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Abstract

The development of mass spectrometric methodologies for the sequencing of peptides and proteins are recounted. Early strategies for the
determination of very large proteins based on a combination of nucleotide sequencing and mass spectrometric amino acid sequencing are described

and their historical significance to the new field of proteomics is outlined.
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1. Introduction

Today a protein can be identified, including its post-
translational modifications, from a spot on a 2D gel. This became
possible in the late 1990s due to the confluence of developments
in DNA sequencing, computer technology and mass spectrom-
etry. But it had been only in 1953 that Sanger completed the
first determination of the primary structure of a protein, insulin
[1]. It was in the same year that Watson and Crick proposed the
double helix structure for DNA and the genetic code had not yet
been deciphered. In the 1950s chemists used mass spectrometry
mainly for quantitative analysis in the petroleum industry and for
the identification of relatively small and volatile organic com-
pounds by matching their spectra with those of known samples.

2. Peptide sequencing by mass spectrometry

In 1958 we began to develop a method for peptide sequencing
by mass spectrometry (MS) suitable for the determination of the
primary structure of proteins. The major obstacles were the non-
volatility of peptides due to their zwitter-ionic character, and the
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fact that the large number of possible sequences (400 dipeptides,
8000 tripeptides, . . .) made identification by matching impossi-
ble. Therefore, we had to convert the peptide to a more volatile
derivative that retains sequence information and produces a mass
spectrum from which the sequence can be deduced directly. This
was achieved by converting the carboxylate anion to a methyl
ester and the ammonium ion to an amido group. These reactions
eliminated the zwitter ion. Reduction of the carbonyl group of the
peptide bonds and methyl esters by lithium aluminum deuteride
resulted in an amino alcohol [2](Fig. 1). The newly formed -NH-
CHR-CD;-NH- group not only retains the sequence information
but also cleaves preferentially due to the stabilizing effect of the
adjacent imino groups. The result is a very simple mass spectrum
(Fig. 2) from which the sequence of the parent peptide can be
easily deduced directly, without the availability of an authentic
sample [3]. The incorporation of deuterium was required to
differentiate the side chains of serine and threonine from those
formed by the reduction of aspartic acid and glutamic acid. The
only ambiguities among the 20 natural protein amino acids were
leucine and isoleucine due to their isomeric side chains, and
the fact that asparagine and glutamine were partially converted
to aspartic and glutamic methyl esters by methanolysis before
reduction.

The ultimate aim of this strategy, the sequencing of a pro-
tein, required its applicability to the complex mixture of small
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Fig. 1. Reaction scheme for the reduction of peptides to polyamino alcohols.
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Fig. 2. Mass spectrum of the derivative of a tripeptide (Leu-Ala-Pro) (Reprinted
from Ref. [3] with permission from Elsevier).

peptides produced by partial acid or enzymatic hydrolysis. It
required efficient separation on a micro-scale after the deriva-
tization of that mixture. The relatively high volatility of the
polyamino alcohols allowed their separation by gas chromatog-
raphy (GC) (Fig. 3), a method developed a few years earlier
by James and Martin in the UK. Each fraction could be col-
lected manually and placed into the inlet system of the mass
spectrometer (CEC model 21-103C) to produce the spectrum.
Thus, the feasibility of this new approach to peptide, and ulti-
mately protein sequencing, had been demonstrated. However,
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Fig. 3. Gas chromatogram of the polyamino alcohols derived from a mixture
of di-, tri- and tetrapeptides (Reprinted from Ref. [3] with permission from
Elsevier).

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

Another type of peptide derivative suitable for sequencing,
acetyl-N,O-permethylated methyl esters, were developed by
Morris and Williams at Cambridge (UK). In these derivatives
the hydrogen bonding NH-groups had been replaced by -NCHj3
but the carbonyl groups were left intact. Therefore, the volatility
of these compounds was too low to be amenable to gas chro-
matography and thus were sublimed into the ion source, which
provided some degree of fractionation [8]. These “permethy-
lated” peptide derivatives were also extensively used by Hunt et
al. [9].

