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Introduction

The advent of large genome sequencing projects has changed the scale of biclogy.
Over a relatively short period of time, we have witnessed the elucidation of the
complete nucleotide sequence for bacteriophageA (Sangeret al., 1982), the nucleotide
sequence of an eukaryotic chromosome (Oliveret al., [992), and in the near future will
see the definition of ail open reading frames of some simple organisms, including
Mycoplasma preumoniae, Escherichia coli, Saccharomyces cerevisiae, Caenaor-
habditis elegans and Arabidopsis thaliana. Nevertheless, genome sequencing projects
are nol an end in themsleves. In fact, they only represent a starting point to understand-
ing the function of an organism. A great challenge that biologists now face is how the
co-expression of thousands of genes can best be examined under physiological and
pathophysiological conditions, and how these patterns of expression define an organ-
ism.

There are two approaches that can be used to examine gene expression on a large
scale. One uses aucleic acid-based technology, the other protein-based technelogy.
The most promising nucleic-acid based technology is differential display of mRNA
(Liang and Pardee, 1992; Bauer et /., 1993), which uses polymerase chain reaction
with arbitrary primers to generate thousands of cDNA species, each which correspond
to an expressed gene or part of a gene. However, il is currently unclear if this tech-
nigue can be developed to reliably assay the expression of thousands of genes or
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identify all ¢cDNA species, and the approach does not easily allow o systematic
screening. Analysis of gene expression by the study of proteins present in a cell or
tissue presents a fuvorable alternative. This can be achieved by use of twe-dimensional
(2-D) gel electrophoresis, quantitative computer image analysis, and protein identifi-
cation techniques to create ‘reference maps’ of all detectable proteins. Such reference
maps establish patterns of normal and abrormal gene expression in the organism, and
allow the examination of some post-translational protein modifications which are
functionally important for many proteins. It is possible to screen proteins systemati-
cally from reference maps to establish their identities.

To define protein-based gene expression analysis, the concept of the ‘proleome’
was recently proposed (Wilkins ef al., 1995 Wasingeret «f., 1995). A protcome is the
entire PROTein complement expressed by a genOME, or by a cell or tissue type. The
concepl of the proteome has some differences from that of the genome, as while there
is only one definitive genome of an organism, the proteome is an entity which can
change under different conditions, and can be dissimilar in different tissues of a single
organism. A proteome nevertheless remains a direct product of a genome. Interest-
ingly, the number of proteins in a proteome can exceed the number of genes present,
as protein products expressed by aiternative gene splicing or with different post-
transiational modifications are observed as separate molecules onr a 2-D gel. As an
extrapolation of the concept of the *genome project’. a ‘proteome project’ is research
which seeks to identify and characterise the proteins present in a cell or tissue and
define their patterns of expression.

Proteome projects present challenges of a similar magnitude to that of gerome
projects. Technically, the 2-D gel electrophoresis must be reproducible and of high
resolution, allowing the separation and detection of the thousands of proteins ina celi.
Low copy number proteins should be detectable. There should be computer gel image
analysis systems that can qualitatively and quantitatively catalog the electropheretically
separated proteins, to form reference maps. A range of rapid and reliable techniques
must be available for the ideatification and characterisation of proteins. As a conse-
guence of a proteome project, protein databases must be assernbled that contain
reference information about proteins; such databases must be linked to genomic
databases and protein reference maps. Databases should be widely accessible and easy
o use.

Recently, there have been many changes in the techniques and resources available
for the analysis of proteomes. It is the aim of this chapter to discuss the status of the
areas outlined above, and to review briefly the progress of some current proteome
Drojects.

Two-dimensional electrophoresis of proteomes

Two dimensional (2-D) gel electrophoresis involves the separation of proteins by their
isoelectric point in the first dimension, then separation according to molecular weight
by sodium dodecyl sulfate electrophoresis in the second dimension. Since {irst
described (Klose, 1973; O'Farrell, 1975; Scheele, 1975}, it has become the method of
chotce for the separation of complex mixtures of proteins, albeit with many modifica-
tions to the original technigues. 2-D electrophoresis forms the basis of proteome
projects through separating proteins by their size and charge (Hochstrasser er af.,



Progress with proteome projects 2

HEPG2 2D-PAGE MAP

s

.

By Ce R

[P o - s
e i PGDHwalg e G e ':
Apoal ot e e izt rioseph o phaie '
e N Ha 4 ) {(\ ) sa&gra&e
/. N 3 \glutathlon MERS ° i
TCTR ? S-ransferase PEP 4
ATE, s cytidylate kmase . e
synthase D transthyretin N " &, 8"
- Pt
¥ - \ e -:v@ M W - "
S\ FABP , wj.' P = Hep = N
\ ‘@‘“m‘?’ synthase CF6 f o _ap— UbIQUItin
thioredoxin
cytochrome C oxydase VA cytochrome C oxydase VIA
T T T T T T i
40 45 5.0 55 6.0 6.5 7.0 8.0 10

Figure 1. Two-dimensional gel clectrophoresis map of a human hepatoblastoma-derived celf line.
illustrating the very high resolution of the technigue. The first dimensional separation (right (o lelt of figure)
wag achieved using immobilised pH gradient electropheresis of 4.0 to 10.0 unitz. The sceond dimension
(op e bottom of ligure) was SDS-PAGE using a 119%—14 % acrylamide gradicat. allowing separation in
the molecular weight range 10-250 kDa. Proteins were visualised by silver staining. Arrows show proteins
of known dentity.

1992; Celis er al., 1993; Garrels and Franza, 1989; VanBogelen e af., 19923, Current
protocols can resolve two to three thousand proteins from a complex sample on a
single gel (Figure 13.

2-D GEL RESOLUTION AND REPRODUCIBILITY

A primary challenge of separating complex mixtures of proteins by 2-D gel electro-
phoresis has been 1o achieve high resolution and reproducibility. High resolwtion
ensures that a maximum of protein species are separated, and high reproducibility is
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vital 1o allow comparison of gels [rom day to day and between research sites. These
factors can be difficult to achieve.

Carrier ampholyles are a common means of isoelectric focusing for the first
dimension of 2-I> electrophoresis. Gels are usuaily focused to equilibrium to separate
proleins in the pl range 4 o 8. and run in a non-equilibrium mode (NEPHGE) to
separate proteins of higher pt (7 to 11.5) (O"Farrell, 1975, O’ Farretl, Goodman and
O Farrell, 1977, Unfortunately. the use of carrier amphotytes in the isoelectric
focusing procedure is susceptible Lo ‘cathode drift’, whereby pH gradients established
by prefocusing of ampholytes slowly change with time {Righetti and Drysdale, 1973).
Carrier ampholyte pH gradients are also disterted by high salt concentration of
samples (Bjellgvist er af., 1982). und by high protein load (O Farrell. 1975). A further
Hmitation is that iso clectric focusing gels, which are cast and subject to clectrophore-
siy in narrow glass lubes, need 1o be extruded by mechanical means before application
to the second dimension — a procedure that potentially distorts the gel. Nevertheless,
many of the above shorlcomings can be avoided by loading small amounts of "C or S
radiolabelled samples (Garrels, 1989 Neidhardt ef af., 1989 Vandekerkhove er al..
1990y, High sensitivity detection is then achieved through use of fluorography or
phosphorimaging plates (Bouner and Laskey. 1974: Johnston, Pickett and Barker,
1990 Patterson and Latter. 1993). However. this approach is only practicable for
arganisms or tissues that can be radiolabelled.

An alternalive lechnique. which is becoming the method of choice for the first
dimension separation of proteins, involves isoelectric focusing in immobilized pH
gradient (IPG) gels (Bjellgvister al., 1982 Gorg, Postel and Gunther, 19838; Righetti.
109, Immobilized pH gradients are formed by the covalent coupling of the pH
gradient inlo an acrylamide matrix, creating a gradient that is completely stable with
time. IPG gels are usually poured onto a stiff backing film, which is mechanically
strong and provides easy gel handling (Ostergren, Eriksson and Bjellgvist, 1988). The
major advantages of IPG separations are that they do not suffer from cathodic drift.
they allow focusing of basic and very acidic proteins to equilibrivm, pH gradients can
be preciscly tailored (linear. stepwise, sigmotdal), and that separations over a very
narrow pH range are possible (0.05 pH units per emy (Righetti, 1990: Bjellqvistef ol..
1942, 1993 Sinha er al., 1990, Gorg er al.. 1988; Geifl er of.. 1987: Gunther ef o,
[988). However. it is not currently possible to use 1IPG gels to separate very basic
proteins of isoelectric point greater than 10, although this is under development.
Narrow pH range separations are usefui to address problems of protein co-migration
in complex samples, allowing “zooming in” on regions of a gel (Fignre 2). PG gcl
strips are now commercially available. which begin to address the problems of intra-
and inter-lab isoelectric focusing reproducibility.

