
 

Some applications of mass spectrometry in biochemistry

Citation for published version (APA):
Leclercq, P. A. (1975). Some applications of mass spectrometry in biochemistry. [Phd Thesis 1 (Research TU/e /
Graduation TU/e), Chemical Engineering and Chemistry]. Technische Hogeschool Eindhoven.
https://doi.org/10.6100/IR140367

DOI:
10.6100/IR140367

Document status and date:
Published: 01/01/1975

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR140367
https://doi.org/10.6100/IR140367
https://research.tue.nl/en/publications/723a1d49-2187-48a6-8016-145483368b23


SOME APPLICATIONS OF MASS SPECTROMETRY 
IN BIOCHEMISTRY 

. .. 
.. 

.. 

P. A. LECLERCQ . , . 



SOME APPLICATIONS QF MASS SPECTROMETRY 
IN BIOCHEMISTRY 

P. A. LECLERCQ 

© 1975 by P. A. Leclercq, The Netherlands 



SOME APPLICATIONS OF MASS SPECTROMETRY 
IN BIOCHEMISTRY 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE TECHNISCHE 

WETENSCHAPPEN AAN DE TECHNISCHE HOGESCHOOL EINDHOVEN, 

OP GEZAG VAN DE RECTOR MAGNIFICUS, PROF. DR. IR. G. VOSSERS, 

VOOR EEN COMMISSIE AANGEWEZEN DOOR HET COLLEGE VAN 
DEKANEN IN HET OPENBAAR TE VERDEDIGEN OP DINSDAG 

11 NOVEMBER 1975 TE 16.00 UUR 

DOOR 

PETRUS ANTONIUS LECLERCQ 

GEBOREN TE HEERLEN 

KRIPS REPRO MEPPEL 



DIT PROEFSCHRIFT IS GOEDGEKEURD DOOR DE PROMOTOREN 

PROF.DR.IR. A.I.M. KEULE~~NS EN PROF. E.C. HORNING, PH.D. 



Im ganzen habe iah jedenfaZZs erreiaht, was iah 

erreichen wollte. Man sage nicht, es ware der MUhe 

nicht wert gewesen. Im ubrigen will ich keines 

Mensahen Urteil, ich will nur Kenntnisse verbreiten, 

ich berichte nur, auah Ihnen, hohe Herren von der 

Akademie, habe ich nur berichtet. 

Franz Kafka. 



