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Advances in DNA sequencing has

changed the focus of analytical biochem-

istry

Advanced technology for determination of DNA se-

quences has become widely available in the last decade

and have been used for sequencing cDNAs and en-

tire genomes from a variety of organisms ranging from

viruses to man. As a consequence, the amount of

DNA sequence information entered in publicly acces-

sible databases has increased exponentially in the last

decade. This growth has by far exceeded the growth of

sequences entered in databases based on de novo pro-

tein sequencing. In addition to the genomic sequenc-

ing, large scale partial cDNA's sequencing has resulted

in another set of data, the so-called expressed sequence

tags (EST's), containing stretches of sequence from a

large number of genes from a variety of organisms. The

genomic sequences only provides information of the po-

tential of the selected microorganisms and cell types

but does not reect the actual situation at any given

moment, i.e. which proteins are expressed and how

are they modi�ed. cDNA sequences or the incomplete

EST's gives information on the actually expressed pro-

teins, but no information on processing and secondary

information. Therefore, studies of the proteins will

never be obsolete, but the questions to address will be

di�erent. There is no doubt that the huge amount of

sequence information will be one of the most impor-

tant sources to new knowledge about biological systems.

However, e�ective use of this information requires de-

velopment of new analytical concepts by which data can

be generated that matches the type of information in

sequence databases.

Mass spectrometry the ideal analytical

technique in the post genome era

Independently, but coinciding in time, mass spec-

trometric analysis has undergone an equally dramatic

development. From being an analytical tool for anal-

ysis of small volatile molecules, new ionization meth-

ods, especially electrospray ionization (ESI) (Fenn et al.

1989) and matrix assisted laser desorption/ionization

(MALDI) (Karas and Hillenkamp 1988), have increased

the accessible mass range to include nearly all pro-

teins. Mass accuracy and sensitivity have been im-

proved to a routinely achievable level (Table 1) which

allow analysis of proteins, nucleic acids and oligosaccha-

rides isolated by the most sensitive separation methods

presently available (Jensen et al. 1996).

Table 1. Mass accuracy and sensitivity routinely achieved by MS of peptides and proteins.

mass range 0.5 - 5 kDa 5 -20 kDa > 20 kDa
MALDI DE-RF-TOF 30 ppm 50-100 ppm

Mass Accuracy MALDI DE-lin-TOF 100 ppm 100-200 ppm 0.02-0.1ppm
nanoESI all modes 0.1 Da 1 Da 0.01%

Sensitivity MALDI all modes 0.1 - 1 fmoles 1 - 10 fmoles 0.1 - 1 pmoles
nanoESI-quadrupole 10-50 fmoles 0.1 - 1 pmoles 1-10 pmoles
nanoESI-QTOF 1-10 fmoles 50-100 fmoles 0.5-5 pmoles



P. Roepstor� 441

Mass spectrometry (MS) has been proven ideal for

analysis of peptide and protein mixtures and partial or

complete sequence information can be generated from

the single components in such mixtures by the so-called

MS/MS techniques. In addition, MS is the ideal tech-

nique for analysis of post translational modi�cations in

proteins, thus being the perfect complement to DNA se-

quencing. Recent progress in nucleic acid and oligosac-

charide analysis indicate that concepts similar for those

described below for protein studies will also be appli-

cable in studies of these biopolymers.

Proteome analysis the next step after the

genome

Once a genome is sequenced then the next natural

step is analysis of the proteome which as de�ned by

Wilkins et al. 1996 represent: The total protein com-

plement expressed by an organism, a cell or a tissue

type. Proteome analysis involves two essential steps.

Firstly, separation and visualization of the proteins and,

secondly, identi�cation of the proteins relative to the

genomic sequence, if known. 2- dimensional polyacry-

lamide gel electrophoresis (2D-PAGE) is the only tech-

nique presently available for separation of all or the

majority of the proteins from a given cell type. Iden-

ti�cation of the proteins is now routinely carried out

by mass spectrometry after digestion of the proteins

in the gel with appropriate proteolytic enzymes. This

can be done either based on peptide maps produced by

MALDI MS or partial sequences produced by ESI MS

(For a complete strategy see: Shevchenko et al. 1996)

Of these techniques peptide mapping by MALDI MS is

the simplest and most sensitive whereas the sequence

based techniques are more speci�c. Partial sequences

also often allow identi�cation in cases where only par-

tial protein sequence information is available, e.g., in

EST databases (Mann 1996). Upon positive identi�ca-

tion, the corresponding cDNA can then be ordered and

sequenced.