There are (wo means of electrophoresis for the second dimension separation of
proteins; vertical slab gels and horizontal ultrathin gels (Gorg. Postel, and Gunther,
L9881 Both are usually SDS-containing gradient gels of approximately 11% to [5 %
acrylamide, which separate proteins in the molecular mass range of 10 - 150kD. A
stacking gef is not usuafly used with siab gels, but is necessary when using horizontal
gel setups (Gorg, Postel and Gunther, 1988). Comparisons have shown that there is
little or no difference in the reproducibitity of electrophoresis using either approach
i Corbett er el 1994}, but commercially available vertical or horizontal precast gels
will provide greater reproducibility for occasional users. For stab gel electrophoresis,
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Figure 2. Two-dimensional gel efectrophoresis allows *zooming in” on arcas of interest, Rings highlight
2 proteins common o cach gel (A} Wide pl range two dimensional clectrophoresis map of human plasma
protgins. [First dimension scparation was acheived using an immobilised pH gradient of 3.5 to 1.0 units.
‘Fhe second dimension was SDS-PAGE. Actual gel size was 16cm x 20cm, and proteins were visualised
with silver staining. (B} Narrow pl range electrophoresis was used 1o 'zoom in” on a small region of the
plasma map. The first dimension used & narrow range iminobilised pH gradient of 4.2 w 5.2 units, and
secend dimension was SDS-PAGE. Micropreparative loading was used. and the gel bloled 1o PVIDF.
Proteins were visualised with amido black. Actual bot sivze was 16em x 20em.

the use of piperazine diacrylyl as a gel crosslinker and the addition of thiosulfate in the
catalyst system has been shown to give better resolution and higher sensitivity
detection (Hochstrasser and Merril, 1988: Hochstrasser., Patchornik and Merril.
1988).



24 MARC R, WILKINS et al.

Notwithstanding the advances described above, there is an increasing demand to
miprove the reproducibility of 2-D electrophoresis o facilitate database construction
and protcome studies. Harringlon ef af. (1993) explain that if a gel resolves 4000
pratein spols, and there is 99.5% spot matching from gel to get. this will produce 20
spat errors per gel. This amount of error, which might accumulate with cach gel to gel
comparison used in database construction, could produce an unacceptable degree of
uncertainty in gel databases. To address these issues, partial automation of large 2-D
gel separations has been undertaken (Nokihara, Morita and Kuriki, [992; Harrington
eraf.. 19933 Although results are prefiminary, spot to spot positional reproducibility
in one study was found to be threefold improved over manual methods (Harrington et
al.. 1993). 1t should be noted that small 2-ID gel formats (50 x 43 mm} have been
almost completely automated (Brewer er af., 1980), although these are not generally
used for database studies.

MICROPREPARATIVE 2-D GEL ELECTROPHORESIS

With the advent of affordable protein microcharacterisation techniques, including N-
terminal microsequencing, amino acid analysis, peptide mass fingerprinting, phosphate
analysis and monosaccharide compositional analysis, a new challenge for 2-D electro-
phoresis has been o maintain high resolution and repreducibility but to provide
protein in sufticient quantities for chemical analysis (high nanogram to low microgram
quantitics of proteins per spot). This becemes difficult to achieve with very complex
samples such as whole bacterial cells, as the initial protein toad 1s divided among 2000
Lo 4000 protein species. Two approaches are used for producing amounts of material
that can be chemically characterised. The first method is 10 run multple gels, collect
and pool the spots of interest, and subject them to concentration (Jier ¢l., 1994; Walsh
etal., 1995; Rasmusseneral., 1992). In this approach, the concentration process must
also actl as a purification step to remove accumulated electrophoretic contaminants
such as glycine. A more elegant approach has been to exploit the high foading capacity
of IPG isoelectric focusing. The high loading capacity of immobilised pH gradients
was described early {Ek, Bjellgvist and Righetti, 1983}, but has only recently been
applied to 2-D electrophoresis (Hanasher af ., 1991: Bjellgvistetalf., 1993b). Upto 15
mg of protein can been applied to a single gel. yiclding microgram guantities of hun-
dreds of protein species. A further benefit of this approach is that proteins present in
fow abundance. which may not be visualised by lower protein loads, are more tikely
to be detected. The use of electrophoeretic or chromatographic prefractionation tech-
niques (Hochstrasser e af., 1991a; Harrington et al., 1992), followed by high loading
of narrow-range 1PG separations ( Bjellqvister af., 1993b) provides a likely solution to
studies on proteins present in low abundance.

Methods of protein detection

There are many means for detecting proteins from 2-D gels. The method used will be
dictated by factors including protein load on gel {analytical or preparative), the
purpose of the gel (for protein quantitation or for bloiting and chemical characterisa-
tion). and the sensitivity required. The most common means of protein detection and
their applications are shown in Table 7. Most detection methods have drawbacks, for
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Table I: Common stains for 2-1 gels or blots and their applications.

[
h

Detection
Methed

Main
applications

Unsuitable
applications

Sensitivity

Heforenees

Y81 Met or BC
radiolabelling and
fluvrography or
phosphorimaging

| S thiourea silver

Silver

Coomassic blue
R-250

Collodal gold

Zine iidazole

Penceau S and
amide black

India ink

Stains-all

Cell fines.
cultured organisms

Ixtremely high
sensitivity gel
staining

Very high sensi-
tivity gel staining.
can he mong or
palychromatic
Staining of gels:
staining ol PVDIF
membranes before
profein sequencing

Staining NC
merbranes.
stuning PVDE
hefore direet
MALDI-TOF
Reverse staining
of gels ar mem-
branes: may be
benefictal in
MALDETOF

of peptides
Staining higher
protein Toads on
PVDF. lor protein
sequencing or amino
acid analysis
Staining of
membrane-bound
proteins; staining
PVDIF helore direct
MALIN-TOF
Staning to detect
glycoproteins or
Ca™ hinding
predeins

Samples that
cannot be labelled

Preparative 2-1:
PYDF or NC
IHCIH})H[HL‘S
Preparative 2-1x
PVDIY or NC
membranes

Seaining prier o
direct mass deter-
mination from

PV amine acid
analvsis on PYDE:
detection of some
ehycaproteing

Gels

Where positive
Hnage ks required

Staning prier te
dircct mass
determination from
PVDF

Gel staining: not
quantiative from
proiein to protein

CGreneral gel staining

20 ppm of
radielabel in
a spod

(14 ng protein
on spot or band
ol gel

4 ng protein

on spot or
band of gel

40 ng protein
an band or
spot of gel

G4 x higher
than
COOMassic

Higher than
CORTRASSIC

O ng
protein on
hand or spot
of gel

I-1Gng

HX) ng protein
an hand or
spat ol get

Gaerels and Franza,
1984

Latham, Garrels and
Solter. 1993
Walluce and Saluz.
1992a.b

Rabilloud, 1992:
Hochstrasser and
Merrll J98R

Strupat ef al.. 1994:
Gharahdaghi er aof ..
1992;

Gofdberg o al.. 1Y8S:
Sancher er af. 1992

Yamaguchi and
Asakawa, 1988:
Lckerskorn ef af..
1992;

Strupat of af.. 1994

Orliv et al, 1992,
Tames ef of L 1993

Sanchez eral.. 1992:
Strupat ef af.. 1994;
Wilkins er ad.. 1995,

Lieral 198y

Hughes. Mack and
Hampanan. 1988:
Strupat ef ef.. 1994

Camiphell.
Macl.ennan and
Jorgensen. 1983:
Gaoldbery o7 af., 1988

PYDEF = pedyvinylidene diffueride, NC = nitroceHulose; MALDEITOR = magrix assisted laser desorption ionisation tinme
ol Hight mass spectrometry.

