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bstract
The development of mass spectrometric methodologies for the sequencing of peptides and proteins are recounted. Early strategies for the
etermination of very large proteins based on a combination of nucleotide sequencing and mass spectrometric amino acid sequencing are described
nd their historical significance to the new field of proteomics is outlined.
ublished by Elsevier B.V.
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. Introduction

Today a protein can be identified, including its post-
ranslational modifications, from a spot on a 2D gel. This became
ossible in the late 1990s due to the confluence of developments
n DNA sequencing, computer technology and mass spectrom-
try. But it had been only in 1953 that Sanger completed the
rst determination of the primary structure of a protein, insulin
1]. It was in the same year that Watson and Crick proposed the
ouble helix structure for DNA and the genetic code had not yet
een deciphered. In the 1950s chemists used mass spectrometry
ainly for quantitative analysis in the petroleum industry and for

he identification of relatively small and volatile organic com-
ounds by matching their spectra with those of known samples.

. Peptide sequencing by mass spectrometry
In 1958 we began to develop a method for peptide sequencing
y mass spectrometry (MS) suitable for the determination of the
rimary structure of proteins. The major obstacles were the non-
olatility of peptides due to their zwitter-ionic character, and the
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act that the large number of possible sequences (400 dipeptides,
000 tripeptides, . . .) made identification by matching impossi-
le. Therefore, we had to convert the peptide to a more volatile
erivative that retains sequence information and produces a mass
pectrum from which the sequence can be deduced directly. This
as achieved by converting the carboxylate anion to a methyl

ster and the ammonium ion to an amido group. These reactions
liminated the zwitter ion. Reduction of the carbonyl group of the
eptide bonds and methyl esters by lithium aluminum deuteride
esulted in an amino alcohol [2](Fig. 1). The newly formed –NH-
HR-CD2-NH– group not only retains the sequence information
ut also cleaves preferentially due to the stabilizing effect of the
djacent imino groups. The result is a very simple mass spectrum
Fig. 2) from which the sequence of the parent peptide can be
asily deduced directly, without the availability of an authentic
ample [3]. The incorporation of deuterium was required to
ifferentiate the side chains of serine and threonine from those
ormed by the reduction of aspartic acid and glutamic acid. The
nly ambiguities among the 20 natural protein amino acids were
eucine and isoleucine due to their isomeric side chains, and
he fact that asparagine and glutamine were partially converted

o aspartic and glutamic methyl esters by methanolysis before
eduction.

The ultimate aim of this strategy, the sequencing of a pro-
ein, required its applicability to the complex mixture of small

mailto:kbiemann@mit.edu
dx.doi.org/10.1016/j.ijms.2006.08.002
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Fig. 1. Reaction scheme for the reduction of peptides to polyamino alcohols.
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ig. 2. Mass spectrum of the derivative of a tripeptide (Leu-Ala-Pro) (Reprinted
rom Ref. [3] with permission from Elsevier).

eptides produced by partial acid or enzymatic hydrolysis. It
equired efficient separation on a micro-scale after the deriva-
ization of that mixture. The relatively high volatility of the
olyamino alcohols allowed their separation by gas chromatog-
aphy (GC) (Fig. 3), a method developed a few years earlier
y James and Martin in the UK. Each fraction could be col-

ected manually and placed into the inlet system of the mass
pectrometer (CEC model 21–103C) to produce the spectrum.
hus, the feasibility of this new approach to peptide, and ulti-
ately protein sequencing, had been demonstrated. However,
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Fig. 4. Mass spectrum of the derivative obtained from a pentapeptide after trifluo
ig. 3. Gas chromatogram of the polyamino alcohols derived from a mixture
f di-, tri- and tetrapeptides (Reprinted from Ref. [3] with permission from
lsevier).

urther improvements were necessary to apply it successfully
o the very complex mixtures of small peptides consisting of
ny of the 20 protein amino acids. Trimethylsilylation of the
ree hydroxyl groups and trifluoroacetylation not only extended
he gas chromatographic separability to larger and more polar
olyamino alcohols, but also further improved the specificity of
he mass spectra (Fig. 4) [4,5]. The development of the direct
nterface of the GC with the MS [6] eliminated the tedious and
ime consuming collection of individual fractions; novel com-
uter algorithms facilitated the interpretation of the resulting
ast amount of data [5,7].