3. Sequencing proteins

When the final version of our GCMS methodology [4,5] was
applied to the partial acid hydrolyzate of subunit 1 of mon-
ellin, a small, sweet-tasting protein of unknown structure, 55
di- to hexapeptides could be identified in a single chromatogram
(Fig. 5). Because of the extensive overlap, these could be assem-
bled to one unique sequence (Fig. 6) [10].
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Fig. 4. Mass spectrum of the derivative obtained from a pentapeptide after trifluoroacetylation and trimethylsilylation of the corresponding amino alcohol.
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Fig. 5. Total ionization plot (gas chromatogram) of the derivatized partial acid hydrolyzate of subunit 1 of monellin. Numbers indicate elution of peptides identified
by their mass spectra. C-22 and C-32 refer to the hydrocarbons added as retention time standards (Reprinted from Ref. [10] with permission from Elsevier).

In the meantime Edman had developed the stepwise degra-
dation and sequencing of peptides and proteins [11]. This
methodology became widely used after its automation [12] and
commercialization. However, it had some limitations, such as
N-terminally blocked and cyclic peptides, highly hydropho-
bic peptides, peptides containing certain chemically or post-
translationally modified amino acids, etc. In such cases our
mass spectrometric method provided solutions: the first instance
of a N-myristylated peptide [13]; the above mentioned mon-
ellin, which has a very hydrophobic C-terminus that caused
“wash-out” in the Edman sequencer [14]; peptides containing
vy-carboxy-glutamic acid [15], etc.

3.1. Hydrophobic proteins

Because of the reciprocal complementarities of these two
very different methods, they were often applied together during
the next few years. A good example is the determination of the
primary structure of bacteriorhodopsin, the light-sensitive pro-
tein from Halobacterium halobium. This protein, which loops
through the cell membrane seven times, is so hydrophobic that it

1 5 10
Arg-Glu-Ile-Lys-Gly-Tyr-Glu~-Tyr-Gln-Leu-Tyr-Val-Tyr-Ala-Ser
——
16 20 25

Asp-Lys-Leu-Phe-Arg-Ala-Asn-Ile-Ser-Gln~Asn-Tyr-Lys-Thr-Arg

——

31 35 40
Gly-Arg-Lys—Leu-Leu~Arg-Phe-Asx-Gly-Pro-Val-Pro-Pro-Pro

——

Fig. 6. Amino acid sequence of subunit 1 of monellin. Underlining indicates
peptides identified by GCMS (Reprinted from Ref. [10] with permission from
Elsevier).

isinsoluble in the aqueous buffers used for enzymatic digestions.
In suspension chymotrypsin cleaved at a single peptide bond,
producing two polypeptides, C-1 and C-2, which could be sep-
arated by gel permeation chromatography. Both were still only
soluble in 70% formic acid, the preferred solvent for cyanogen
bromide. This reagent cleaves at the C-terminal side of methio-
nine, producing peptides ending in homoserine. For C-2 these
could be separated into five fractions, labeled CNBr-1 to 5a,b
according to their elution from a reverse phase column, therefore
their molecular size. These were sequenced by the Edman degra-
dation as well as by GCMS. As is apparent from Fig. 7, the latter
data revealed the sequence of all six peptides, with the excep-
tion of a few gaps and missing overlaps in CNBr-1 and CNBr-2.
Fortunately, these were covered by the Edman data, which in
turn could not reach the hydrophobic C-terminal region of any
of these peptides; 5a and 5b were too short to be amenable to
the Edman method. In order to assemble these six peptides in
the correct order we had to find overlapping peptides containing
methionine. This was accomplished by searching [7] the GCMS
data set obtained from a partial acid hydrolyzate of intact C-2
for characteristic fragment ions predicted for all potential X-
Met-Y sequences. The same strategy revealed the sequence of
C-1. Since the N-terminus of CNBr-2 was pyroglutamine the
sequence must be C-2—C-1 as shown in Fig. 8, consisting of a
linear string of 248 amino acids [16].