exainple. seme glycoproteins are not stained by coomassie bive (Goldberg ef al.,
1988). and many organic dyces are unsuitable for protein detection on PVDF il samples
are to he used for direct matrix-assited laser desorption ionisation mass spectrometry
(Strupat er al.. 1994,

Although most means of protein detection give some indication of the quantities of
protein presenl, in general they cannot be used for global quantitation. This is because
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nu protein stain is able consistently te detect proteins over a wide range ol concentra-
tions. isoclectric points and amino acid compositions. and with a variety of
post-transiationat modifications (Goldberg et al., 1988: Lier e/, 1989). Furthermore,
there are lurge differences in staining pattern when identical gets or blots are subjected
to different stains. including wmido black, imidazole zine, india ink. ponceau S,
colloidal geid. or coomassie blue (Tovey. Ford and Baldo, 1987: Ortiz ef al., 1992).
The most common means of quantitating large numbers of proteins ina 2-1> gel
involves the radiolabelling of protein samples prior o clectrophoeresis, and protein
guantitation based on fluorography and image analysis or figuid scintillation counting
(Garrels, 1989: Celis and Olsen. 1994). However, proteins which do not contain
wethicnine cannot be detected if only [ S} methionine is used for labelling. Amino
acid analysis of protein spots visualised by other techniques presents a likely means of
protein quantitation for the future.

BLOTTING OF PROTEINS TO MEMBRANES

Electrophoretic blotting of proteins from two-dimensional polyacrylamide gels to
membranes presents many options for protein identification and microcharacterisation
which are not possible when proteins remain in gels. For example, when proteins are
Rlotted 1o potyvinylidene diflueride (PYDEY membranes. they can be identified by N-
Llerminal sequencing. amino acid analysis, or immuneblotting, or they may be subjected
o endoproteinase digestion, monosaccharide anulysis, phosphate analysis, or direet
matrix-wassisted laser desorption ionisation mass spectrometry {Matsudaira. 1987,
Wilkins e al.. 1995 Jungbluter ol 1994; Suttoner al., 1993; Rasmussen et af., 1994
Weizthandler ¢ ¢f.. 1993 Murthy and kgbal, 1991 Eckerskorn ¢f ol 1992). It is
possible 1o combine of some ol these procedures on a single protein spot on a PVDF
membrane (Packer ez af., 1995 Wilkins er af., submilled; Weizthandler e al., 19933,
This is useful when minimal amounts of protein are available for analysis. These
techniques will be explored in detail later in this review. Notwithstanding the above,
there are some disadvantages associated with blotting of proteins to membranes,
There is always loss of sample during blotting procedures (Eckerskorn and Lottspeich,
1993}, and common protein detection methods are less sensitive or not applicable (o
membranes (Table 1. presenting difficulties for the analysis of low abundance
proteins. Detailed discussion of the merits of available membranes and common
blotting technigues can be found elsewhere {(Eckerskorn and Lotispeich, 1993: Strupat
er af.. 1994; Patterson, 1994).

2-D gel analysis, documentation, and proteome databases

Following protein electrophoresis and deteclion. detailed analysis of gel images is
undertaken with computer systems. For proteome projects, the aim of this analysis is
10 catalogue all spots from the 2-D gel in a gualitative and il possible quantitative
manncr, so as o define the number of proteins present and their fevels of expression.
Reference gel images. constructed from one or mose gels. lorm the busis of two-
dimensional get databases. These databases also contain protein spot identities and
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details of their post-transiational modilications. 2-I3 gel databases are beginning to be
tinked to or integrated with comprehensive protein and nucleic acid databases
{Neitdhardt er af., 1989, Simpson ef al., 19920 Appel ef ol 1994}, and “organisnm’
databases, containing DNA sequence data, chromosomal map locations. reference 2-
D gels and protein functional infonmation for an erganism. are hecoming estahlished
as genome and proteome projects progress (VanBogelen ef af.. 1992: Yeast Protein
Database cited in Garrels er af.. 1994).

GEL IMAGE ANALYSIS AND REFERENCE GELS

Afler 2-I> electrophoresis and protein visualisation by staining, ffuorography or
phosphorimaging, images of gels are digitised for computer analysis by an image
scanner, laser densitomer, or charge-coupled device (CCDY camera (Garrels, 1989:
Celis er al.. 1990a: Urwin and Jackson, 1993). All systems digitise gels with a
resolution of [00 - 200 mm, and can detect & wide range of densities or shading (256
or more ‘grey scales™). Following this, gel images are subjected 1o a series of mani-
pulations o remove vertical and horizontal streaking and background haze, 1o detect
spot positions and houndaries. and 1o calculate spot intensity (Figure 3). A standard
spot (SSP) number, containing vertical and horizontal positional information. is
assigned to each detected spot and becomes the protein’s reference aumber. Table 2
lists some notable soltware packages which process 2-I> gel images.

Table 2: Some Software Packages for the Analysis of Gel [mages.

CGiel Tmage Analysis System References™®

ELSIE 4 & 5 Qlsen and Miller, 1988 Wirth ¢r al, 1991, Wirth ¢r af., 1993,

GELLABT& N Wu. Lemkin and Upton, 1993: Lemkin, Wu and Upton. 1993:
Myrick ¢f al., 1993,

MELANIE T & 11 Appel ef el 19910 Hochsteasser of e, 1991h,

QUEST F& T and PDOUEST Farrets, 1989 Monardo er af. 1994 Holt eral. . 19920 Celis s
F940 b

TYCHO & KEPLAR Anderson of gf., 1984 Richardson. Horn and Anderson. 1994,

# These relerences are not exhaustive: they include some references of ase as well as authors of the
systent,

As there are difficulties in the electrophoresis of samples with 100% reproducibil-
ity, reference gel images are often constructed from many gels of the same sampic
(Garrels and Franza, 1989: Neidhardter af.. 1989). Since this involves the matching of
2000 to 4000 proteins from cne gel to another, it presents a considerable challenge 1o
image analysis systems. Malching of gels is usually initiated by an operator, who
manually designates approximately 30 or so preminent spets as ‘landmarks™ on gels
to be cross-matched. Proteins which match are then established around landmarks,
using computer-based vector algorithms to extend the matching over the entire gel.
Close to 100% of spots from complex samples can be malched by these methods.
although different degrees of operator intervention may be required (Olsen and Miller,
1988 Lemkin and Lester, 1989: Garrels, 1989; Myrick ¢f «l., 1993},
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Figure 3. Compulter processing of gel images, Shown is a wide pl range 2-D separation of human tiver
proteins, processed by Melanie soltware (Appel er al., 1991). (A) Original gel image as captured by faser
densitometer. (B) Gel image alter processing to remove streaking and background. (C) Cutline definition
of all spots on the gel
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CALCULATION OF PROTEIN ISOELECTRIC POINT AND MOLECULAR WEGHT

Estimation of the isoclectric point (ph) and molecular weight (MW) of proteins from
2-D gels provides fundmmental parameters {or cach pretein, which are adso of use
during identification procedures (see (ollowing section). The pl and MW of protcins
are recorded in 2-13 gel databases. Accurate estimations of protein ptand MW can be
obtained by using 20 or more known proteins on arcference map 1o construct standard
curves of pl and molecular weight. which are then used to caleulate estimated pl and
MW of unknown proteins (Neidhardt er af., 1989: Garrels and Franza, 1989; Van-
Bogelen, Hutten and Neidhardl, 1994 Anderson and Anderson, 19910 Anderson ¢
al 1991 Latham ef af.. 1992). Alternatively. the MW of individual proteins blotted
lo PVDF can be determined very accurately by direet nwss spectrometry (Eckerskorn
ef al.. 1992). Where immobilised pH gradients are used. the locusing position of
proteins allows their pl o be measured within 0.15 units of that calculated from the
amino acid sequence (Bjellgvister al., 1993¢). [tmust be noted. however, thul proteins
carrying post-translational modifications may migrate (o uncxpected pl or MW
positions during electrephoresis (Packer ef af.. 1995).