CONTENTS 

INTRODUCTION 

PART I 

Sequence analysis of oligopeptides by mass spectrometry 

INTRODUCTION 

CHAPTER I 

Scope and limitations of chemical and biochemical 

methods for the sequence determination of proteins 

Introduction 

Cleavage of proteins into peptides suitable for 

sequence analysis 

End-group determination 

Sequence analysis 

Limitations 

CHAPTER II 

Derivatization of peptides for sequence analysis 

by mass spectrometry 

11 

17 

19 

19 

20 

23 

26 

Introduction 29 

Reduction of peptide bonds 29 

Na-Acylation and esterification 30 

O,N-Permethylation 32 

Chemical modification of histidine residues 34 

Chemical modification of arginine residues 34 

Chemical modification of cysteine and methio-

nine residues 36 

Desulfurization of cysteine and methionine 

residues 

CHAPTER III 

A generally applicable derivatization method for 

oligopeptides 

Introduction 

Acylation 

37 

39 

42 



Preparation of methylsulfinyl carbanion 

O,N,S-permethylation of peptides 

Modification of arginine-containing oligo

peptides 

CHAPTER IV 

Mass Spectrometry of O,N,S-permethylated N~
acetyl peptides 

PART II 

Introduction 

Electron impact fragmentation of permethy

lated oligopeptides 

Tables of masses for mass spectrometric 

sequencing of 

Applications 

Epilog 

Maaa spectrometry of various biochemically interesting 

compounds 

INTRODUCTION 

CHAPTER V 

Amino acid derivatives 

Introduction 

Permethylated N-acetyl amino acids 

"On-column" permethylated N-neopentylidene 

amino acids 

Chemical ionization mass spectra of amino 

acids and derivatives 

CHAPTER VI 

Methylated steroids 

43 

44 

52 

53 

53 

60 

64 

86 

95 

97 

98 

104 

108 

Introduction 121 

Methylated 17-ketosteroids 122 

Other methylated steroids 132 

Gas chromatographic data on methylated steroids 135 



CHAPTER VII 

Permethyl derivatives of nucleic acid compo

nents 

Introduction 137 

Permethyl nucleic acid bases and nucleosides 137 

PART III 

Instrumentation and techniques 

INTRODUCTION 

CHAPTER VIII 

Direct GC-MS coupling for biochemical applications 

Introduction 

Experimental 

Results and discussion 

CHAPTER IX 

Chemical ionization mass spectrometry 

Introduction 

Basic principles of CI mass spectrometry 

Instrumentation 

Results and discussion 

CHAPTER X 

Computerized acquisition and handling of mass 

spectral data 

Introduction 

Data acquisition and reduction 

Time-to-mass conversion 

Data handling 

Automated interpretation of mass spectra 

SUMMARY 

SAMENVATTING 

Appendix 1 

Appendix 2 

Bibliography 

Acknowledgements 

Curriculum vitae 

143 

145 

146 

150 

155 

155 

158 

167 

169 

170 

173 

180 

181 

183 

185 

187 

195 

199 

219 

221 



INTRODUCTION 

The title of this thesis is rather comprehensive. 

However, several subtitles would be needed to 

ameliorate the coverage of the contents. These are: 

Part I: Development of derivatization techniques for, 

and application to peptides, followed by amino acid 

sequence analysis by mass spectrometry. 

Part II: Application of the O,N,S-permethylation 

technique - as developed for peptides - to amino 

acids, steroids and nucleosides, and mass spectral 

investigation of the derivatives; 

Part III: Development of instrumental techniques 

for the mass spectral investigation of biochemical 

compounds. These include the direct coupling of 

glass capillary gas chromatographs to a mass spectro

meter, chemical ionization mass spectrometry, and 

computerization. 

For an elaboration of this description, the reader is 

referred to the introductions to the three parts. 

Parts of this thesis have already been published 

elsewhere; A list of relevant publications is following. 

11 
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INTRODUCTION 

The elucidation of the protein structure is a task 

of prime importance in biology and biochemistry. 

Generally speaking, the proteins have three functions 

in the living body: enzymatic, immunochemical and 

structural. For a complete understanding of these 

functions a knowledge of the primary structure of all 

proteins in a living body is necessary. The spatial 

arrangement of a molecule or its aggregates, i.e. the 

secondary and tertiary structures (1), has at least 

the same level of importance in determining the enzy

matic and structural functions of the protein. On the 

other hand, however, the only genetically controlled 

structural information is that of the primary struc

ture, the spatial .arrangement and all other proper

ties being derived from the primary structure. 

Until recently, Edman degradation (15,19) was the 

method par excellence for the amino acid sequence 

analysis of proteins. It is now recognized that mass 

spectrometric sequencing offers a viable alternative 

to the classical approaches. In certain cases, mass 

spectrometry is the only method available for struc

tural elucidation of peptides. 

The crucial problem in mass spectrometric sequence 

analysis is the derivatization of the peptides. The 

best procedure to date is O,N-permethylation, first 

described for use on peptides by Vilkas and Lederer 

(58) in 1968. A modified procedure, described by 

Thomas (57) is commonly used. However, difficulties 

are encountered in applying this technique to pep

tides comprising basic amino acids (arginine, histi-

17 
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dine) as ~..rell as sulfur-containing amino acids 

(cysteine, methionine). ~hese amino acids form 

quaternary ammonium or sulfonium salts of low 

volatility, rendering the peptides unsuitable 

for mass spectrometric analysis. 

To overcome these difficulties, several methods 

for chemical modification (of histidine (62), 

arginine.(41,63,64,75,77,78) and cysteine (37, 

50,5l))or desulfurization (of cysteine (80-82) 

and methionine (63,81,82)), prior to permethyla

tion have been reported. Also, the methylation 

procedure itself has been adapted to the specific 

amino acid content of the peptide under investi

gation (7 9) • In any case, knov.rledge of the amino 

acid content of the peptide was a prerequisite, 

so that appropriate derivatization methods could 

be applied. 

The "mrk described in part I of this thesis may be 

seen as a contribution to generalize the derivati

zation method, so that it is applicable to minute 

quantities of peptides with unknown amino acid 

content. In Chapter I classical methods for the 

sequence determination of proteins and peptides 

are 4iscussed. In Chapter II the derivatization 

of peptides to be analyzed by mass spectrometry 

is revie~V"ed. In Chapter III a general derivati

zation method for peptides is presented. The ma9s 

spectrometry of peptides is described in Chapter 

IV, where applications are presented. In the epilog 

some very recent approaches and expected futural 

developments are discussed. 



