.

mRNA quantitation. Velculescu and coworkers have previously generated
frequency tables for yeast mRNA transcripts from the same strain grown under
the same stated conditions as described herein (35). The SAGE technology is
based on two main principles. First, a short sequence tag (15 bp) that contains
sufficient information uniquely to identify a transcript is generated. A single tag
is usually generated from each mRNA transcript in the cell which corresponds to
15 bp at the 39-most cutting site for NlaIII. Second, many transcript tags can be
concatenated into a single molecule and then sequenced, revealing the identity of
multiple tags simultaneously. Over 20,000 transcripts were sequenced from yeast
strain YPH499 growing at mid-log phase on glucose. Assuming the previously
derived estimate of 15,000 mRNA molecules per cell (16), this would represent
a 1.3-fold coverage even for mRNA molecules present at a single copy per cell
and would provide a 72% probability of detecting such transcripts. Computer
software which took for input the gene detected, examined the nucleotide se-
quence, and performed the calculation as described by Velculescu and coworkers
(35) was written. In practice, we found that for 21 of 128 (16%) genes examined
viable mRNA levels from SAGE data could not be calculated. This was because
(i) no CATG site was found in the open reading frame (ORF), (ii) a CATG site
was found but the corresponding 10-bp putative SAGE tag was not found in the
frequency tables, or (iii) identical putative SAGE tags were present for multiple
genes (e.g., TDH2_YEAST and TDH3_YEAST).

FIG. 2. 2D silver-stained gel of the proteins in yeast total cell lysate. Proteins were separated in the first dimension (horizontal) by isoelectric focusing and then in
the second dimension (vertical) by molecular weight sieving. Protein spots (156) were chosen to include the entire range of molecular weights, isoelectric focusing points,
and staining intensities. Spots were excised, and the corresponding protein was identified by mass spectrometry and database searching. The spots are labeled on the
gel and correspond to the data presented in Table 1. Molecular weights are given in thousands.
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TABLE 1. Expressed genes identified from 2D gel in Fig. 2

Mol wt pI Spot no. YPD gene
namea

Protein
abundance
(103 copies/

cell)

mRNA
abundance

(copies/cell)