4. The advent of DNA sequencing

In 1978 Fowler and Zabin published a series of six papers
describing an 8 year effort at UCLA to determine the 1021
amino acids long sequence of (3-galactosidase from E. coli using
the Edman method. By the time the last [17] of these papers
appeared, Gilbert’s laboratory at Harvard had developed his
DNA sequencing method [18] and had applied it to the gene
coding for that protein. Their data confirmed the first 145 amino
acids of [(3-galactosidase. With this development a new vista
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Fig. 7. Amino acid sequences of the peptides obtained by cyanogen bromide cleavage of the N-terminal segment of bacteriorhodopsin. Underlining: GCMS data;

half-arrows: Edman data (adapted from Ref. [16a]).

for protein structure determination opened and DNA sequenc-
ing became an attractive alternative. However, it was still in
its infancy and prone to errors: the four lanes on long one-
dimensional electrophoresis gel strips had to be read manually
and repeatedly, because only a short range (about 50 nucleotides)
was sufficiently resolved and sharp enough in each experiment.
These problems were exacerbated by the fact that a single miss-
ing or erroneously inserted nucleotide causes a phase shift and
completely changes the derived amino acid sequence. Further-
more, even a correct nucleotide sequence represents three “read-
ing frames”, each one leading to a different protein sequence and
the correct one had to be identified. This could be done by identi-
fication of the N- and C-terminal amino acids of the protein, but
two compensating errors in the interior of the DNA strand can
still result in a long stretch of incorrect amino acid sequence. In
the DNA sequence, the start could be identified by the initiating

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

4.1. Combination of nucleotide sequencing with mass
spectrometry

Paul Schimmel, at that time a professor of biology at MIT,
was interested in the structure and mechanism of action of
aminoacyl-tRNA synthetases. These are large (up to 1000
amino acids long), multifunctional enzymes which recognize
and attach a specific amino acid to the corresponding transfer-
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Fig. 8. Primary structure of bacteriorhodopsin from H. halobium. Boxes represent the regions where the protein loops though the cell.
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RNA for the elongation of a growing polypeptide chain.
Rather than embarking on the tedious Edman degradation of
such large proteins, he decided to determine the about 3000
nucleotide long sequence of the structural gene coding for
alanyl-tRNA synthetase (ARS) from E. coli. When discussing
the difficulties mentioned above, I realized that all of these
could easily and efficiently be overcome by our GCMS method.
The identification (by sequence) of a relatively small number of
peptides scattered over the entire protein would reveal and help
to correct all these potential errors. Matching these peptides to
the three protein sequences corresponding to the three reading
frames not only allows bracketing the region where an error
occurred, but also whether it is a deletion or an insertion of a
nucleotide. Re-examination of that particular sequencing gel
identifies the error and eliminates the unnecessary proofreading
of all the others. As a consequence, we developed a strategy
for multiple phase checks by mass spectrometry, using partial
enzymatic digests of the corresponding protein [19].

In this collaboration Schimmel’s group began to sequence
the gene using the Maxam—Gilbert method, while we digested
the about 400 amino acids long N-terminal segment (termed
T-1) with thermolysin and pepsin, respectively. These enzymes
were chosen to minimize the production of free amino acids and
dipeptides, which would be useless. The resulting very complex
digests were then derivatized and the GCMS data set processed
using computer programs written for this purpose [5,7,20]. The
sequences of tri- to pentapeptides so identified were then fed
into our DEC PDP-11/45 computer along with the gradually
accumulating nucleotide sequences to match them to the three
reading frames.