Characterization of secondary modi�ca-

tions is essential

The genomic sequence contains information about

the amino acid sequence of the proteins. However, a

majority of all proteins are modi�ed after they have

been synthesized based on the information in genetic

code, so-called post translational modi�cation. Once a

protein is identi�ed, then the next obvious questions

are: Are the identi�ed proteins post translationally

modi�ed and if so, how? If the puri�ed protein is avail-

able then the strategy is to compare its molecular mass

determined by MS with that calculated based on the

DNA sequence. If these masses are di�erent, then the

modi�ed sites and the types of modi�cation are iden-

ti�ed based on mass spectrometric peptide mapping if

relevant supplemented with MS/MS of relevant peptide

ions or degradation with appropriate enzymes, e.g., gly-

cosidases or phosphatases (Burlingame 1996, Bean et

al. 1995). If the proteins are only available as spots

or bands in electrophoretic gels, then it is often not

possible to determine the molecular mass of the intact

protein and characterization of post translational mod-

i�cations must rely on peptide mapping before and af-

ter enzymatic treatments and when appropriate sup-

plemented with MS/MS of selected components in the

mixture. In such cases it is essential to obtain complete

or very high sequence coverage in the peptide maps

(Moertz et al. 1996, Wilm et al. 1996a). The most

frequently occurring secondary modi�cations are N- or

C-terminal removal of part of the protein, acylation of

the N-terminal amino group or the side chain amino

group of Lysine, phosphorylation of serine, threonine

and tyrosine hydroxyl groups and glycosylation of as-

paragine, serine or threonine. Characterization of all

these modi�cations is now possible by mass spectrom-

etry (Roepstor� 1997, Jensen et al. 1998)

When is \de novo" protein sequencing

relevant?

If a protein under identi�cation in proteome studies

comes out as unknown in the data base search, then

su�cient de novo sequence information must be gener-

ated to allow synthesis of nucleotide probes for subse-

quent isolation of the corresponding cDNA from cDNA

libraries. This has been achieved from silver stained

2D-gels by ESI MS/MS (Wilm et al. 1996b). In cases

where no genomic or cDNA information is available for

the organism studied then complete sequencing on the

protein level might be indicated as for example in our
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studies of insect and crustacean cuticle proteins (An-

dersen et al. 1995). A number of strategies have been

proposed for protein sequencing based on or supported

by mass spectrometry (Fig. 1). However, attempts to

perform de novo sequencing of entire proteins with mass

spectrometry as the only sequencing method nearly al-

ways fails, because amino acid residues in some posi-

tions always remain unassigned or ambiguously identi-

�ed. In our experience the best strategy for complete

de novo protein sequencing involves a combination of

Edman degradation and mass spectrometric analysis

(Roepstor� and Hoejrup 1993).

Protein sequencing by mass spectrometry

MS-only based techniques

Collision induced dissociation (CID)

Post source decay (PSD)
(Spengler et al. 1992)

Combined methods with MS detection

Ladder sequencing using Edman degradation
(Chait et al. 1993)

Ladder sequencing using carboxypeptidases
(Patterson et al. 1995)

Partial acid hydrolysis
(Vorm and Roepstor� 1994)

MS supported strategy

Edman degradation combined with MS
(Roepstor� and Hoejrup 1993)

Figure 1. Di�erent approaches for mass spectrometric de novo protein sequencing.

Conclusion

There is no doubt that mass spectrometry will play

an increasingly important role as protein analytical tool

in the post genome era. The information obtained from

the mass spectra is perfectly complementary to the in-

formation derived from genome or cDNA sequencing.

The combination of sensitivity and speci�city is unsur-

passed by any other technique for protein identi�cation

and for characterization of post translational modi�ca-

tions in proteins. Although not a fully reliable sequenc-

ing tool, then the sensitivity with which partial or full

sequence information can be generated from peptides is

extremely useful in many applications. The next major

�elds in protein studies where mass spectrometry must

be expected to gain acceptance are those of protein sur-

face topology and protein interaction studies. The �rst

applications in these �elds already have appeared and

the future potential is very high (Roepstor� 1997). We

can also expect to see an increasing number of applica-

tions of mass spectrometry to nucleic acid and oligosac-

charide analysis.
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