Codon
bias

17,259 6.75 133 CPR1 15.2 61.7 0.769
18,702 4.80 83 EGD2 20.1 5.2 0.724
18,726 4.44 147 YKL056C 61.2 88.4 0.831
18,978 5.95 135 YER067W 3.7 6.7 0.118
19,108 5.04 130 YLR109W 94.4 9.7 0.680
19,681 9.08 136 ATP7 11.0 NAb,c 0.246
20,505 6.07 111 GUK1 16.5 3.7 0.422
21,444 5.25 148 SAR1 5.4 10.4 0.455
21,583 4.98 95 TSA1 110.6 40.1 0.845
22,602 4.30 80 EFB1 66.1 23.8 0.875
23,079 6.29 112 SOD2 12.6 2.2 0.351
23,743 5.44 137 HSP26 NAd 0.7 0.434
24,033 5.97 96 ADK1 17.4 16.4 0.656
24,058 4.43 143 YKL117W 29.2 10.4 0.339
24,353 6.30 140 TFS1 8.1 0.7 0.146
24,662 5.85 99 URA5 25.4 6.0 0.359
24,808 6.33 97 GSP1 26.3 5.2 0.735
24,908 8.73 122 RPS5 18.6 NAc 0.899
25,081 4.65 81 MRP8 9.3 NAc 0.241
25,960 6.06 116 RPE1 5.8 0.7 0.372
26,378 9.55 127 RPS3 96.8 NAc 0.863
26,467 5.18 100 VMA4 10.5 3.7 0.427
26,661 5.84 98 TPI1 NAd NAc 0.900
27,156 5.56 93 PRE8 6.9 0.7 0.129
27,334 6.13 115 YHR049W 18.4 2.2 0.520
27,472 5.33 92 YNL010W 31.6 3.7 0.421
27,480 8.95 123 GPM1 10.0 169.4 0.902
27,480 8.95 124 GPM1 231.4 169.4 0.902
27,480 8.95 125 GPM1 7.5 169.4 0.902
27,809 5.97 139 HOR2 5.7 0.7 0.381
27,874 4.46 78 YST1 13.6 52.8 0.805
28,595 4.51 41 PUP2 4.4 0.7 0.147
29,156 6.59 114 YMR226C 14.5 2.2 0.283
29,244 8.40 120 DPM1 5.0 11.2 0.362
29,443 5.91 48 PRE4 3.4 3.7 0.162
30,012 6.39 138 PRB1 21.2 1.5 0.449
30,073 4.63 77 BMH1 14.7 28.2 0.454
30,296 7.94 121 OMP2 67.4 41.6 0.499
30,435 6.34 89 GPP1 70.2 11.2 0.703
31,332 5.57 88 ILV6 13.9 3.0 0.402
32,159 5.46 113 IPP1 63.1 3.7 0.752
32,263 6.00 149 HIS1 22.4 4.5 0.232
33,311 5.35 84 SPE3 15.1 6.7 0.468
34,465 5.60 129 ADE1 8.7 5.2 0.305
34,762 5.32 85 SEC14 10.9 6.0 0.373
34,797 5.85 42 URA1 49.5 8.9 0.237
34,799 6.04 90 BEL1 103.2 81.0 0.875
35,556 5.97 43 YDL124W 6.4 4.5 0.206
35,619 8.41 59 TDH1 69.8 32.7c 0.940
35,650 5.49 68 CAR1 5.2 3.0 0.339
35,712 6.72 117 TDH2 49.6 473.0c 0.982
35,712 6.72 154 TDH2 863.5 473.0c 0.982
35,712 6.72 155 TDH2 79.4 473.0c 0.982
36,272 4.85 128 APA1 8.7 0.7 0.425
36,358 5.05 75 YJR105W 17.6 17.1 0.522
36,358 5.05 76 YJR105W 27.5 17.1 0.522
36,596 6.37 79 ADH2 58.9 260.0c 0.711
36,714 6.30 102 ADH1 746.1 260.0 0.913
36,714 6.30 103 ADH1 17.6 260.0 0.913
36,714 6.30 104 ADH1 61.4 260.0 0.913
36,714 6.30 105 ADH1 52.7 260.0 0.913
37,033 6.23 44 TAL1 44.8 3.7 0.701
37,796 7.36 57 IDH2 29.4 6.7 0.330
37,886 6.49 106 ILV5 76.0 4.5 0.892
38,700 7.83 55 BAT1 30.9 11.2 0.469
38,702 6.24 46 QCR2 NAd 2.2 0.326