Another type of peptide derivative suitable for sequencing,
cetyl-N,O-permethylated methyl esters, were developed by
orris and Williams at Cambridge (UK). In these derivatives

he hydrogen bonding NH-groups had been replaced by –NCH3
ut the carbonyl groups were left intact. Therefore, the volatility
f these compounds was too low to be amenable to gas chro-
atography and thus were sublimed into the ion source, which

rovided some degree of fractionation [8]. These “permethy-
ated” peptide derivatives were also extensively used by Hunt et
l. [9].

. Sequencing proteins

When the final version of our GCMS methodology [4,5] was
pplied to the partial acid hydrolyzate of subunit 1 of mon-

llin, a small, sweet-tasting protein of unknown structure, 55
i- to hexapeptides could be identified in a single chromatogram
Fig. 5). Because of the extensive overlap, these could be assem-
led to one unique sequence (Fig. 6) [10].

roacetylation and trimethylsilylation of the corresponding amino alcohol.
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ig. 5. Total ionization plot (gas chromatogram) of the derivatized partial acid h
y their mass spectra. C-22 and C-32 refer to the hydrocarbons added as retenti

In the meantime Edman had developed the stepwise degra-
ation and sequencing of peptides and proteins [11]. This
ethodology became widely used after its automation [12] and

ommercialization. However, it had some limitations, such as
-terminally blocked and cyclic peptides, highly hydropho-
ic peptides, peptides containing certain chemically or post-
ranslationally modified amino acids, etc. In such cases our

ass spectrometric method provided solutions: the first instance
f a N-myristylated peptide [13]; the above mentioned mon-
llin, which has a very hydrophobic C-terminus that caused
wash-out” in the Edman sequencer [14]; peptides containing
-carboxy-glutamic acid [15], etc.

.1. Hydrophobic proteins

Because of the reciprocal complementarities of these two
ery different methods, they were often applied together during

he next few years. A good example is the determination of the
rimary structure of bacteriorhodopsin, the light-sensitive pro-
ein from Halobacterium halobium. This protein, which loops
hrough the cell membrane seven times, is so hydrophobic that it

ig. 6. Amino acid sequence of subunit 1 of monellin. Underlining indicates
eptides identified by GCMS (Reprinted from Ref. [10] with permission from
lsevier).
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yzate of subunit 1 of monellin. Numbers indicate elution of peptides identified
e standards (Reprinted from Ref. [10] with permission from Elsevier).

s insoluble in the aqueous buffers used for enzymatic digestions.
n suspension chymotrypsin cleaved at a single peptide bond,
roducing two polypeptides, C-1 and C-2, which could be sep-
rated by gel permeation chromatography. Both were still only
oluble in 70% formic acid, the preferred solvent for cyanogen
romide. This reagent cleaves at the C-terminal side of methio-
ine, producing peptides ending in homoserine. For C-2 these
ould be separated into five fractions, labeled CNBr-1 to 5a,b
ccording to their elution from a reverse phase column, therefore
heir molecular size. These were sequenced by the Edman degra-
ation as well as by GCMS. As is apparent from Fig. 7, the latter
ata revealed the sequence of all six peptides, with the excep-
ion of a few gaps and missing overlaps in CNBr-1 and CNBr-2.
ortunately, these were covered by the Edman data, which in

urn could not reach the hydrophobic C-terminal region of any
f these peptides; 5a and 5b were too short to be amenable to
he Edman method. In order to assemble these six peptides in
he correct order we had to find overlapping peptides containing

ethionine. This was accomplished by searching [7] the GCMS
ata set obtained from a partial acid hydrolyzate of intact C-2
or characteristic fragment ions predicted for all potential X-

et-Y sequences. The same strategy revealed the sequence of
-1. Since the N-terminus of CNBr-2 was pyroglutamine the

equence must be C-2–C-1 as shown in Fig. 8, consisting of a
inear string of 248 amino acids [16].

