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In contrast to a cell’s virtually static genome, the protedme,
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extracts’> 1?2 One approach, reported by Lee and co-workers,
involves the use of capillary isoelectric focusing (CIEF) combined
with ESI-MS, which has recently been extended by the use of
on-line Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry2FTICR! provides mass measurements of much
higher resolution and accuracy than that for other types of mass
spectrometers, as well as other capabilities useful for protein
characterization (e.g., dissociation studies using tandem MS/MS
to extract sequence and other structural informafibi)cLafferty

and co-workers have obtained extensive sequence information
from intact proteins using ESI-FTICR, and have demonstrated
sub-attomole detection levels with on-line capillary electrophore-
sis!®> Our recent studies have revealed up to 1000 putative proteins
in the 2-100 kDa molecular masd/) range from 200 to 300

ng of solubleEscherichia coliproteins (compared to 10@g to

> 1 mg total protein typically used for 2-D PAGE) in a single

the protein complement expressed by an organism, continually 30 min CIEF-FTICR analysi& Assuming an average!, of 30
changes in response to external stimuli and internal procésses.kDa, the average protein detected is present®d fmol, and
Global gene expression analysis at the mRNA level (i.e., the lower abundant species obviously correspond to amol range
transcriptome) has recently become feasible based on the serialevels. This is consistent with detection limits of 10 to 100 amol

analysis of gene expressioand oligonucleotide micro-array

obtained in this work by spikinde. coli extracts with known

assay§.These techniques allow the activation states of thousandSproteins (e.g_, carbonic anhydrase)_ The use of on-line separations

of genes to be polled simultaneously for a tissue or cell population. with mass spectrometry would be greatly augmented by a broadly
However, assays that measure mRNA abundances rather than thgpplicable quantitative measurement capability.

functional gene products (i.e., proteins) are uninformative with
regard to protein modifications, and can poorly reflect protein

We have developed an approach utilizing organisms cultured
in stable-isotope labeled media (e.g., rare-isotope depleted and

abundances due to differences in stabilities, expression rates, etc.normal) to provide effective “internal calibrants” fall detected

for both the mRNAs and proteirs.
The global study of protein abundances is now commonly

accomplished using two-dimensional polyacrylamide gel elec-

proteins, thus enabling precise proteome-wide measurement of
changes in protein abundances resulting from cellular perturba-
tions. The two (or more) isotopically distinctive cell populations

trophoresis (2-D PAGE) methods capable of visualizing thousandsare mixed prior to sample processing steps, eliminating all

of protein spots, generally with-1100 fmol detection limit&.In

experimental variables associated with cell lysis, separation, and

recent years 2-D PAGE has been increasingly augmented bymass spectrometric analysis. Changes in relative protein abun-

subsequent use of matrix-assisted laser desorption/ionigation
electrospray ionization (ESl)mass spectrometry for protein

characterizatio®® Proteome characterization remains constrained

dances are thus precisely reflected by the ratio of two isotopically
different and resolvable versions of each protein.
To demonstrate this approach we used CIEF-FTICR to examine

by both the speed and reproducibility of 2-D PAGE separations cadmium (Cé") stress response B. coli K-12 MG1655:° The
and the inability to obtain precise measurements of expressionhigh resolution of FTICR facilitated comparative proteome

levels due to difficulties in controlling the range of variables

displays from mixtures of cells grown in both normal media and

associated with cell lysis, sample handling, 2-D PAGE separation @1 otherwise identical*C-, *N- and *H-"depleted” media.’
and recovery from the gel, as well as variations in mass Marshall et al. have previously shown that improved accuracy,

spectrometric response.

There are currently a number of methods being investigated

to avoid the use of 2-D PAGE for the study of complex protein
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A B . B and natural abundance isotopic distributions normalized to the
. B = calculated value. To increase the precision and speed of the
L6 ‘.150\"':“ ER=0.69 lculated value. T the p d speed of th
_12 t=45 min ,\ ER=0.63 comparative analysis of the large number of spectra we developed
S o P computer software for automated identification of peaks due to
© 06 Wi ER=0.69 proteins and their isotopically distinct complements (present at
o4 ER=0.62 predictable mass differences). ERs were determined using least-
0g 3 3 p P squares fitting to isotopic envelopes or peak shapes calculated
Time () 1280 M, 14290 based on the known isotopic compositions of the growth media.
t=45 min The generated comparative display, corresponding to detbGted
M, =12,654.5 M = 60,147 vs scan number during the separation (which correlates wi
¢ B Cale. ~ ¢ ber during the CIEF separat hich lat th
ER =059 AN ER=05 ok protein isoelectric point), uses spot color to represent relative
%4{)1326785-6 ﬁ expression of the protein (i.e., ER). The ERs for the 200 most
M N abundant proteins detected for a’Cdtress response experiment
e T | e e (att = 45 min) ranged from<0.1 to >30. Since our approach
~ t=150 min B circumvents the typical run-to-run variations for measurements
ER=0.86 N Cale. ER =093 of specific proteins, replicate analyses for different samples show
MCZ"C- that variations in ERs 010% can be obtained (Figure 1B).
vvvvv . Figure 1C shows portions of mass spectra from one analysis,
e AN . illustrating types of variation in ERs observed at 45 and 150 min
12,600 M, 12,820 60,000 M, 60,300 after Cd+'5treS§0