Chapter I 

SCOPE AND LIMITATIONS OF 

CHEMICAL AND BIOCHEMICAL METHODS FOR THE 

SEQUENCE DETEID1INATION OF PROTEINS 

Introduction 

For sequential analysis, proteins have to be cleaved 

into smaller peptides. The amino acid sequence of 

these peptides can be determined. By combination of 

peptide fragments, obtained by different cleavage 

methods from the original protein, the primary struc

ture of the entire protein can be deduced from over

lapping amino acid sequences. 

~1ost proteins with a molecular -vreight higher than 

50,000 have a quaternary structure (1). These proteins 

are degraded into their subunits first. The resulting 

subunits have chain conformations which must be unfol

ded. This is done by denaturation, cleaving the disul

fide bridges and eliminating ionic and hydrophobic 

interactions. 

Cleavage of proteins into peptides suitable for 

sequence analysis 

Both chemical and biochemical methods are available 

for cleaving a peptide chain specifically at certain 

amino acid residues (2,3}. The most wellknown endo

peptidases (proteases) are trypsin, chymotrypsin, 

pepsin, subtilisin and papain. The specificity of 

the first three enzymes is indicated in Scheme 1.1; 

By applying enzymatic methods after chemical masking 

of specific sites in the peptide, cleavage specificity 

cah be increased. 

19 
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Apart from proteolytic methods, some selective chemi

cal cleavage methods are known. For example, cyanogen 

bromide {4) converts methionine residues to homoserine, 

with simultaneous cleavage of the peptide bond on the 

carboxyl side of the methionine. 

-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala 

pepsin 

chymotrypsin 

trypsin 

t t t 
t 

Scheme 1.1. Example of protein cleavage by 

endopeptidases. (The sequence 

given is the c-terminal part of 

the insulin B chain*). t main 

cleavage site. t side cleavage 

site. 

Next, the peptides, obtained by different cleavage 

methods, must be separated by chromatographic of 

electrophoretic means to extreme purity. Before the 

peptides are subjected to sequence analysis, the 

molecular weight and amino acid composition can be 

determined, 

End-group determination 

The determination of the amino acid sequence in proteins 

and peptides depends largely on specific end-group 

analysis and chemical or biochemical degradation pro

cedures. 

*!For abbreviations of amino acids see Appendix 1 



Although the history of end-group methods goes back 

to the early 1900's, the first advance of major 

significance was made in 1945 by Sanger (5,6). He 

developed a technique in which peptides are labeled 

with 2,4-dinitrofluorobenzene. After total hydro

lysis of the peptide, the N-terminal residue is 

identifiable as the dinitrophenyl derivative. Since 

his classical work on the structure elucidation of 

insulin (7,8), many procedures based on the same 

principle have been developed. A revie"' of methods 

for identification of N-terminal amino acids in 

proteins and peptides has been published by Rosmus 

and Deyl (9). 

One important method must be singled out: the 

end-group analysis introduced by Gray and Hartley 

in 1963 (10}. They utilize dansyl chloride (5-di

methylamino-1-naphtaiene sulfonyl chloride} to 

derivatize theN-terminal residue (Scheme 1.2). 

After total hydrolysis of the peptide, the dansyl 

amino acid is separated from the other amino acids 

and detected by fluorimetry. 

This method is extremely sensitive. Microdansyla

tion requires only about one nanomole (11,12) and 

is about two or three orders more sensitive than 

Sanger's method. Since 1963 dansyl chloride gradu

ally took over the hegemony from Sanger's reagent 

in the field of N-terminal amino acid identifica

tion in those procedures that involve the total 

hydrolysis of the protein or peptide. 

21 
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+ H2N-CH-CO-NH-CH-CO- •••.. -NH-CH-COOH 
I I I 

Rl R2 Rn 

so
2

-NH-CH-CO-NH-CH-CO- ••••• -NH-CH-COOH 
I I I 

Rl R2 Rn 

6 N HCl 

hydrolysis 

i = n 

+ 

i = 2 

SO -NH-CH-COOH 
2 I 

Rl 

Scheme 1.2. Dansylation of peptides ahd hydrolysis 

of the derivatives. 