. The advent of DNA sequencing

In 1978 Fowler and Zabin published a series of six papers
escribing an 8 year effort at UCLA to determine the 1021
mino acids long sequence of �-galactosidase from E. coli using
he Edman method. By the time the last [17] of these papers

ppeared, Gilbert’s laboratory at Harvard had developed his
NA sequencing method [18] and had applied it to the gene

oding for that protein. Their data confirmed the first 145 amino
cids of �-galactosidase. With this development a new vista
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ig. 7. Amino acid sequences of the peptides obtained by cyanogen bromide c
alf-arrows: Edman data (adapted from Ref. [16a]).

or protein structure determination opened and DNA sequenc-
ng became an attractive alternative. However, it was still in
ts infancy and prone to errors: the four lanes on long one-
imensional electrophoresis gel strips had to be read manually
nd repeatedly, because only a short range (about 50 nucleotides)
as sufficiently resolved and sharp enough in each experiment.
hese problems were exacerbated by the fact that a single miss-

ng or erroneously inserted nucleotide causes a phase shift and
ompletely changes the derived amino acid sequence. Further-
ore, even a correct nucleotide sequence represents three “read-

ng frames”, each one leading to a different protein sequence and
he correct one had to be identified. This could be done by identi-

cation of the N- and C-terminal amino acids of the protein, but

wo compensating errors in the interior of the DNA strand can
till result in a long stretch of incorrect amino acid sequence. In
he DNA sequence, the start could be identified by the initiating

w
a
a
a

Fig. 8. Primary structure of bacteriorhodopsin from H. halobium. Box
ge of the N-terminal segment of bacteriorhodopsin. Underlining: GCMS data;

TG codon for methionine and the termination by one of the
stop” codons (ATG, TAA or TAG), but this was subject to the
ame phase-shift problem. In addition, the “coding strand” has to
e identified, because the complementary “non-coding strand”
ives rise to yet another three different amino acid sequences.
ll these problems become more and more severe the longer the
rotein chain and, therefore, the coding DNA strand is.

.1. Combination of nucleotide sequencing with mass
pectrometry

Paul Schimmel, at that time a professor of biology at MIT,

as interested in the structure and mechanism of action of

minoacyl-tRNA synthetases. These are large (up to 1000
mino acids long), multifunctional enzymes which recognize
nd attach a specific amino acid to the corresponding transfer-

es represent the regions where the protein loops though the cell.
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earlier GCMS approach is demonstrated in Fig. 11. Rather than
matching many short sequences, we calculated the molecular
K. Biemann / International Journa

NA for the elongation of a growing polypeptide chain.
ather than embarking on the tedious Edman degradation of

uch large proteins, he decided to determine the about 3000
ucleotide long sequence of the structural gene coding for
lanyl-tRNA synthetase (ARS) from E. coli. When discussing
he difficulties mentioned above, I realized that all of these
ould easily and efficiently be overcome by our GCMS method.
he identification (by sequence) of a relatively small number of
eptides scattered over the entire protein would reveal and help
o correct all these potential errors. Matching these peptides to
he three protein sequences corresponding to the three reading
rames not only allows bracketing the region where an error
ccurred, but also whether it is a deletion or an insertion of a
ucleotide. Re-examination of that particular sequencing gel
dentifies the error and eliminates the unnecessary proofreading
f all the others. As a consequence, we developed a strategy
or multiple phase checks by mass spectrometry, using partial
nzymatic digests of the corresponding protein [19].

In this collaboration Schimmel’s group began to sequence
he gene using the Maxam–Gilbert method, while we digested
he about 400 amino acids long N-terminal segment (termed
-1) with thermolysin and pepsin, respectively. These enzymes
ere chosen to minimize the production of free amino acids and
ipeptides, which would be useless. The resulting very complex
igests were then derivatized and the GCMS data set processed
sing computer programs written for this purpose [5,7,20]. The
equences of tri- to pentapeptides so identified were then fed
nto our DEC PDP-11/45 computer along with the gradually
ccumulating nucleotide sequences to match them to the three
eading frames.