Figure 1. (A) Growth curves forE. coli grown on either normall In our initial proteome-wide comparative displays of protein
(+Cd?*) and® (w/o Cc*)] or rare-isotope depleted media [+Cd*) expression, we have used CIEF-FTICR instrumentation, which
andO (w/o CcP*)]. Arrows indicate CdGladdition ¢ = 0) and times at  facilitates the quantitative analysis of isotopic variants due to its
which the aliquots were removed for analysis. (B) Reproducibility of gspeed, sensitivity, mass measurement accuracy, and resolution.
protein expression ratios (ERs) was high due to the elimination of is anticipated however, that both alternative separation methods
variables associated with sample handling and analysis, as indicated by(e.g., capillary liquid chromatography) and different mass spec-
results for replicate CIEF-FTICR analyses. (C) Examples of variations trometer technologies (e.g., time-of-flight) will be useful for the
in protein expression observed for CIEF-FTICR analyses 45 and 150 min generation of comparative ’displays within constraints dictated
following CcP*-stress ofE. coli grown on depleted media. The ER for b hi bl itivit uti ’ d Whil
each protein is obtained by fitting the experimental results with the y achievable sensitivity, resolution, and mass accuracy. \hiie
predicted shapes of the calculated isotopic envelope to determine thethe pre_sent results _hav_e involved th(_e analysis of I_ntact proteins,
relative contribution of the two known and isotopically distinctive protein Stable-isotope labeling is also well suited for use with approaches
versions. As examples, the ER for a protein\f= 12,654.5 was 0.59  involving protein digestion prior to analysis, an approach that
att = 45 min, and changed only slightly at 150 min afterGstress (to largely avoids limitations due to protein size and solubility, and
ER = 0.86), suggesting an insignificant role in response t&"Gxtress. allows protein identification based upon MS/MS of only a single
However, another protein dfl, = 12,785.6 was not detectable before  polypeptide. In this regard, Yates and co-workers have demon-
CdP+-stress (i.e., the depleted version of the protein did not have a normal strated the rapid identification of complex protein mixtures using
complement,ER > 30), and then displays significantly decreased capillary liquid chromatography combined with ESI-MS analysis
abundance dt= 150 min. In another case a proteinMf = 60,147 was of the tryptic polypeptide mixture®.Since both isotopic versions
significantly suppressed 45 min afterCebtress ER= 0.25), butbounces  of the proteins would be digested simultaneously, the ability to
back byt = 150 min ER= 0.93). M: is given as the average mass for make precise measurements of protein expression would be
natural isotopic abundance.) preserved. It is also important to note that highly isotopically
enriched growth media are not required; it is only necessary to
FTICR measurements of proteins expressed from depletedhave isotopic envelopes or peak shapes with sufficient mass
medial® The growth curves foE. coligrown in either normal or  differences to be deconvoluted from those of the normal media.
depleted media were similar, indicating no significant effects due Isotopic labeling approaches have been developed for use with
to the small differences in isotopic composition (Figure 1 A). mammalian cell€2 suggesting this approach could be extended
Immediately after Ctf-stress there is a period of growth arrest, to proteome-wide perturbation studies of complex cellular net-
followed by resumption of growth, presumably due to a produc- works of higher organisms.
tion of Cc** adaptive proteins. Aliquots were removed from the
untreated (normal media) and treated (depleted media) cultures  acknowledgment. This research was supported by the U.S. Depart-
at different time intervals after C-stress, and cells mixed i ment of Energy Office of Biological and Environmental Research and
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The mass spectrometry analysis provides high precision Memorial Institute for the U.S. Department of Energy under contract DE-
measurements of the effects induced by'Cstress based onthe  AC06-76RLO 1830.
protein expression ratio, ER (i.e., suppressed,<€ER; induced, JA9910630
ER > 1; or showing more complex behaviors). The ER is defined
as the ratio between the heights of the most abundant isotopes (20) At present we have not attempted the broad identification of proteins.

(or peak centroids for low resolution data) in rare-isotope depleted Although a small fraction of the proteins can be identified solely on the basis
of accurateVl, measurements, available results indicate that most proteins are
modified in some fashion and require additional steps for the initial protein
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