SPOT QUANTITATION AND EXPRESSION ANALYSIS

A major challenge faced in proteome projects is the quanatitative analysis of proteins
separaied by 2-D electrephoresis. The most accurate means of protein guantitation is
to determine chemically the amount of cach protein preseal by amine acid com-
positional analysis. However. the current method of choice for quantitative analysis
of many proteins is 1o radiotabel samples with ["S] methionine or "C amino acids,
perfarm the 2-D clectrophoresis. and measure protein levels in disintegrations per
minute (dpm) or units of optical density. Quantitation is achieved either by liquid
seintiflation counting. or by gel image analysis where spot densities are quantitated
by reference to gel calibration strips containing known amounts of radiolabelled
protein or against the integrated optical density ol all spots visualised (Vandekerkhove
et al., 1990, Celis et al., 1990b: Celis and Olsen. 1994: Garrels, 19890 Latham.
Garrels and Solter. 1993: Fey ef al.. 1994}, All appreaches effectively allow spots o
he normalised against the total disintegrations per minute loaded onio the gel
Limitations that remain with radiolabeliing methods are that absolute quantitation is
not achieved because all proteins have varying amounts of any amino acid, and that
only easily Ishelied samples can be investigated. Quantitative silver staining presents
an alternative (Giomelli ef ¢f.. 1991: Harrington e/ af.. 1992 Redriguez of ol 1993:
Myrick ef al.. 1993), which when undertaken with [¥S]thiourea { Wallace and Saluz.
1992 a.hy is of extremely high sensitivity.

When protein spots from samples prepared under different conditions are quantitated
and matched from gel to gel. it becomes possible (o examine changes and patterns in
prolein expression. Large scake investigation of up- and down-regulation of proteins,
their appearance and disappearance, can be undertaken. For example, simian virus 40
transformed human keratinoeyles were shown (o have 177 up-regulated and 58 down-
regulated proteins compared o normal keratinocytes (Celis and Olsen. 1994): detailed
synthesis profites of 1200 proteins have been established in | to 4 cell mouse embryos
(Latham et al., 1991, 1992): and 4 proteins out of 1971 were found to be markers for
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cadmium texicity in urinary proteins (Myrick ef af., 1993), Complex global chunges
in protein expression as a resuft of gene disruptions have also been investigated (S, Fey
and P. Mose-Larsen, Personal commaunication). Impressively, large gel sets showing
protein cxpression under different conditions can be globally investigated using
statistical methods that find groups of related objects within a set. For example., the
REF52 rat cell line database, consisting of 79 gels {rom 12 experimental groups where
cach gel contains quantitative data for 1600 cress-matched proteins. has been analysed
by cluster analysis (Garrels ef ¢f.. 1990). This revealed clusters of proteins that, for
cxample, were induced or repressed sunilarly under simian virus 40 or adenovirus
transformation. suggesting a common mechanisny. Protein groups that were induced
errepressed during celture growth to confluence were atso found. It is obvious that the
potentiaf for mvestigation of celtular control mechanisms by these approaches is
immense. It is equally clear that investigations of gene expression of this scale are

currently technically impossibie using nucleic-acid based techniques.

Table 3:

Some proteeme databases and their spectal features

Protcome database

Special features

References

£ coli gene-protein ditabase

Human heart databases

Human keratinoeyvie didabase

Mouse embrvo database

Mouse liver database
{Argonne Protein
Mapping Group)

Rat liver epitheliat databuse

Rat fver database

REF 52 rat cell Bae database

SWISS-ZDPAGE containing
human reference maps

Yeast Protein Database (YD)
and Yeast Electrophoretic
Protein Databuase (YEPD)

Gel spots linked with GenBank

and Kohara clones: quantitative
spot measurements winder differ-
ent growth conditions

ldentification of disease markers;

two separate databases have
heen established

tixtensive identifications;
quantitative spol measurements
of transformed cells: identifica-
tion of discase markers
Quaniitative spot
measurements through

1w 4 cell stage

Dacuments changes due to
exposure to ienizing radiation
and toxic chenvicals

Detatled subeeilular
fractionation studics

Extensive studies on regulation
ol proteins by drags and toxic
agents

Accessible vin World Wide Web:

quantitative spot measurements
under dilferent conditions

Avcessibie via World Wide Web:

completely integrated with
SWISS-PROT and
SWISS-3DIMAGHK
Completely crossreferenced
organism database: YPD has
exlensive inlormation on over
3500 proteins; YEPD has
many jdentifications

VanBogelen and Neidhardu, 1991
VanBogelen ef al.. 1992

Baker eral. 1992
Corbett eral., 1994b
Junghtut er ¢f.. 1994
Ceiis et af., 1990a
Celis et af . 1993
Celis and Olsen 1993

Latham ez el 1991
Latham ¢f af.. 1992

Giomett, Faylor and Tolaksen, 1992

Wirth er al., [991 Wirth er af., 1993

Anderson and Anderson, 1991
Anderson e al., 1992

Richardson, Horn and Anderson, 1994

Garrels and Franrza 1989
Boutell er af., 1994

Appel et al., 1993
Hochstrasser er al., 1992
Hughes ef al.. 1993
Golaz eral., 1993

Grarrels er ol 1994
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FEATURES OF PROTEOME DATABASES

Protcome projects rely heavily on computer databases to store information about ail
proteins expressed by an organism. ‘Proteome databases’™ should centain detailed
information of proteins aiready characterised elsewhere, as well as protein data from
2- gels such as apparent pl and MW, expression level under different conditions.
subceilular localisation, and information on post-translaticnal modifications. linages
of reference 2-D gels, showing protein SSP numbers and protein identifications.
should aiso be included. ideally. proteome databases shoudd be accessible with
Macintosh or IBM personal computers and easy (o use. Some proteome databases and
the arcas they cover are listed in Twble 3. Databases range from collections of
annotated gels to large databases of images integrated with protein and nucleic acid
sequence banks.

One example of an integrated protcome database is the suite of SWISS-PROT,
SWISS-2DPAGE and SWISS-3DIMAGE databases (Appeler al., 1993: Appeleral..
1994; Appel. Bairoch and Hochstrasser, 1994: Bairoch and Bocckmann. 1994). The
features of these three datubases are listed in Table 4, SWISS-PROT, SWISS-
2DPAGE and SWISS-3DIMAGE are accessible through the World Wide Web

Table 4: The SWISS-PROT, SWISS-2DPAGE and SWISS-3DIMAGE suite of crosslinked databases.
All three databases are zecessible through the World Wide Web, at URL address: hup//

expasy.hcuge ch/

SWISS-PROT SWISS-2DPAGE SWISS-ADIMAGE

Colfection of 3130 3-13

Information  Text entries of sequence daa: 2-D gel images of: human
Citation information: liver, ptasma, HepG2, HepGG2 images of proteins
taxonomic data; 38, 303 seereted proteins. red hlood cell,
entries in Release 29 lymphema. cerehrospinal fluid.
macrophage tike cell line,
crylhroleukemia cell. platelet
Annotations  Protein function: Gel images where All annatation i
Post transhational protein is found: available in SWISS-
modifications; How protein identified: PROT
[omains: Protein pl and MW
Secandary structure: proicin number:
Quaternary structure: normal and pathological
Disenses assovialed variants
with protein:
Sequence conflicts
Cross- SWISS-2DPAGE SWISS-PROT and all SWISS-PROT and ail
Referenced SWISS-3DIMAGE ather databases ather databases
Databases EMBIL: PIR: PDB. accessible through accessible througlh

Other Features

OMiM: PROSITE:
Medhine: Flybase:
GCRDb: MaizeDB:
WormPep: DictyDB
Navigation 1o other
SWISS databases achicved
by selecting entries with
computer mouse

SWISS-PROT

Gel images show position
of identificd proteins, or
region of gel where pratein
should appear

SWISS-PROT

Monao and stereo
images avatlable:
[mages can be
transferred o loval
COmputer image
VIEWIE programs
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{Berners-Lee erad., 1992), allowing any computer connected to the internet 1o gccess
the stored iformation and fimages. Navigation within and between the three databases
is seamless, as all polential crossiinks aze highlighted as hypertext on the display and
can be selected with a computer mouse. From these databases, detailed information
about a protein, including amino acid sequence and known post-translational modifi-
cations, can be obtained. the precise protein spot it corresponds o on a reference gel
image cun be viewed if known, and the 3-D structure of the molecule can be seen if
availuble. References 1o nucieic acid and other databases are alse given to provide
access to information stored elsewhere.