Continued

TABLE 1—Continued

Mol wt pI Spot no. YPD gene
namea

Protein
abundance
(103 copies/

cell)

mRNA
abundance

(copies/cell)

Codon
bias

39,477 5.58 86 FBA1 17.8 183.6 0.935
39,477 5.58 87 FBA1 427.2 183.6 0.935
39,540 6.50 150 HOM2 60.3 4.5 0.592
39,561 6.12 156 PSA1 96.4 27.5 0.718
41,158 6.01 49 YNL134C 14.9 1.5 0.316
41,623 7.18 58 BAT2 19.0 8.9 0.250
41,728 7.29 110 ERG10 24.1 4.5 0.543
41,900 5.42 74 TOM40 22.3 2.2 0.375
42,402 6.29 45 CYS3 6.7 8.9 0.621
42,883 5.63 67 DYS1 15.8 5.2 0.526
43,409 6.31 107 SER1 10.5 1.5 0.292
43,421 5.59 91 ERG6 2.2 14.1 0.408
44,174 7.32 56 YBR025C 13.1 6.0 0.684
44,682 4.99 72 TIF1 2.9 39.4 0.834
44,707 7.77 108 PGK1 23.7 165.7 0.897
44,707 7.77 109 PGK1 315.2 165.7 0.897
46,080 6.72 30 CAR2 15.4 NAc 0.495
46,383 8.52 53 IDP1 7.7 0.7 0.436
46,553 5.98 47 IDP2 32.4 NAc 0.197
46,679 6.39 50 ENO1 35.4 0.7 0.930
46,679 6.39 51 ENO1 6.6 0.7 0.930
46,679 6.39 52 ENO1 2.2 0.7 0.930
46,773 5.82 63 ENO2 15.5 289.1 0.960
46,773 5.82 64 ENO2 635.5 289.1 0.960
46,773 5.82 65 ENO2 93.0 289.1 0.960
46,773 5.82 66 ENO2 31.0 289.1 0.960
47,402 6.09 126 COR1 2.5 0.7 0.422
47,666 8.98 54 AAT2 11.7 6.0 0.338
48,364 5.25 73 WTM1 74.5 13.4 0.365
48,530 6.20 61 MET17 38.1 29.0 0.576
48,904 5.18 69 LYS9 16.2 3.7 0.463
48,987 4.90 153 SUP45 29.6 11.9 0.377
49,727 5.47 70 PRO2 13.6 5.2 0.297
49,912 9.27 62 TEF2 558.5 282.0 0.932
50,444 5.67 35 YDR190C 4.8 2.2 0.228
50,837 6.11 32 YEL047C 3.8 1.5 0.387
50,891 4.59 151 TUB2 11.2 7.4 0.404
51,547 6.80 27 LPD1 18.9 2.2 0.351
52,216 7.25 29 SHM2 19.7 7.4 0.722
52,859 5.54 37 YFR044C 30.2 6.7 0.442
53,798 5.19 71 HXK2 26.5 7.4 0.756
53,803 6.05 145 GYP6 4.4 0.7 0.147
54,403 5.29 39 ALD6 37.7 2.2 0.664
54,403 5.29 40 ALD6 6.6 2.2 0.664
54,502 6.20 31 ADE13 6.3 1.5 0.417
54,543 7.75 25 PYK1 225.3 101.8 0.965
54,543 7.75 26 PYK1 39.8 101.8 0.965
55,221 6.66 146 YEL071W 16.3 3.0 0.244
55,295 4.35 134 PDI1 66.2 14.1 0.589
55,364 5.98 24 GLK1 22.6 6.0 0.237
55,481 7.97 118 ATP1 21.6 2.2 0.637
55,886 6.47 28 CYS4 22.2 NAc 0.444
56,167 5.83 33 ARO8 14.3 3.0 0.324
56,167 5.83 34 ARO8 9.1 3.0 0.324
56,584 6.36 20 CYB2 18.9 NAc 0.259
57,366 5.53 60 FRS2 2.3 0.7 0.451
57,383 5.98 144 ZWF1 5.6 0.7 0.215
57,464 5.49 36 THR4 21.4 3.7 0.508
57,512 5.50 7 SRV2 6.5 NAc 0.260
57,727 4.92 152 VMA2 33.7 8.9 0.546
58,573 6.47 17 ACH1 4.4 1.5 0.327
58,573 6.47 18 ACH1 5.4 1.5 0.327
61,353 5.87 21 PDC1 6.5 200.7 0.962
61,353 5.87 22 PDC1 303.2 200.7 0.962
61,353 5.87 23 PDC1 16.3 200.7 0.962
61,649 5.54 38 CCT8 2.2 1.5 0.271

Continued on following page
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Protein quantitation. [35S]methionine-labeled gels were exposed to X-ray film
overnight, and then the silver stain and film were used to excise 156 spots of
varying intensities, molecular weights, and pIs. The excised spots were placed in
0.6-ml microcentrifuge tubes, and scintillation cocktail (100 ml) was added. The
samples were vortexed and counted. In addition, two parallel gels were electro-
blotted to polyvinylidene difluoride membranes. The membranes were exposed
to X-ray film, and four intense single spots were excised from each membrane
and subjected to amino acid analysis. For these four spots, a mean of 209 6 4
cpm/pmol of protein/methionine was found. This number was used to quantitate
all remaining spots in conjunction with the number of methionines present in the
protein.

To ensure that proteins were labeled to equilibrium, parallel 2D gels were
prepared and run on yeast metabolically labeled for 1, 2, 6, or 18 h. The
corresponding 156 spots were excised from each gel, and radioactivity was mea-
sured by liquid scintillation counting for each spot. Calculated protein levels were
highly reproducible for all time points measured after 1 h.

Calculation of codon bias and predicted half-life. Codon bias values were
extracted from the YPD spreadsheet (17). Protein half-lives were calculated
based on the N-end rule (33). When the N-terminal processing was not known
experimentally, it was predicted based on the affinity of methionine aminopep-
tidase (31).

RESULTS
Characteristics of proteome approach. Nearly every facet of

proteome analysis hinges on the unambiguous identification of
large numbers of expressed proteins in cells. Several tech-
niques have been described previously for the identification of
proteins separated by 2DE, including N-terminal and internal
sequencing (1, 2), amino acid analysis (38), and more recently
mass spectrometry (25). We utilized techniques based on mass
spectrometry because they afford the highest levels of sensitiv-
ity and provide unambiguous identification. The specific pro-
cedure used is schematically illustrated in Fig. 1 and is based
on three principles. First, proteins are removed from the gel by