The results for the first 89 codons are schematically depicted
in Fig. 9. The N-terminus had been identified by a few Edman
steps, thus defining reading frame 1. Three overlapping tri- and
tetrapeptides matched amino acids 11 through 15 (nucleotides
31-45), but others fit amino acids 48-51 (nucleotides 142—153)
and 81-84 (nucleotides 241-252) only in reading frame 3. This
indicated that one nucleotide had been missed in the region
between 46 and 141, but the remainder of the sequence up to
nucleotide 252 was correct. Re-inspection of the gels cover-
ing this stretch of less than hundred nucleotides revealed and
corrected the error. This process was continued until the entire
sequence of T-1 and then also of the C-terminal section (T-2)
had been defined, resulting in the complete primary structure of
ARS, which turned out to be 875 amino acids long. The work

Reading Frame 1
N —C (89)
Asx-Phe-Phe
xLeu-Asx-Phe

Phe-xLeu-Asx-Phe
11

- 77—

Reading Frame 2

N Iy
N

Reading Frame 3
N c
Val-Phe-Leu Gly-Tyr-Thr-Ala
81

Asx-Val-Phe-Leu
48

Fig. 9. Detection of an error in the DNA sequence (see text).

was published in 1981 in Science [21], which used the amino
acid and DNA sequences to illustrate the cover of that issue.
The significance of this complementary strategy was immedi-
ately recognized by others working on the determination of the
structures of these and other large proteins. Even before the
sequence of ARS was completed, we began a collaboration with
Soll at Yale on glutaminyl-tRNA synthetase from E. coli [22].

A remarkable turning point in the application of mass spec-
trometry to peptide sequencing was reached in 1981 with Bar-
ber’s (Manchester, UK) invention of “fast atom bombardment”
(FAB) ionization. This novel technique made it possible to ion-
ize an intact, underivatized peptide, such as Met-Lys-bradykinin
(mw 1318) [23]. As a so-called “soft ionization” technique, it
produced very stable (M + H)* ions, which have little tendency
to fragment. This had the disadvantage of a lack of sequence
specific fragment ions (unless a very large or very pure peptide
sample was used), but the great advantage that it was now possi-
ble to measure the molecular weights of large peptides directly,
even in mixtures. Furthermore, it was easy to use this method
by simply fitting a commercially available argon atom gun to
the ion source of almost any existing mass spectrometer. Now
we could use trypsin to specifically cleave a protein at the C-
terminal side of all arginines and lysines and produce a mixture
of peptides of the size just right for FAB-MS. It was only neces-
sary to separate the digest by liquid chromatography into a few
simpler mixtures to obtain the molecular weight of most or all
the peptides produced from the protein by cleavage with trypsin
(Fig. 10).

This development, which almost over night rendered obsolete
the derivatization chemistry we had developed and so success-
fully applied over more than two decades, greatly expanded
the use of mass spectrometric peptide and protein sequencing.
At that time, we were working on the sequencing of Gln-
tRNA synthetase as mentioned above, but completed it using
FAB-MS [22]. The sequences of Gly-, Met-, His- and Glu-tRNA
synthetases were determined by the same collaborative DNA
sequencing (some using the Sanger method [24])/FAB-MS
strategy (Table 1). The basic difference between this and the
earlier GCMS approach is demonstrated in Fig. 11. Rather than
matching many short sequences, we calculated the molecular
weights of all tryptic peptides predicted for the amino acid
sequences corresponding to each of the three reading frames,

Table 1
Sequences of aminoacyl tRNA synthetases deduced by a combination of DNA
sequencing and mass spectrometry

Number of amino acids References

Ala-tRNA synthetase® ¢ 875 [21]
GIn-tRNA synthetase® ¢ 550 [22]
Gly-tRNA synthetase” ¢ 990 [25]
Met-tRNA synthetase® 4 751 [26]
His-tRNA synthetase® 324 [27]
Glu-tRNA synthetase” ¢ 471 [28]

2 By GCMS.

b By FAB-MS.

¢ From E. coli.
4 From yeast.
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Fig. 10. Schematic illustration of the determination of the molecular weights of
the components of a tryptic digest. The mass spectrum (bottom) indicates the
molecular weights of 11 peptides in the range from 900 to 2400 in the HPLC
fraction (box) collected.