‘Organism’ databases, containing detailed protein and nucleic acid information
about a species. are becoming conunon as genome and protcome projecls progress.
These differ from nucleic acid or protein seguence databases like GenBank or SWISS-
PROT because they are image based, and contain information about chromosomad
map positions, trapscription of genes, and protein expression patterns. The  Fy-
cherichia coli gene-protein database (VanBogelen, Hutton and Neidhardt, 1990;
VanBogelen and Neidhardi. 1991, VanBogelen er ai., 1992}, known as the
ECOZDBASE. is one example. It contains gene and protein names, 2-D gel spot
mformation (including pi and MW estimates, and spot identilication), genetic infor-
mation (GeaBank or EMBL codes. chromosemal location, location on Kohara clones
(Kohara. Akiyama, and Isono, [987), transcription direction of genes), and prolein
regulatory information (level of protein expression under different growth regimes,
member of regulon or stimulon). All entries in the ECO2DBASE are also cross-
referenced to the SWISS-PROT database (Bairoch and Boeckmann, 1994). {t is
anticipated that organism databases will soon become a standard means of storing all
avartabte information about a particular species. However there is currently no
consistent manner in which organism databases are assembled, which may hamper
comparisons in the future.

Identification and characterisation of proteins from 2-D gels

The number of proteins identified on a 2-D reference map determines its usefulness as
aresearch and reference tool. As most reference maps have only a small proportion of
proteins identified, a major aim of current proteeme projects is to screen many proteins
from 2-D maps, in order (o define them as ‘known’ in current nucleic acid and protein
dalabuses, or as ‘unknown’. Protein identification assists in confirmation of DNA
open reading frames, and provides focus for DNA sequencing projects and protein
characterisation efforts by pomting to proteins that are novel. Since there may he
30004000 proteins frony asingle 2-D map that require identification, the challenge in
protein screening is to identify proteins guickly, with a minimum of cost and effort.

Traditionally, proteins from 2-D gels have been identified by techniques such as
immunoblotting. N-terminal microsequencing. internal peptide sequencing,
comigration of unknown proteins with known proteins, or by overexpression of
homelogous genes of interest in the organism under study {Matsudaira. 1987: Rosenteld
etal, 1992 VanBogelen er al., 1992; Celis ef af.. 1993; Honore ef «f., 1993 Garrels
efaf.. 1994). Whilst these technigues are powerful identification wols, they are 100
expensive or time and labour intensive to use in mass screening programs. A
hierarchical approach to mass protein identification has been recently suggested as an
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Table 5:  Hicrarchical analysis lor mass screening of 2-D separated proteing blotted o membranes.
Rapid and inexpensive teehnigues are used as a first step in protein identilication, and slower, more
expensive lechniques arc then used if necessary. Table modilied from Wastnger of al. (1995).

Order  ldentihication technigue References

1 Amino acid analysis Junghiut ef af . 19920 Shaw, 1993:
Hobohm, Houthaeve and Sander, 19944
Junglblut er ol 1994 Wilking or ol 1995

2 Amino acid analysis with N-terminal seguenee tag Wilkins of af.. submitied

3 Peptide-nass lingerprinting Henzel e el 1993 Pappin. Hofrup and
Bleasby. 1993 James eral., 1993
Mann. Hojrup and Roepstorlf. 1993:
Yales ef af 1993 Mortz er af.. 1994
Sutton ef al., 1995

4 Combination of anino acid analysis and peptide Cordwell pr af., 1995,
mass fingerprinting Wasinger et al.. [995;

N Mass spectromelry seguence lag Mann and Wilm, 1994

6 Extensive N-terminal Edman microsequencing Matsudaira, 1987

7 Internal peptide Edman microsequencing Rosenfeld er af.. 1992:

Hellman or af.. 1995;
3 Microseguencing by mass spectrometry (cleclro- Johnson and Watsh., 19492
spray tonisation, post-source decay MALDI-TOF)

9 Ladder sequencing Bartlet-Jones er ol 1994

alternative to raditional approaches (Table 5. Wasingereral., 1995). Thisinvolves the
use of rapid and cheap identification tools such as amino acid analysis and peptide
mass fingerprinting as first steps in protein identification, followed by the use of
slower. more expensive and time consuming identification procedures if necessary. In
the construction of this hicrarchy the analysis time, cost per sample and the complexity
of the data created has been considered, as whilst some techniques require little
machine time per sample. the analysis of data can be quile invelved and time
consuming. Amino acid analysis and peptide mass-fingerprinting based identification
tcchniques in the hicrarchy are discussed in detail below. For review of other protein
identification techniques in Table 5. sce Patterson (1994} and Mann (1995},

PROTEIN IDENTIFICATION BY AMINO ACID COMPOSITION

There has been a revival of interest in the use of amino acid composition for
wentification of proteins from 2-D gels afler early work by Eckerskorn ef af. (1988}
This technique uses & protein’s iiosyncratic amino acid composition profile in order
o identily it by comparison with theeretical compositions of proteins in databases.
The amino acid composition of proteins can be determined by differential metabolic
radiolabelling and quantitative awtoradiography after 2-D electrophoresis (Garrels ef
al . 1994; Frey et al., 1994). or by acid hydrolysis of membranc-bloticd proteins and
chromatographic analysis of the resulting amino acid mixture (Eckerskomn e al.,
1988 Tous er el.. 1989: Gharadhdaghier of . 1992 Jungbluter of.. 1992: Wilkinset al.,
1995). As differential metabolic labelling experiments require X-ray film or phos-
phor-image plate exposures of up to 140 days, and can only be undertaken with casily
radiolabeiled samples, the technique is not as rapid or widely applicable as chromato-
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Spot ECCLI-BLM

Asy: 13.2 Glx: 10.4 Ser 5.7 His: 0.7
Gly: 5.4 Thr: 3.8 Ala 6.7 Pro: 7.9
YL 1.3 Arg: 5.0 Vai: 8.0 Met: 0.3
Ile: 5.9 Leu:; 8.0 Phe: 13.3 Lys: 4.4
pl estimate: 6.8% Range searched: { &6.64, 7. 14}

Mw estimate: 16800 Range searched: (13440, 20160

Closest SWISS-PROT entries for the species ECOLI matched by AA composition:

Rank Score Protein pI Mw Description
1 24  PYRI_ECOLI &.84 16988 ASPARTATE CARBAMOYLTRANSFRRASE
Z 39 COAAM_ECOLIT 6.32 36359 PANTOTHENATE KINASE (BC 2.7.1.33)
3 40 META_ECOLTY 5.406 35713 HOMOSERINE 0-SUCCINYLTRANSFERASE
4 42 CADC_ECOLT 5.52 57812 TRANSCRIPTIONAL ACTIVATOR CADC.
5 43  HLYC_ECOLT 5.58 19769 HEMOLYSIN C, PLASMID.

Closest SWISS-PROT entries for ECOLI with pIl and Mw values in specified
range:

Rank Score Protein pI Mwr bDescription
1 24 PYRI_ECOLI 6.84 16989 ASPARTATE CARBAMOYLTRANSFERASE
2 102 TRJB_ECOLI 6.73 17921 TRAJ PRCTEIN.
3 112 YAJG_ECOLI 6.79 15028 HYPOTHETICAL LIPOPROTEIN YAJG,
4 140 YFJB_ECOLI 6£.83 14845 HYPOTHETICAL 14.5 KD PROTEIN IN GRPE
5 142 YAHA ECOLI 7.06 14726 HYPOTHETICAL PROTEIN IN BETT 3'REGION

Figure 4. Computer printout [rome ExPASy server where the empirical amino acid composition,
estimated pland MW ol a protein from a 2-I reference map of £, cofi were matched against all entries in
SWISS-PROT for £ codi. The correct identification, aspartate carbamoyltranslerase, is shown in bold. Low
seores indicate i good mateh. Nute how manching within adelined pland MW range (fower setof proteins
s greatly increased the score difference between the first and sceond ranking proteins. This score
difference gives high confidence in the Wentihcation. and is only observed where the 1op ranking protein
is the correct identification (Wilkins ef ., 1993).

graphy-based analysis. Proteins blotted to PYDEF membranes can be hydrolysedin | h
at 135°C. amino acids extracted in a single brief step, and cach sample automatically
derivatised and separated by chrematography in under 40 minutes {Wilkins ¢f af.,
1995 Oueral.. 1995). In this manner. one operator can routinely analyse 100 proteins
per week on one HPLC unit. This technology lends itself 1o automation, and it is
anticipated that instruments with even greater sample throughput will be developed.
When proteins have been prepared by micropreparative 2-D electrophoresis (Hanash
et al 1991 Bjellgvist e af., 1993b). blotted to a PVDF membrane and stained with
amidoe black, any visible protein spot is of sufficient quantity [or amino acid analysis
(Cordwell er al., 1995 Wasinger ef ., 1995; Wilkins e7 af.. 1995).