The number of C-terminal amino acid identification 

methods is very limited. One method of importance 

is complete hydrazinolysis (13), yielding all 

amino acids except the C-terminal as acid hydra

zides. The cyanate method of Stark and Smyth (14) 

has to be mentioned also. 

Biochemical methods involve the use of exopeptidases. 

The N-terminal amino acids are cleaved by aminopepti

dases, while carboxypeptidases attack C-termini (3). 

However, enzymes are highly specific and their use 

is limited to special applications. 

Sequence Analysis 

A real breakthrough was the introduction of a proce

dure for the stepwise degradation of peptides from 

theN-terminus in 1950 by Edman (15). Phenylisothio

cyanate reacts with the free a-amino group to form 

the phenylthiocarbamyl derivative of the peptide 

(Scheme 1.3). The coupled peptide is then treated 

with anhydrous acid. The terminal amino acid is 

released as a thiazolinone, the (n-1) peptide re

maining untouched. The thiazolinone can be separated 

from the residual peptide and converted to the more 

stable isomeric phenylthiohydantoin (16). The 

shortened peptide may then be subjected to repeated 

cycles of this procedure, successive amino acids 

being removed one by one and identified by a variety 

of procedures. Double-checking can be done by sub

tractive amino acid analysis on aliquots of residual 

peptide (17,18). 

23 
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o- N=C=S + 

o- NH-C-NH-CH-CO-NH-CH-CO- ••••• -NH-CH-COOH 
H I I I 
S R1 R2 Rn 

N-CH-R o- , I 1 
NH-C, + H2N-CH-CO- ••••• -NH-CH-COOH 

I I S-C=O 

2-anilino-thiazolin-5-one 

o-
t 

0 
II 
c~CH-R1 I I 
N NH 
' / c 

II 
s 

3-phenyl-2-thiohydanto1n 

(PTH-derivative) 

Rz Rn 

NH-C-NH-CH-COOH 
II I 
S R1 

phenylthiocarbamyl amino acid 

(FTC-derivative) 

Scheme 1.3. Edman degradation. 



In 1967 Edman and Begg published a description of 

an automated instrument, the protein sequenator, 

capable of carrying out degradations of up to 60 

cycles in a single run (19). The achievement 

revolutionized the whole field of protein sequen

cing. 

The number of cycles which can be practically 

accomplished is limited only by the purity the 

reagents used, and by the detection methods avai

lable. As an illustration the following example: 

if each reaction step could be carried out with 

a yield of 99%, it would theoretically be possi

ble to split off 120 amino acids. If the 

decreases to 97%, only 40 amino acids can be 

sequenced. 

The time required for one cycle in the automatic 

Edman degradation is about 2 hours and the minimum 

amount of peptide 200 nmoles. In the "dansyl-Edman" 

procedure of Gray and Hartley (20), increased sen

sitivity is obtained by converting the, in the 

Edman degradation process, liberated phenylthio

hydantoin amino acids in the corresponding fluor

escent dansyl derivatives. 

Recently, mass spectrometry has been demonstrated to 

be a sensitive metpod for the unequivocal identification 

of methylthiohydantoin and phenylthiohydantoin deriva

tives of amino acids (21,22). Metastable ions were 

found to be unique for each derivatized amino acid. 

This can be used as corroborative evidence in the 

identification of the compound from a reaction mixture 

isolated from the degradation of a protein 

or peptide (23). 

25 
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Fales et at. reported on the use of chemical 

ionization (CI)')mass spectrometry in the analysis 

of amino acid phenylthiohydantoin derivatives, 

formed during Edman degradation of proteins (24). 

They found that the sensitivity of the CI method 

was roughly 100 times that of the convential elec

tron impact (EI) technique. By virtue of the prominent 

(quasi-)molecular ions and the simplicity of the 

spectra, inherent to the CI method, quantitation of 

different phenylthiohydantoin derivatives in a mix

ture is possible (24). 

There is no sequential degradation procedure for 

repetitive C-terminal analysis in any way comparable 

in efficiency to the Edman procedure. In Stark's 

method (25), using acetic anhydride and ammonium 

thiocyanate, the C-terminal amino acids are cleaved 

as thiohydantoin derivatives. Identification may be 

done indirectly by subtractive amino acid analysis 

on aliquots of residual peptide. In favorable cases, 

up to six successive residues have been identified. 