The results for the first 89 codons are schematically depicted
n Fig. 9. The N-terminus had been identified by a few Edman
teps, thus defining reading frame 1. Three overlapping tri- and
etrapeptides matched amino acids 11 through 15 (nucleotides
1–45), but others fit amino acids 48–51 (nucleotides 142–153)
nd 81–84 (nucleotides 241–252) only in reading frame 3. This
ndicated that one nucleotide had been missed in the region
etween 46 and 141, but the remainder of the sequence up to
ucleotide 252 was correct. Re-inspection of the gels cover-
ng this stretch of less than hundred nucleotides revealed and

orrected the error. This process was continued until the entire
equence of T-1 and then also of the C-terminal section (T-2)
ad been defined, resulting in the complete primary structure of
RS, which turned out to be 875 amino acids long. The work

Fig. 9. Detection of an error in the DNA sequence (see text).
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as published in 1981 in Science [21], which used the amino
cid and DNA sequences to illustrate the cover of that issue.
he significance of this complementary strategy was immedi-
tely recognized by others working on the determination of the
tructures of these and other large proteins. Even before the
equence of ARS was completed, we began a collaboration with
öll at Yale on glutaminyl-tRNA synthetase from E. coli [22].

A remarkable turning point in the application of mass spec-
rometry to peptide sequencing was reached in 1981 with Bar-
er’s (Manchester, UK) invention of “fast atom bombardment”
FAB) ionization. This novel technique made it possible to ion-
ze an intact, underivatized peptide, such as Met-Lys-bradykinin
mw 1318) [23]. As a so-called “soft ionization” technique, it
roduced very stable (M + H)+ ions, which have little tendency
o fragment. This had the disadvantage of a lack of sequence
pecific fragment ions (unless a very large or very pure peptide
ample was used), but the great advantage that it was now possi-
le to measure the molecular weights of large peptides directly,
ven in mixtures. Furthermore, it was easy to use this method
y simply fitting a commercially available argon atom gun to
he ion source of almost any existing mass spectrometer. Now
e could use trypsin to specifically cleave a protein at the C-

erminal side of all arginines and lysines and produce a mixture
f peptides of the size just right for FAB–MS. It was only neces-
ary to separate the digest by liquid chromatography into a few
impler mixtures to obtain the molecular weight of most or all
he peptides produced from the protein by cleavage with trypsin
Fig. 10).

This development, which almost over night rendered obsolete
he derivatization chemistry we had developed and so success-
ully applied over more than two decades, greatly expanded
he use of mass spectrometric peptide and protein sequencing.
t that time, we were working on the sequencing of Gln-

RNA synthetase as mentioned above, but completed it using
AB–MS [22]. The sequences of Gly-, Met-, His- and Glu-tRNA
ynthetases were determined by the same collaborative DNA
equencing (some using the Sanger method [24])/FAB–MS
trategy (Table 1). The basic difference between this and the
eights of all tryptic peptides predicted for the amino acid
equences corresponding to each of the three reading frames,

able 1
equences of aminoacyl tRNA synthetases deduced by a combination of DNA
equencing and mass spectrometry

Number of amino acids References

la-tRNA synthetasea,c 875 [21]
ln-tRNA synthetasea–c 550 [22]
ly-tRNA synthetaseb,c 990 [25]
et-tRNA synthetaseb,d 751 [26]
is-tRNA synthetaseb,c 324 [27]
lu-tRNA synthetaseb,c 471 [28]

a By GCMS.
b By FAB–MS.
c From E. coli.
d From yeast.
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ig. 10. Schematic illustration of the determination of the molecular weights of
he components of a tryptic digest. The mass spectrum (bottom) indicates the

olecular weights of 11 peptides in the range from 900 to 2400 in the HPLC
raction (box) collected.

nd matched them with those experimentally determined from
he tryptic digest of the protein.

In the example shown (Fig. 11), the values for two peptides
atched those predicted for tryptic peptides from reading frame

, but others matched reading frame 3. This indicated that one
ucleotide had been missed in the region of the 41 in between.
nsertion of one of the four nucleosides at each consecutive posi-
ion would create 168 possibilities to be tested. However, the

ost frequent omission of a nucleotide occurs when it is pre-
eded by the same one, which may cause the two consecutive
ands in the same lane of the gel to be too close to be visually
esolved. Thus, “doubling up” each one of the 41 nucleotides one
t a time generated only 42 new potentially correct sequences
rom which 8 would produce one or more tryptic peptides. For
nly two of these (7 and 17) did the predicted molecular weight
orrespond to one (1444) actually present in the tryptic digest

f the protein. These could be distinguished by three steps of
subtractive” Edman degradations, which involve measuring
he molecular weight changes after each step. The N-terminus
urned out to be Leu-Ala-Asp, indicating that sequence seven

“
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s the correct one and the error was due to the omission of an
dditional guanidylic acid between G and A [26].