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

In the example shown (Fig. 11), the values for two peptides
matched those predicted for tryptic peptides from reading frame
1, but others matched reading frame 3. This indicated that one
nucleotide had been missed in the region of the 41 in between.
Insertion of one of the four nucleosides at each consecutive posi-
tion would create 168 possibilities to be tested. However, the
most frequent omission of a nucleotide occurs when it is pre-
ceded by the same one, which may cause the two consecutive
bands in the same lane of the gel to be too close to be visually
resolved. Thus, “doubling up” each one of the 41 nucleotides one
at a time generated only 42 new potentially correct sequences
from which 8 would produce one or more tryptic peptides. For
only two of these (7 and 17) did the predicted molecular weight
correspond to one (1444) actually present in the tryptic digest
of the protein. These could be distinguished by three steps of
“subtractive” Edman degradations, which involve measuring
the molecular weight changes after each step. The N-terminus
turned out to be Leu-Ala-Asp, indicating that sequence seven

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

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

Such transformations of the nascent polypeptide chain to
the various biologically active forms of a protein cannot be
deduced or predicted from the nucleotide sequence of the gene.
To pinpoint and identify these modifications, sequence specific
fragmentation of the tryptic (or other enzymatically or chemi-
cally produced) peptides was necessary. This was achieved by
tandem mass spectrometry (MS/MS) which involves the colli-
sion of an (M + H)* ion produced in the first mass spectrometer
with a noble gas at low (a few eV) kinetic energy in a triple
quadrupole MS [29] or at high (kV) energy in a four-sector
magnetic MS [30]. These spectra, particularly those involving
high energy collisions, provided clear, complete sequence infor-
mation, including the differentiation of leucine and isoleucine.
This approach not only revealed the type and position of post-
translational modifications [31] but also permitted the sequenc-
ing of proteins entirely by FAB-MS/MS, as first demonstrated
on a number of thioredoxins [32] and later glutaredoxins.

5. Mass spectrometry of proteins ‘“going public”

The work described above had made the biochemistry com-
munity acutely aware of the value and unique significance of
mass spectrometry to the field of gene/protein structure correla-
tion. The potential of matching the molecular weights of tryptic
(or other specific cleavage) peptides to known or predicted pro-
tein sequences was quickly recognized. In 1989, at the third
Symposium of The Protein Society, Henzel from Stults’ group
at Genentech presented an algorithm for using this principle to
identify proteins by matching such mass spectral data to then
already available digital databases. Four years later four papers,
three of them from other laboratories, demonstrated the utility
of this approach and elaborated on it [33-36].

The strategies described above soon became the basis of
today’s proteomics, a new field further stimulated by two major
advances in instrumentation. In 1988 matrix-assisted laser des-
orption ionization (MALDI) was developed by Hillenkamp at
the University of Miinster (Germany) [37] and soon thereafter
electrospray ionization (ESI) by Fenn at Yale [38]. These tech-
niques, particularly ESI, which lent itself well to interfacing with
liquid chromatography, essentially replaced FAB-MS. Finally,
“nanospray” ESI developed by Wilm and Mann in Denmark
made it possible to obtain the molecular weights of the compo-
nents of tryptic or other enzyme digests of a protein extracted
from a spot on a two-dimensional electrophoresis gel [39]. Hunt
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=
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|\ _
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Fig. 11. Detection and correction of an error in a DNA sequence by FAB-MS. Underlining: tryptic peptides detected and predicted; half-arrows: subtractive Edman
data. For details see text (Reprinted from Ref. [26] with permission from NAS).

and co-workers achieved automated high-throughput analysis
of enzymatic digests of mixtures of proteins [40]. In Yates’
laboratory, the database matching algorithms mentioned above
were expanded to include the use of predicted MS/MS spectra
[41], and later to analyze entire protein complexes by multi-
dimensional liquid chromatography and ESI-MS/MS method-
ology using the yeast genome sequence [42]. The completion
of the sequencing of the entire human genome in the year 2000
finally eliminated the need to painstakingly determine the amino
acid sequence of each of the about 20,000 proteins coded by
the nucleotide sequence. But to follow the cascades of post-
translational conversions to the biologically active structures,
mass spectrometry is still the principal methodology available
for this important, but daunting task [43].
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