proteolytic in-gel digestion, and the resulting peptides are sep-
arated by on-line capillary high-performance liquid chromatog-
raphy. Second, the eluting peptides are ionized and detected, and
the specific peptide ions are selected and fragmented by the
mass spectrometer. To achieve this, the mass spectrometer
switches between the MS mode (for peptide mass identifica-
tion) and the MS/MS mode (for peptide characterization and
sequencing). Selected peptides are fragmented by a process
called collision-induced dissociation (CID) to generate a tan-
dem mass spectrum (MS/MS spectrum) that contains the pep-
tide sequence information. Third, individual CID mass spectra
are then compared by computer algorithms to predicted spec-
tra from a sequence database. This results in the identification
of the peptide and, by association, the protein(s) in the spot.
Unambiguous protein identification is attained in a single anal-
ysis by the detection of multiple peptides derived from the
same protein.

Protein identification. Yeast total cell protein lysate (40 mg),
metabolically labeled with [35S]methionine, was electro-
phoretically separated by isoelectric focusing in the first dimen-
sion and by SDS–10% polyacrylamide gel electrophoresis in
the second dimension. Proteins were visualized by silver stain-
ing and by autoradiography. Of the more than 1,000 proteins
visible by silver staining, 156 spots were excised from the gel
and subjected to in-gel tryptic digestion, and the resulting
peptides were analyzed and identified by microspray LC-
MS/MS techniques as described above. The proteins in this
study were all identified automatically by computer software
with no human interpretation of mass spectra. They are indi-
cated in Fig. 2 and detailed in Table 1.

The CID spectra shown in Fig. 3 indicate that the quality of
the identification data generated was suitable for unambiguous
protein identification. The spectra represent the amino acid
sequences of tryptic peptides NSGDIVNLGSIAGR (Fig. 3A)
and FAVGAFTDSLR (Fig. 3B). Both peptides were derived
from protein S57593 (hypothetical protein YMR226C), which
migrated to spot 114 (molecular weight, 29,156; pI, 6.59) in the
2D gel in Fig. 2. Five other peptides from the same analysis
were also computer matched to the same protein sequence.

Protein and mRNA quantitation. For the 156 genes investi-
gated, the protein expression levels ranged from 2,200 (PGM2)
to 863,000 (TDH2/TDH3) copies/cell. The levels of mRNA for
each of the genes identified were calculated from SAGE fre-
quency tables (35). These tables contain the mRNA levels for
4,665 genes in yeast strain YPH499 grown to mid-log phase in
YPD medium on glucose as a carbon source. In some in-
stances, the mRNA levels could not be calculated for reasons
stated in Materials and Methods. For the proteins analyzed in
this study, mean transcript levels varied from 0.7 to 473 copies/
cell.

Selection of the sample population for mRNA-protein ex-
pression level correlation. The protein spots selected for iden-
tification were selected from spots visible by silver staining in
the 2D gel. An attempt was made not to include spots where
overlap with other spots was readily apparent. The number of
proteins identified was 156 (Table 1). Some proteins migrated
to more than one spot (presumably due to differential protein
processing or modifications), and protein levels from these
spots were calculated by integrating the intensities of the dif-
ferent spots. The 156 protein spots analyzed represented the
products of 128 different genes. Genes were excluded from the
correlation analysis only if part of the data set was missing; i.e.,
genes were excluded if (i) no mRNA expression data were
available for the protein or putative SAGE tags were ambig-
uous, (ii) the amino acid sequence did not contain methionine,
(iii) more than a single protein was conclusively identified as

TABLE 1—Continued

Mol wt pI Spot no. YPD gene
namea

Protein
abundance
(103 copies/

cell)

mRNA
abundance

(copies/cell)

Codon
bias

61,902 6.21 101 PDC5 4.3 NAc 0.828
62,266 6.19 16 ICL1 20.1 NAc 0.327
62,862 8.02 19 ILV3 5.3 4.5 0.548
63,082 6.40 119 PGM2 2.2 3.0 0.402
64,335 5.77 5 PAB1 30.4 1.5 0.616
66,120 5.42 8 STI1 6.7 0.7 0.313
66,120 5.42 9 STI1 6.4 0.7 0.313
66,450 5.29 141 SSB2 7.0 NAc 0.880
66,450 5.29 142 SSB2 2.3 NAc 0.880
66,456 5.23 10 SSB1 64.5 79.5 0.907
66,456 5.23 11 SSB1 59.0 79.5 0.907
66,456 5.23 12 SSB1 13.7 79.5 0.907
68,397 5.82 82 LEU4 3.1 3.0 0.407
69,313 4.90 13 SSA2 24.3 18.6 0.892
69,313 4.90 14 SSA2 77.1 18.6 0.892
74,378 8.46 15 YKL029C 2.8 3.7 0.353
75,396 5.82 6 GRS1 5.5 7.4 0.500
85,720 6.25 1 MET6 2.0 NAc 0.772
85,720 6.25 2 MET6 10.9 NAc 0.772
85,720 6.25 3 MET6 1.4 NAc 0.772
93,276 6.11 131 EFT1 17.9 41.6 0.890
93,276 6.11 132 EFT1 5.7 41.6 0.890