After the amine acid composition of a protein has been determined, computer
programs are used to match it against the caleulated compositions of proteins in
databases (Eckerskorn er «f., 1988 Sibbald, Sommerfeldt and Argos, 1991: Jungblut
ef af., 1992 Shaw, 1993, Hobohm, Houthaeve and Sander, 1994; Wilkins er af.,
1993). Matching is usually done with only 15 or 16 amino acids, as cysieine and
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Spot ECOLI-ACT

Asx: 9.6 Glx: 10.8 Ser: 4.1 His 2.7
Gly: 12.2 Thr: 3.8 Ala: 11.9 Pro 3.2
Tyr: 6.0 Arg: 3.7 val: 8.5 Met 0.8
Ile: 5.6 Leu: 8.2 Phe: 3.2  Lys: 4.9
pl estimate: $.89 Range searched: ( 5.74, 6.24)

Mw estimate:; 45000 Range searched: (36000, 54000)

Closest SWISS-PROT entries for ECOLI with pI and Mw values in specified

range:
Rank Score Protein pl Muwr N-terminal Seq.

1 21 GLYA ECOLT 6.03 45316 ML ERE

2 32 YJIGB_ECOLI 5.86 36502 MSMIK

3 38 GABT_ECOLI 5.78 45774 M S NS K

4 44 YIHS_ECOLT 5.85 43018 MRIKTY

5 45 DHE4 ECOLI 5.98 48581 MDQTY

3 46 ARGD_ECOLI 5.79 43765 MAIECQ

7 46 MURB_ECOLI 5.78 37851 MNHSL

g 47  GLMU_BCOLI 5.98 49162 ML NNA

g 47  ACKA_ECOLI 5.85 43290 MSSKL

10 50 YJJIN_ECOLI  6.01 37064 MESRI

Figure 5. A PVDE protein spot frem an £coli 2-1 reference magr was sequenced Tor 4 cyeles, and the
sanie sampie then suhject to amino acid analysis. The Neterminat sequence was M LK R, When the amino
acid composition of the spot. as well ag estimated pland MW, were matched against alf entries in SWISS-
PROT forfZ cofi. the above list of hest mutches was produced. N-tlernminal sequences are lrom SWISS-PROT
lor these eatvies. The top ranking identilication of scrine hydroxymethyltransterase (boldy did not show o
large score dilference between the {irst and second ranking proteins, giving litle conlidence in this being
the carrect protein identificatton. However. the sequence tag (M L K Ry conlined the identity of the
profein as serine hvdroxymethvitranslerase.

tryptophan are destroyed during hydrolysis. asparagine and glutamine are deamidated
to their corresponding acids. and proline is not quantitated in some anatysis systems,
The computer programs produce alist of best matching proteins, which are ranked by
a score that indicates the match quality. Some programs allow maltching (o be
restricted 1o specific “windows™ of MW and pi (Hobohm. Houthaeve and Sander,
1994; Wilkins 7 arf.. 1995). and 1o protein database entries for one species (Jungblut
et ol 1992, Witkins et af.. 1995). The use of such restrictions increases the power of
matching. An example ol protein identification by amino acid composition is shown
in Figare 4. To date. amino acid composition has been used to identify proteins from
reference maps of Spiroplasma mellifernm. Mycoplasme genitalinn I coli. Sacchia-
romyees cerevisiae, Dictvostelium discoidenm. human sera, human heart, hwmnan
Iymphocyte. and mouse brain (Cordwell ef af.. 1995 Wasinger e af . 1995 Wilkins
et al 1995 Jungblut er af., 1992, 19942 Garrels ef af., 1994; Frey ef «f., 1994).

PROTEIN ITDENTIFICATION BY AMING ACID COMPOSITION AND N-TERMINAL
SEQUENCL TAG

When samples from 2-D gels are not unambiguously identified by amino acid



36 MARC R, WILKINS ef al.

composition. pland MW, often the correct identification of that protein is amongst the
top runkings of the list (Hobohm, Houthaeve and Sander, 1994 Cordwell e al., 1995
Wilkins ¢f af.. 1995}, Tuking advantage of this chservation, we have used the mass
spectrometry “sequence tag’ concept (Mann and Wilm. 1994) in developing a com-
bined Edman degradation and amino acid analysis approach 1o protein identification
{Wilkins et af., submitted). This involves the N-terminal sequencing of PYDE-blotted
proteins by Edman degradation for 3 or 4 cycles (o ereate a “sequence tag’, following
which the same sample is used for amine acid unalysis. As only a few amino acids we
removed from the protein. its composition is not signilicantly altered, Farthermore,
since only asmall amaunt of protein sequence 1s required, fast but low sepetitive yield
Edman degradation cycles can be used. Modifications to current procedures sheuld
allow 3 cycles 1o be completed in | h, thereby allowing the screening of 100 or more
proteins per week on one automated, multi-cartridge sequenator. Amino acid compao-
sition, pl and MW ol proteins are matched against databases as deseribed above, und
N-terminal sequences of best matching proteins are checked with the “sequence tug’
to confirm the protein identity {(Figure 3). This technique wili be less useful when
proteins are N-terminally blocked. but as only a few N-terminal amino acids are
susceptible o the acetyl, formyl. or pyroglutamyl moedifications that cause blockage,
this may itself provide useful mformation for sequence tag identilication. A strength
of N-terminal sequence tag and amino acid composition protein identification is that
data generated are guickly and casily interpreted.

PROTEIN IDENTIFICATION BY PEPTIDLE MASS FINGERPRINTING

Techniques for the identification of proteins by peptide mass {ingerprinting have
recently been deseribed (Henzel ef af.. 1993 Pappin. Hojrup und Bleasby. 1993,
Fames er ol 1993; Mann, Hojrup and Roepstortf, 1993; Yates er af.. 1993 Morlz. e
al., 19941 Sutton e gl 1995). This invoives the generation of peptides from proteins
using residue-specific enzymes. the determination of peptide masses, and the mateh-
ing ol these masses against theoretical peptide Iibraries generated from protein
seqence databases. As proteins have different amino acid scquences, their peptides
shoudd produce characteristic “fingerprings’.

The first step of peptide mass fingerprinting is protein digestion. Proteins within the
gel matrix or bound to PV DF can be enzymatically digested i situ, althoughin sitn gel
digests are reporied o produce more enzyme autodigestion products, which compli-
cate subscequent peptide mass analysis (James ef ¢f., 1993; Rasmussen ef af., 1994:
Montz er af., 1994). The enzyme of choice for digestion is currently trypsin (of
modilicd sequencing grade}. but other enzymes {Lys-C orS. anrews V8 protease) have
alse been used (Pappin, Hojrup and Bleasby, 1993). To maximisc the number of
peptides obtained. it is desirable for protein samples to be reduced and alkylated prior
te digestion (Moriz e al., 1994; Henzel er af., 1993). This ensures that ail disullide
bonds of the protein are brokep. and produces protein conformations that are more
amenable to digestion. Surprisingly, chemical digestion methods such as cyanogen
bromide (methionine specific). formic acid (aspartic acid specific), and 2-(2'-
nitrophenylsulfenyl)-3-methyl-3-bromoindolenine (tryplophan specific) have not
been explored as means of peptide production for mass fingerprinting. even though
they are rapid and may circumvent some problems associated with enzyme digestions
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(Nikodem and Fresco. 1979 Crimmins ef af.. 1990: Vanfleteren of al.. 1992).