A limitation is that aspartic acid and proline are 

not removed. 

Sometimes, time studies with exopeptidases can be 

used advantageously in sequence analysis. 

Limitations 

Chemical methods for the determination of peptide 

amino acid sequences have attained a very high level 

of sophistication. 

')see Chapter IX for a description of CI mass 

spectrometry. 



A drawback is that, in addition to being time con

suming and tedious, Edman degradation is not in

fallible because of the possibility of nonspecific 

backbone chain cleavages or rearrangements. The 

most severe limitation of chemical or biochemical 

sequence determination methods is, however, that 

certain peptides are not amenable to structure 

elucidation by these techniques at all. Peptides 

with blocked termini (including Na-prolyl'>and 

-pyroglutamic acid residues"), as well as C-ter

minal amide groups), cyclic peptides, and those 

compounds incorporating non-peptide bonds in the 

backbone chain ("conjugated" peptides, such as 

peptidolipids, glycopeptides, peptide alkaloids, 

and depsipeptides), are in this category. 

There are many naturally occurring peptides with 

blocked termini (27). Recent examples of peptides, 

whose structure could not be elucidated by chemical 

means, include the hypothalamic luteinizing hormone 

(LH) and follicle stimulating hormone (FSH} releasing 

factor (FS/L-RF) (28) and the thyroid stimulating 

hormone (TSH) releasing factor (TRF) (29). 

r'!ass spectrometry played an important role in the 

analysis of both releasing factors. 

'>Proline imino peptidase has been desct ibed by 

Sarid et al. (26a). 

" ) ·Pyrrolidone carboxylyl peptidase was discovered 

in 1968 (26). (Pyroglutamic acid= pyrrolidone 

carboxylic acid). 

27 





Chapter II 

DERIVATIZATION OF PEPTIDES FOR SEQUENCE ANALYSIS 

BY MASS SPECTROMETRY 

Introduction 

Free peptides are very involatile. The low vapor 

pressure is caused by their zwitterionic nature 

and by inter- and intramolecular hydrogen bonding. 

The electron ionization mass spectra of a few 

free oligopeptides have been reported (e.g. glycyl

leucyltyrosine (30)) .Free dipeptides (31,32) undergo 

thermal cyclization to diketopiperazines, and the 

sequential individuality of the amino acids is 

thereby lost. 

In order to increase the volatility, peptides are 

normally subjected to derivatization before mass 

spectrometric examination. In addition to removing 

the zwitterionic character and the intermolecular 

hydrogen bonding, derivatization should yield 

appropriate derivatives of the amino acid side 

chains. Some derivatives, used for this purpose, 

will be discussed here. 

Reduction of EeEtide bonds 

In 1959, Biemann (33) reduced peptides with lithium 

aluminium hydride to polyamine alcohols: 

H-(NH-CH-CO) -OH 
I n 

R 

LiAlH4 
--~)Jo..,..__ H- (NH-CH-CH ) -OH 

1 2 n 

R 

29 
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The polyamine alcohols are fairly volatile and 

separable by gas chromatography. The main fragment 

ions in the mass spectra arise from various clea

vages a to the nitrogen atoms. 

When the polyamine alcohol contains side chain hy

droxyl groups, further chemical modification is 

necessary. (The alcohol groups are transformed 

into chlorides, followed by a second hydride reduc

tion to yield polyamines (34)) .The complexity of 

this treatment is probably responsible for the fact 

that this method has not gained popularity. 

No: -Acylation and esterification 

All later authors have used Na -acyl peptide deri

vatives. Esterification of the carboxyl terminal 

(methyl (35}, ethyl (36), or t-butyl (37} esters) 

gives increased volatility, though it has been 

stated (38) that this is advantageous in marginal 

cases only. 

Stenhagen (35) and Weygand et aZ. (39,40) have 

obtained mass spectra of N-trifluoroacetyl peptide 

meth~l esters up to pentapeptides. Heyns and 

Grutzmacher (32) studied N-acetyl peptides, the 

highest peptide measured being a pentapeptide. 

Other N-protected peptides which have been examined 

include acetylacetonyl (41), benzyloxycarbonyl (42), 

phthaloyl(42), ethoxycarbonyl (43,44), caproyl 

(hexanoyl) (45), dinitrophenyl (46), fatty acid 

(> c
10

> acyl (47), guazuly!acetyl (47a}, and many 

other derivatives (47b,47c). 