102,064e 6.61e 94 ADE3 4.8 5.2 0.423
107,482e 5.33e 4 MCM3 2.7 NAc 0.240

a YPD gene names are available from the YPD website (39).
b NA, calculation could not be performed or was not available.
c mRNA data inconclusive or NA.
d No methionines in predicted ORF; therefore, protein concentration was not

determined.
e Measured molecular weight or pI did not match theoretical molecular weight

or pI.
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migrating to the same gel spot, or (iv) the theoretical and
observed pIs and molecular weights could not be reconciled.
After these criteria were applied, the number of genes used in
the correlation analysis was 106.

Codon bias and predicted half-lives. Codon bias is thought
to be an indicator of protein expression, with highly expressed
proteins having large codon bias values. The codon bias distri-
bution for the entire set of more than 6,000 predicted yeast

FIG. 3. Tandem mass (MS/MS) spectra resulting from analysis of a single spot on a 2D gel. The first quadrupole selected a single mass-to-charge ratio (m/z) of 687.2
(A) or 592.6 (B), while the collision cell was filled with argon gas, and a voltage which caused the peptide to undergo fragmentation by CID was applied. The third
quadrupole scanned the mass range from 50 to 1,400 m/z. The computer program Sequest (8) was utilized to match MS/MS spectra to amino acid sequence by database
searching. Both spectra matched peptides from the same protein, S57593 (yeast hypothetical protein YMR226C). Five other peptides from the same analysis were
matched to the same protein.
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gene ORFs is presented in Fig. 4A. The interval with the
largest frequency of genes is between the codon bias values of
0.0 and 0.1. This segment contains more than 2,500 genes. The
distribution of the codon bias values of the 128 different genes
found in this study (all protein spots from Fig. 2) is shown in
Fig. 4B, and protein half-lives (predicted from applying the
N-end rule [33] to the experimentally determined or predicted
protein N termini) are shown in Fig. 4C. No genes were iden-
tified with codon bias values less than 0.1 even though thou-
sands of genes exist in this category. In addition, nearly all of
the proteins identified had long predicted half-lives (greater
than 30 h).

Correlation of mRNA and protein expression levels. The
correlation between mRNA and protein levels of the genes
selected as described above is shown in Fig. 5. For the entire
group (106 genes) for which a complete data set was gener-
ated, there was a general trend of increased protein levels
resulting from increased mRNA levels. The Pearson product
moment correlation coefficient for the whole data set (106
genes) was 0.935. This number is highly biased by a small
number of genes with very large protein and message levels. A
more representative subset of the data is shown in the inset of
Fig. 5. It shows genes for which the message level was below 10
copies/cell and includes 69% (73 of 106 genes) of the data used
in the study. The Pearson product moment correlation coeffi-
cient for this data set was only 0.356. We also found that levels
of protein expression coded for by mRNA with comparable
abundance varied by as much as 30-fold and that the mRNA
levels coding for proteins with comparable expression levels
varied by as much as 20-fold.

The distortion of the correlation value induced by the un-
even distribution of the data points along the x axis is further
demonstrated by the analysis in Fig. 6. The 106 samples in-
cluded in the study were ranked by protein abundance, and the
Pearson product moment correlation coefficient was repeat-
edly calculated after including progressively more, and higher-
abundance, proteins in each calculation. The correlation values
remained relatively stable in the range of 0.1 to 0.4 if the
lowest-expressed 40 to 95 proteins used in this study were
included. However, the correlation value steadily climbed by
the inclusion of each of the 11 very highly expressed proteins.