A different problem arose in the case of Met-tRNA synthetase
rom yeast. When sequencing the gene coding for this large
rotein, three Met codons were found close together, but an
ttempt to identify the initiating codon by determination of the
-terminus of the protein using the Edman method failed. A
AB–MS experiment on a tryptic digest revealed the presence
f three peptides, the [M + H]+ ions of which fit only between
he first and the second Met, indicating that the first one initiates
ranscription but is then removed and the serine that follows
cetylated, a common feature of post-translational processes
26].

Such transformations of the nascent polypeptide chain to
he various biologically active forms of a protein cannot be
educed or predicted from the nucleotide sequence of the gene.
o pinpoint and identify these modifications, sequence specific
ragmentation of the tryptic (or other enzymatically or chemi-
ally produced) peptides was necessary. This was achieved by
andem mass spectrometry (MS/MS) which involves the colli-
ion of an (M + H)+ ion produced in the first mass spectrometer
ith a noble gas at low (a few eV) kinetic energy in a triple
uadrupole MS [29] or at high (kV) energy in a four-sector
agnetic MS [30]. These spectra, particularly those involving

igh energy collisions, provided clear, complete sequence infor-
ation, including the differentiation of leucine and isoleucine.
his approach not only revealed the type and position of post-

ranslational modifications [31] but also permitted the sequenc-
ng of proteins entirely by FAB-MS/MS, as first demonstrated
n a number of thioredoxins [32] and later glutaredoxins.

. Mass spectrometry of proteins “going public”

The work described above had made the biochemistry com-
unity acutely aware of the value and unique significance of
ass spectrometry to the field of gene/protein structure correla-

ion. The potential of matching the molecular weights of tryptic
or other specific cleavage) peptides to known or predicted pro-
ein sequences was quickly recognized. In 1989, at the third
ymposium of The Protein Society, Henzel from Stults’ group
t Genentech presented an algorithm for using this principle to
dentify proteins by matching such mass spectral data to then
lready available digital databases. Four years later four papers,
hree of them from other laboratories, demonstrated the utility
f this approach and elaborated on it [33–36].

The strategies described above soon became the basis of
oday’s proteomics, a new field further stimulated by two major
dvances in instrumentation. In 1988 matrix-assisted laser des-
rption ionization (MALDI) was developed by Hillenkamp at
he University of Münster (Germany) [37] and soon thereafter
lectrospray ionization (ESI) by Fenn at Yale [38]. These tech-
iques, particularly ESI, which lent itself well to interfacing with
iquid chromatography, essentially replaced FAB–MS. Finally,

nanospray” ESI developed by Wilm and Mann in Denmark
ade it possible to obtain the molecular weights of the compo-

ents of tryptic or other enzyme digests of a protein extracted
rom a spot on a two-dimensional electrophoresis gel [39]. Hunt
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ig. 11. Detection and correction of an error in a DNA sequence by FAB–MS. U
ata. For details see text (Reprinted from Ref. [26] with permission from NAS)

nd co-workers achieved automated high-throughput analysis
f enzymatic digests of mixtures of proteins [40]. In Yates’
aboratory, the database matching algorithms mentioned above
ere expanded to include the use of predicted MS/MS spectra

41], and later to analyze entire protein complexes by multi-
imensional liquid chromatography and ESI–MS/MS method-
logy using the yeast genome sequence [42]. The completion
f the sequencing of the entire human genome in the year 2000
nally eliminated the need to painstakingly determine the amino
cid sequence of each of the about 20,000 proteins coded by
he nucleotide sequence. But to follow the cascades of post-
ranslational conversions to the biologically active structures,

ass spectrometry is still the principal methodology available
or this important, but daunting task [43].
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