After proteins are digested, peptide masses are determined by mass spectrometry.
Direct analysis of peptide mixtures can be achieved by clectrospray ionisation mass
spectrometry. plasma desorption mass spectrometry. or matrix assisted {aser desorption
1enization (MALDIY mass spectrometry techriques. MALDI is preferable because of
its higher scusitivity and greater tolerance to contaminating substances from 2-D gels
tames e ol 1993: Mortz et al . 1994: Pappin. Hojrup and Bleasby. 1993). Further-
more. recent modifications to sample preparation methods have largely solved carly
difficulties experienced with the calibration of MALDI spectra (Mortz e al., 1994:
Vorm and Mann, 1994: Vorm. Roepstor(f and Mann, {9949, The high sensitivity of
mass spectrometry attows a small fraction of a digest of a 1g protein spot 1o be used
for analysis. and analysis itsell is compiete in a few minutes,

A major chatlenge associated with peptide mass fingerprinting is data inlerprelation
prior o computer watching against librarics of theoretical peptide digests. Spectra
must be examired carefully to determine which peaks represent peplide masses of
mierest. as there are often enzyme autodigestion products and conlaminating sub-
stances present (Henzel ef of.0 1993; Mortz er of.. 1994; Rasmussen ef al.. 1G04),
Furthermore. if protein alkylation and reduction has not been undertaken prior o
protein digestion, peplide sequence coverage may be poor (40% o 70%). wilh some
masses present representing disulfide bonded peptides originally present in the protein
(Mortzer ¢l 1994). For cukaryotes, a serious issue is the alleration of peptide masses
by the presence of post-translational modifications (Table 6). The mass of the
unmadified peptide alene can be very difficult to determine. Two artifactual modifi-
cations introduced by clectropheresis. an acrylamide adduct to cysteine and the
oxidation of methionine, are also known 1o alter peplide masses (le Maire ef af.. 1993
Hess er al.. 1993,

TFable 6 Masses of some commion post-transtational madilications. Peptides carrying post-
translational modilications complicate data analysis for peptide mass fi ngerprinting protein
wentification. This is especially so for protein giveosylation, which involves many dilferen:
combinations of the hexosamines, hexoses, deoxyhexoses. and sialie acid.

Post-transtational modification Mass change
Acetyiation + 42004
*Acryviamide adduet o cysicine +71.40)
Carbaxylation of Asp or Glu + 4441
Beamidation of Asn or Gin + 194
Disulfide bond lormation -2.02
Deoxyvhexoses (Fuc) [BIRE
Formylalion + 28.tH
Hexosamines (GleNL Galiy + 1616
Hexoses (Gle. Gal, Man) + 162,14
Hydroxylation +16.00
N-acetythexosamines (GleNAc, GalNAe) + 203,19
“Oxidation of Met + 16,00
Phosphorylation + 7998
Pyroglutamic acid formed from Gin ~17.03
Sialic acid (NcuNA) +291.26
Sulfation + 8006

Table moditied from Finnigan LASERMAT application data shect S,
Asterisk ™ shows modifications that can arise artifactually from the 2.0 clecteophoresis process,
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A number of computer programs are available for matching peptlide masses against
databases (reviewed in Cottrell, 1994). Matching is usually undertaken in an interac-
tive manner, whereby peaks of mass 500-3000 Da are selected and matched under
various search parameters inciuding MW of protein, mass accuracy of peptides, and
number of missed enzyme cleavages allowed (Henzel et al_, 1993 Mortz ef of .. 1994
Rasmussen ef af.. 1994). The correct protein identity is the protein which has the most
peptide masses in conumon with the unksown sample. Identities have been established
with as few as three peptides, but unambiguous identification is thought to require
mass spectromelric map covering most peptides of the protein (Mortz er al.. 1994,
Yates et al.. 1993). To date, peptide mass fingerprinting of proteins has been
undertaken from the haman myocardial protein and keratinocyte smaps, froman £ coli
2-D gel. and from reference maps of Spiroplasma melliferron and Mycoplusima
genitalivn (Sutton et al., 1995; Rasmussen er al., 1994; Henzel er al., 1993; Cordwell
et al.. 1995. Wasinger et al., 1993). although the technigue is most powerful when
used in combination with another protein identification technigque (Rasmussen e ol..
1994; Cordwell et al.. 1995),

MASS SPECTROMITRY SEQUENCE TAGGING

An extension of peptide mass fingerprinting has recently heen deseribed, called
peptide sequence tagging (Mann and Wilm, 1994; Mann, [995} This uses tandem
mass spectrometry (MS/MS) to initially determine the mass of peptides, then subject
them to fragmentation by collision witlk a gas, and finally determine the mass of
fragments. The resulting spectra gives information about a peptide’s amino acid
sequence. The fragmentation masses of peptides canrarely be used toassignacomplete
sequence, but 1t usually allows a short *sequence tag® of 2 or 3 winino acids 1o be
determined. This sequence lag and the original peplide mass is matched by computer
againstadatabase, providing alikely identity of the peptide and the protein itcame from,
The major drawback for this technique as a mass screening lool is the complexity of the
mass dala generated and the high fevel of expertise required for its interpretation.
Nevertheless, it represents a useful new protein identification method which greatly
increases the power of peptide mass {ingerprinting protein identification.

Cross-species protein identification

Protein sequence databases continue to grow al a rapid rate. yet it is not widely
appreciated that close to 90% of all information contained in current protein databuases
comes from only 10 species (A, Bairoch, Pers. Comin, ). Fortunately, this information
can be used 1o study proteomes of organisms that are poorly delined at the molecular
fevel, via 2-D electrophoresis and ‘cross-species’ protein identification (Cordwell e
al.. 1995: Wasinger ef af.. 1995). This approach allows proteins from reference maps
of many different species to be identified without the need for the corresponding genes
10 be cloned and sequenced. This is particularly true for “housekeeping” proteins, such
as enzymes involved in glycolysis. DNA manipulation and protein manufacture,
which are highly conserved across species boundaries. Proteins that cannot be
identified across species boundaries can then become the focus of Turther protein
characterisation and DNA sequencing efforts.
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Protein APAL_HUMAN

Asx 8.4 Gilx: 1
Gly 4.2 Thr:
TyL 2.9 Arg
Ile: 0.0 Leu

pI Range: no range
Mw Range: no range

The closest SWISS-

Rank Score Prote

Mo
s

14 APAl BOVIN
14 APAL_CANFA
18 APALl_MOUSE

APAL_PI
27 APAl_CH
37 DYNA_CH

D00 =3 R e
53
(=28

ey

B}

Reagent: Trypsin

0 APAL_HUMAN
APAl_PMACFA
12 APAL_RABIT

39 APR4_HUMAN

9.3 Sexr 6.3 His: 1.3
4.3 Ala 8.0 Pro: 4.2
6.7 Val 5.5 Mabt: 1.3
15.5 Phe: 2.5 Lys: 8.8
specified
specified
PROT entries are:
in {pI Mw)} Description
5.27 28078 APOLIPOPROTEIN A-I
5.43 28005 APOLIPOPROTEIN A-I
5.15 27836 APOLIPOPROTEIN A-I.
5.36 27543 APOLIPOPROTEIN A-I.
5.10 27467 APOLIPOPROTEIN A-I1
5.42 27922 APOLIPOPROTEIN A-I
G 5.18 27598 APCLIPOPROTEIN A-T,
ICK 5.26 27966 APOLIPOPROTEIN A-T.
ICK 5.44 117742 DYNACTIN, 117 KD ISOFORM.
5.18 43374 APCLIPOPROTEIN A-T1V.