Correlation of protein and mRNA expression levels with
codon bias. Codon bias is the propensity for a gene to utilize
the same codon to encode an amino acid even though other
codons would insert the identical amino acid in the growing
polypeptide sequence. It is further thought that highly ex-
pressed proteins have large codon biases (3). To assess the
value of codon bias for predicting mRNA and protein levels in
exponentially growing yeast cells, we plotted the two experi-
mental sets of data versus the codon bias (Fig. 7). The distri-
bution patterns for both mRNA and protein levels with respect
to codon bias were highly similar. There was high variability in
the data within the codon bias range of 0.8 to 1.0. Although a
large codon bias generally resulted in higher protein and mes-
sage expression levels, codon bias did not appear to be predic-
tive of either protein levels or mRNA levels in the cell.

DISCUSSION

The desired end point for the description of a biological
system is not the analysis of mRNA transcript levels alone but
also the accurate measurement of protein expression levels and
their respective activities. Quantitative analysis of global
mRNA levels currently is a preferred method for the analysis
of the state of cells and tissues (11). Several methods which
either provide absolute mRNA abundance (34, 35) or relative

mRNA levels in comparative analyses (20, 27) have been de-
scribed elsewhere. The techniques are fast and exquisitely sen-
sitive and can provide mRNA abundance for potentially any
expressed gene. Measured mRNA levels are often implicitly or
explicitly extrapolated to indicate the levels of activity of the
corresponding protein in the cell. Quantitative analysis of pro-
tein expression levels (proteome analysis) is much more time-
consuming because proteins are analyzed sequentially one by
one and is not general because analyses are limited to the
relatively highly expressed proteins. Proteome analysis does,
however, provide types of data that are of critical importance
for the description of the state of a biological system and that
are not readily apparent from the sequence and the level of
expression of the mRNA transcript. This study attempts to
examine the relationship between mRNA and protein expres-
sion levels for a large number of expressed genes in cells
representing the same state.

Limits in the sensitivity of current protein analysis technol-
ogy precluded a completely random sampling of yeast proteins.
We therefore based the study on those proteins visible by silver

FIG. 4. Current proteome analysis technology utilizing 2DE without preen-
richment samples mainly highly expressed and long-lived proteins. Genes encod-
ing highly expressed proteins generally have large codon bias values. (A) Distri-
bution of the yeast genome (more than 6,000 genes) based on codon bias. The
interval with the largest frequency of genes is 0.0 to 0.1, with more than 2,500
genes. (B) Distribution of the genes from identified proteins in this study based
on codon bias. No genes with codon bias values less than 0.1 were detected in this
study. (C) Distribution of identified proteins in this study based on predicted
half-life (estimated by N-end rule).
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staining on a 2D gel. Of the more than 1,000 visible spots, 156
were chosen to include the entire range of molecular weights,
isoelectric focusing points, and staining intensities displayed on
the 2D protein pattern. The genes identified in this study
shared a number of properties. First, all of the proteins in this
study had a codon bias of greater than 0.1 and 93% were
greater than 0.2 (Fig. 4B). Second, with few exceptions, the
proteins in this study had long predicted half-lives according to
the N-end rule (Fig. 4C). Third, low-abundance proteins with
regulatory functions such as transcription factors or protein
kinases were not identified.

Because the population of proteins used in this study ap-
pears to be fairly homogeneous with respect to predicted half-
life and codon bias, it might be expected that the correlation of
the mRNA and protein expression levels would be stronger for
this population than for a random sample of yeast proteins. We
tested this assumption by evaluating the correlation value if
different subsets of the available data were included in the
calculation. The 106 proteins were ranked from lowest to high-
est protein expression level, and the trend in the correlation
value was evaluated by progressively including more of the
higher-abundance proteins in the calculation (Fig. 6). The cor-
relation value when only the lower-abundance 40 to 93 pro-
teins were examined was consistently between 0.1 and 0.4. If
the 11 most abundant proteins were included, the correlation
steadily increased to 0.94. We therefore expect that the corre-
lation for all yeast proteins or for a random selection would be
less than 0.4. The observed level of correlation between
mRNA and protein expression levels suggests the importance

of posttranslational mechanisms controlling gene expression.
Such mechanisms include translational control (15) and con-
trol of protein half-life (33). Since these mechanisms are also
active in higher eukaryotic cells, we speculate that there is no
predictive correlation between steady-state levels of mRNA
and those of protein in mammalian cells.

Like other large-scale analyses, the present study has several
potential sources of error related to the methods used to de-
termine mRNA and protein expression levels. The mRNA
levels were calculated from frequency tables of SAGE data.
This method is highly quantitative because it is based on actual
sequencing of unique tags from each gene, and the number of
times that a tag is represented is proportional to the number of
mRNA molecules for a specific gene. This method has some
limitations including the following: (i) the magnitude of the
error in the measurement of mRNA levels is inversely propor-
tional to the mRNA levels, (ii) SAGE tags from highly similar
genes may not be distinguished and therefore are summed, (iii)
some SAGE tags are from sequences in the 39 untranslated
region of the transcript, (iv) incomplete cleavage at the SAGE
tag site by the restriction enzyme can result in two tags repre-
senting one mRNA, and (v) some transcripts actually do not
generate a SAGE tag (34, 35).

For the SAGE method, the error associated with a value
increases with a decreasing number of transcripts per cell. The
conclusions drawn from this study are dependent on the qual-
ity of the mRNA levels from previously published data (35).
Since more than 65% of the mRNA levels included in this
study were calculated to 10 copies/cell or less (40% were less

FIG. 5. Correlation between protein and mRNA levels for 106 genes in yeast growing at log phase with glucose as a carbon source. mRNA and protein levels were
calculated as described in Materials and Methods. The data represent a population of genes with protein expression levels visible by silver staining on a 2D gel chosen
to include the entire range of molecular weights, isoelectric focusing points, and staining intensities. The inset shows the low-end portion of the main figure. It contains
69% of the original data set. The Pearson product moment correlation for the entire data set was 0.935. The correlation for the inset containing 73 proteins (69%) was
only 0.356.
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than 4 copies/cell), the error associated with these values may
be quite large. The mRNA levels were calculated from more
than 20,000 transcripts. Assuming that the estimate of 15,000
mRNA molecules per cell is correct (16), this would mean that
mRNA transcripts present at only a single copy per cell would
be detected 72% of the time (35). The mRNA levels for each
gene were carefully scrutinized, and only mRNA levels for
which a high degree of confidence existed were included in the
correlation value.

Protein abundance was determined by metabolic radiolabel-
ing with [35S]methionine. The calculation required knowledge
of three variables: the number of methionines in the mature
protein, the radioactivity contained in the protein, and the
specific activity of the radiolabel normalized per methionine.
The number of methionines per protein was determined from
the amino acid sequence of the proteins identified by tandem
mass spectrometry. For some proteins, it was not known
whether the methionine of the nascent polypeptide was pro-
cessed away. The N termini of those proteins were predicted
based on the specificity of methionine aminopeptidase (31). If
the N-terminal processing did not conform to the predicted
specificity of processing enzymes, the calculation of the num-
ber of methionines would be affected. This discrepancy would
affect most the quantitation of a protein with a very low num-
ber of methionines. The average number of calculated methi-
onines per protein in this study was 7.2. We therefore expect
the potential for erroneous protein quantitation due to un-
usual N-terminal processing to be small.

The amount of radioactivity contained in a single spot might
be the sum of the radioactivity of comigrating proteins. Be-
cause protein identification was based on tandem mass spec-
trometric techniques, comigrating proteins could be identified.
However, comigrating proteins were rarely detected in this
study, most likely because relatively small amounts of total
protein (40 mg) were initially loaded onto the gels, which re-
sulted in highly focused spots containing generally 1 to 25 ng of
protein. Because of the relatively small amount loaded, the
concentrations of any potentially comigrating protein would
likely be below the limit of detection of the mass spectrometry
technique used in this study (1 to 5 ng) and below the limit of
visualization by silver staining (1 to 5 ng). In the overwhelming
majority of the samples analyzed, numerous peptides from a
single protein were detected. It is assumed that any comigrat-
ing proteins were at levels too low to be detected and that their
influence in the calculation would be small.

The specific activity of the radiolabel was determined by
relating the precise amount of protein present in selected spots
of a parallel gel, as determined by quantitative amino acid
composition analysis, to the number of methionines present in
the sequence of those proteins and the radioactivity deter-
mined by liquid scintillation counting. It is possible that the
resulting number might be influenced by unavoidable losses
inherent in the amino acid analysis procedure applied. Because
four different proteins were utilized in the calculation and the
experiment was done in duplicate, the specific activity calcu-
lated is thought to be highly accurate. Indeed, the specific

FIG. 6. Effect of highly abundant proteins on Pearson product moment correlation coefficient for mRNA and protein abundance in yeast. The set of 106 genes was
ranked according to protein abundance, and the correlation value was calculated by including the 40 lowest-abundance genes and then progressively including the
remaining 66 genes in order of abundance. The correlation value climbs as the final 11 highly abundant proteins are included.
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activities calculated for each of the four proteins varied by less
than 10%. Any inconsistencies in the calculation of the specific
activity would result in differences in the absolute levels calcu-
lated but not in the relative numbers and would therefore not
influence the correlation value determined.