MW filter: L0%

Scan using fragment mws of:

1953 1933 1731
1301 1283 1252
1031 896 873
732 704

No. of database en

APAl_HUMAN
APAl_MACFA
APA1_PAPHA
B41B45
APAL_CANFA
530947
HS2C_FPEA
520724
HIVVI3Z4
TRJZ_ECOLI

E=ln o RS < Y R Y A S

ey
(=]

Figure 6. Theoretical cros
and tryptic peptides. When ar

1613 1401 1387
1235 1231 1215
831 813 781

tries scanned = 72018

APOLIPOPROTEIN A-I [(APC-AI). -~ HOMO SAPIENS
APOLIPOPROTEIN A-I (APC-AT)., - MACACA FASCICULARIS
APOLIPOPROTEIN A-I {APC~AIL). ~ PAPIO HAMADRYAS
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Rapid cross-species identification of proteins from 2-D reference maps can be
undertuken with amine acid composition or peptide mass fingerprinting methods
(Figure 6), but these technigues alone may not identify proteins unambiguously when
phylogenetic cross-species distances are great or analysis data is of poor quality (Yales
et al., 1993; Shaw, 1993; Cordwell ef al., 1995). However, very high confidence in
protein identities can be achieved when fists of best-matching proteins generated by
hoth techniques are compared (Cordwell er af., 19950 Wasinger er al., 1995). The
correct identification s found when the same protein is ranked highly in lists of best
matches generated by both techniques. This method has allowed approximately 120
proteins {rom the reference map of the mollicute Spiroplasma melliferum, represent-
ing approximately one quarter of the proteome. 1o be confidently identified by
reference to protein information from other species (S. Cordwell. Personal Conmumuni-
cation). When cross-species protein identification is to be undertaken, it should be
noted that the molecutar weight of a protein type across species is usually highty
conserved. but that protein pl can vary by more than 2 units (Cordwell er af., 1993).
Accurate molecular weight determination by direct mass spectrometry ol proteins
blotted to PVDF (Eckerskorn et al., 1992) should thercfore be a useful additional
parameter for cross-species protein identification.

CHARACTERISATION OF POST-TRANSLATIONAL MODIFICATIONS

Muny proteins are modified after translation. Such post-translational modifications.
including glycosylation, phosphorylation, and sulfation (see Talie 6), are usually
necessary for protein function or stability. Some abnormal modifications are associ-
ated with discase {Duthel and Revol, 1993 Ghosh et of., 1993; Yamushita et al.,
1993). In proteome studics, post-translational modifications can be examined on all
proteins present, or on individual spots. Studies on all proteins provide an indication
of which proteins may carcy a certain type of modification. For example, 2-D gel
analysis of cell cultures grown in the presence of {*H] mannose or [P} phosphate
gives an indication of which proleins carry glycans containing mannose, und which
proteins are phosphorylated {Garrels and Franza, 1989). Lectin binding stodies of 2-1
gels blotted to PVDF or nitrecellulose provide information on the saccharides, il any.
that are carried by proteins present (Gravel er al., 1994),

When individual proteins of interest carrying post-translational moedifications have
been found, micropreparative 2-D electrophoresis can be used to purify them in
microgram quantities (Hanash er af, 19917 Bjetlqvist er af,, 1993b}. I protein
isoforms of similar MW and pl are to be studied, focusing with narrow range pl
gradients {1 pH unit) can provide greater separation and resolution. Afier electro-
phoresis. the type and degree of pretein phosphorylation can be investigated (Murthy
and Igbal, 1991; Gold er al., 1994}, monosaccharide composition can be determined
(Weitzhandier e al., 1993; Packer ef af., 1995), and the structure and exact site of
glycoamino acids can be investigated by either Edman degradation based techniques
or by mass spectrometry (Pisano et af., 1993; Huberty ef ol.. 19931 Curr, Huddleston
and Bean, 1993). With further development of rapid techniques, investigation of
phospharylation and menosaccharides by chromatographic or mass spectrometric
means is fikely 1o become a routine step in the characterisation of post-translational
modifications of proteins from reference maps.
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The status of proteome projects

Many technical aspects of protcome rescarch have already been discussed in this
review. but an overview of the status of proteome projects has not yet been presented.
Advances in proteome projects wili initially rely on progress in genome sequencing
initiatives, to enable an identity, amino acid sequence, or function (o be assigned (o
cach protein spot. Table 7 shows genome size, proieome size, and the number of
proteins afready defined for a number of model organisms. This indicates that whilst
genome sequencing programs for £, coli and §. cerevisiae are advanced, the massive
size of some other genomes {(and especially the humar genome) means that their
cempiele nucleotide sequences are unlikely to be available for many years. Because of
this, 2-D reference maps and proteome projects of single cell organisms like Myco-
plasoa sp.. - coli and 8. cerevisiae will be the most detailed (Cordweli er af., 1995
Wasinger ef «/., 1995: Vanhogelen er al.. 1992; Garrels ef al.. 1994). and complete
maps of other organisms will take longer to construct. However, the use of cross-
species protein identification techniques will allow proteomes of many prokaryotes
and simple eukaryotes Lo be partiaily defined in reference (0 £, coli and S, cerevivice.

Table 7:  Lstimated genome size, estimated proteeme size, number of protein sequences in SWISS-
PROT Release 31 (March. 1995), and approximate number of proteins of known wentity on 2-1)
reference maps for some medel organisms. Genome size data from Smith (1994), and wotal prolein data
from Bird (1995). Genome sequencing projects of E. coli and S, cerevisioe will probably be complete in
1996,

Species Name Haploid Estimated Protein Protcins
genomesSize profeeme s17¢ enlries in annotated on
(million bp) {total proteing) SWISS PROT 2-1D Maps
Mveoplasma species (1.6-0.8 A0-600 108 > 1H)
Escherichia coli 4.4 4000 3870 > 360
Succharomyees cerevisiae 13.5 6000 3160 = |00
Dictvostelivm discoidenm 70 125(4) 204 -
Arabidopsis thaliana 70 140%) 270 -
Caenoriiahdits elegans 80 17800 703 -
Hanio supiens 2900 GOOGO-8000 2326 > H0

The study of verlcbrate proteomes and vertebrate development is a phenomenal
undertaking in comparison to the investigation of single cell organisms. This iy
because vast numbers of proteins are developmentally expressed. each body lissue has
hundreds of unique proteins, and there are numerous tssue lypes. However, 1t is
estimated that at least 35% of proteins in vertebrate cells will be conserved from tissue
to tissue. constituting the "housekeeping’ proteins (Bird. 1995), with the remainder of
proteins constituting a set that are specific to a cell type. Providing that standardised
electrophoretic conditions are used, reference maps from many tissues of one organ-
ism can be superimposed in gel databases (e.g. Hochstrasser ef al., 1992). This
accelerates the definition of the ‘housekeeping” proteins. as well as sets of proteins that
are unique (o different tissue types. Such studies may, however, he complicated hy
post-translational modifications, which can differ on the same gene product in
different tissues. Proteins that remain unknown after identification procedures will be
useful in providing locus for nucleic acid sequencing initiatives.
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FUTURE DIRECTIONS OF PROTEOME PROJECTS

This review has described recent advances in the area of proteome research. 1t has
illustrated how new developments of older technigues (2-I2 electrophoresis and amino
acid analysisy as well as the applications of new technology (mass spectrometry) have
greatly widened the choice of toofs the biologist and protein chemist has for the
separation. identification and analysis of complex mixtures of proteins. This has made
possible the establishment of detaited reference maps for organisms, which are
hecoming the method of choice for the definition of tissues or whole cells, and the
investigation of gene expression therein.

Proteome projects are alrcady impacting on the dogma of molecutar biology that
DNA sequence constitutes the definition of an organism. For example, the proteomes
of different tissues of a single organism are often significantiy different. Simitarly,
cross-species identification of proteins (for example the identification of proteins
from Candida albicans by comparison with 5. cerevisiae) can open up studies on
organrisms that are poorly molecularly defined. As cross-species identification can
proceed at a pace orders of magnitude faster than a genome project in terms of
defining the gene and protein complement of organims, the need for the DNA
sequencing of genomes will be avoided, and emphasis placed on those found to be
novel.

Just as genome sequencing is not an ead in itself, neither is an annotated 2-D protein
reference map of an organism, nor indeed the identification of proteins in a proteome.
Se whilst an inmediate aim of proteome projects is to screen proteins in reference
maps, this will lead to expression studies and characterisation of post-translational
modifications. The challenge that then needs to be addressed is the investigation of
structure and function of proteins in a proteome. The magnitude of this is illusirated by
the fact that over half the open reading frames identified in S, cerevisiae chromosome
111 were initially of no known function (Oliver et al.. 1992). Structural and functional
studies will be an undertaking just as formidable as genome studies are now and
proteome projects are becoming, but will lead to an unimaginably detailed under-
standing of how living organisms are constructed and how they operate.
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