The protein quantitative method used eliminates a number
of potential errors inherent in previous methods for the quan-
titation of proteins separated by 2DE, such as preferential
protein staining and bias caused by inequalities in the number
of radiolabeled residues per protein. Any 2D gel-based method
of quantitation is complicated by the fact that in some cases the
translation products of the same mRNA migrated to different
spots. One major reason is posttranslational modification or
processing of the protein. Also, artifactual proteolysis during
cell lysis and sample preparation can lead to multiple resolved
forms of the protein. In such cases, the protein levels of spots
coded for by the same mRNA were pooled. In addition, the
existence of other spots coded for by the same mRNA that
were not analyzed by mass spectrometry or that were below the
limit of detection for silver staining cannot be ruled out. How-
ever, since this study is based on a class of highly expressed
proteins, the presence of undetected minor spots below silver
staining sensitivity corresponding to a protein analyzed in the
study would generally cause a relatively small error in protein
quantitation.

Codon bias is a measure of the propensity of an organism to
selectively utilize certain codons which result in the incorpo-
ration of the same amino acid residue in a growing polypeptide
chain. There are 61 possible codons that code for 20 amino
acids. The larger the codon bias value, the smaller the number
of codons that are used to encode the protein (19). It is

thought that codon bias is a measure of protein abundance
because highly expressed proteins generally have large codon
bias values (3, 13).

Nearly all of the most highly expressed proteins had codon
bias values of greater than 0.8. However, we detected a number
of genes with high codon bias and relative low protein abun-
dance (Fig. 7). For example, the expressed gene with both the
second largest protein and mRNA levels in the study was
ENO2_YEAST (775,000 and 289.1 copies/cell, respectively).
ENO1_YEAST was also present in the gel at much lower
protein and mRNA levels (44,200 and 0.7 copies/cell, respec-
tively). The codon bias values for ENO2 and ENO1 are similar
(0.96 and 0.93, respectively), but the expression of the two
genes is differentially regulated. Specifically, ENO1_YEAST is
glucose repressed (6) and was therefore present in low abun-
dance under the conditions used. Other genes with large codon
bias values that were not of high protein abundance in the gel
include EFT1, TIF1, HXK2, GSP1, EGD2, SHM2, and TAL1.
We conclude that merely determining the codon bias of a gene
is not sufficient to predict its protein expression level.

Interestingly, codon bias appears to be an excellent indicator
of the boundaries of current 2D gel proteome analysis tech-
nology. There are thousands of genes with expressed mRNA
and likely expressed protein with codon bias values less than
0.1 (Fig. 4A). In this study, we detected none of them, and only
a very small percentage of the genes detected in this study had
codon bias values between 0.1 and 0.2 (Fig. 4B). Indeed, in
every examined yeast proteome study (5, 7, 13, 28) where the
combined total number of identified proteins is 300 to 400, this
same observation is true. It is expected that for the more
complex cells of higher eukaryotic organisms the detection of

FIG. 7. Relationship between codon bias and protein and mRNA levels in this study. Yeast mRNA and protein expression levels were calculated as described in
Materials and Methods. The data represent the same 106 genes as in Fig. 5.
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low-abundance proteins would be even more challenging than
for yeast. This indicates that highly abundant, long-lived pro-
teins are overwhelmingly detected in proteome studies. If pro-
teome analysis is to provide truly meaningful information
about cellular processes, it must be able to penetrate to the
level of regulatory proteins, including transcription factors and
protein kinases. A promising approach is the use of narrow-
range focusing gels with immobilized pH gradients (IPG) (23).
This would allow for the loading of significantly more protein
per pH unit covered and also provide increased resolution of
proteins with similar electrophoretic mobilities. A standard pH
gradient in an isoelectric focusing gel covers a 7-pH-unit range
(pH 3 to 10) over 18 cm. A narrow-range focusing gel might
expand the range to 0.5 pH units over 18 cm or more. This
could potentially increase by more than 10-fold the number of
proteins that can be detected. Clearly, current proteome tech-
nology is incapable of analyzing low-abundance regulatory pro-
teins without employing an enrichment method for relatively
low-abundance proteins. In conclusion, this study examined
the relationship between yeast protein and message levels and
revealed that transcript levels provide little predictive value
with respect to the extent of protein expression.
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