Side chain amino groups (lysine, ornithine) and 

carboxyl groups (aspartic and glutamic acid) are 

modified simultaneously with the terminal groups 

during acylation and esterification (37). Alcoholic 

side chains (serine, threonine) can be left free 

or converted to their 0-acetyl derivatives (48). 

With some tyrosine containing peptides, however, 

masking the phenolic group is essential in order 

to obtain satisfactory spectra (49). N-Acylated 

and esterified cysteine peptides only yield 

interpretable spectra after protection of the 

thiol function (37,50,51), The guanidine group 

of arginine-containing peptides has to be modi

fied also (seep 34). 

N-Acyl peptide esters containing unmodified histi

dine or tryptophan residues have been investigated 

successfully. However, the presence of more than 

one of these, or other trifunctional amino acid 

residues, in a peptide limits the length of pep

tide chains which can be investigated by mass 

spectrometry (38). Even in the absence of polar 

side chains, oligopeptides with no more than eight 

(49) or nine (37) amino acid residues can be in

vestigated. 

It was realized that the amide hydrogen atoms in 

the peptide bonds are responsible for the low 

volatility of acyl peptide esters, because of 

inter-chain hydrogen bonding. Therefore, it was 

suggested (49,52) that methods for the replacement 

of the peptide bond hydrogen atoms would ameliorate 

the volatility problem. 
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O,N-Permeth~lation 

In 1967, Das et aZ. (53) found a method to replace 

all exchangeable hydrogen atoms (including the 

amide hydrogen atoms) by methyl groups. The per

methylation procedure consisted in treating a 

N-acyl peptide in dimethylformamide with an excess 

of methyl iodide in the presence of silver oxide 

(as described by Kuhn et aZ. (54) for carbohydrates) • 

It was found that not only volatility is increased 

(the mass spectra of gramicidin A and B Y !Vealed 

sequence information for the first twelve residues 

(55)), but also that the mass spectral fragmentation 

is simplified as compared to acyl peptide esters. 

Free amino groups are quaternized during methylation. 

This problem is solved by prior acylation of the 

peptide. However O,N-permethylated peptides con

taining histidine, arginine, cysteine, methionine 

or aspartic acid residues, give mass spectra witqout 

any or only partial sequence information. Some 

glutamic acid containing peptides undergo partial 

chain cleavage during methylation, with formation 

of a pyroglutamic residue (56). Tryptophan residues 

are also reported to give artifacts upon methylation 

by this method (57). 

In 1968, Vilkas and Lederer (58) applied the methyla

tion method described by Hakomori (59) for glyco

lipids to peptides. In this method, the methyl

sulfinyl carbanion, introduced by Corey and 

Chaykovsky (60), is used as base. Thomas (57) modi

fied this procedure slightly, and in this version 

it has become an established recipe for most work 

Gn mass spectrometric sequence analysis of peptides 

since then. 



In Thomas' procedure (57), the carbanion is pre-

by heating 20 mg of ,sodium in 0. 2 ml of 
dimethylsulfoxide at 100°c, until hydrogen evo

lution ceases (about 5 min). The acetylated 

peptide (3 mg) is added to this reagent at room 

temperature, followed by 0.3 ml of methyl iodide. 

After one hour the product is diluted with water 

and extracted with chloroform. 

Thomas found (57) that permethylation with the 

methylsulfinyl carbanion reduces the number of 

"troublesome" amino acids, as compared with the 

silver oxide method. He observed that peptides, 

containing aspartic acid, glutamic acid, or 

tryptophan, are successfully permethylated 

without formation of undesired byproducts. 

The remaining four "difficult" amino acids are 

histidine, arginine, cysteine and methionine. 

In order to render the permethylation technique 

generally applicable to the determination of 

peptide sequences, regardless of the amino acid 

residues present, bra different approaches have 

been undertaken. The first approach is to chemi~ 

cally modify the particular four amino acid 

residues, prior to permethylation. Suggested 

modifications will be discussed here. The second 

approach involves the permethylation reaction 

itself. By rationalizing the reaction conditions 

it was hoped that the resulting procedure would 

allow.permethylation of all peptides, without 

any modification. The work done towards this end 

will be reported on in Chapter III. 
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Chemical modification of histidine residues 

During permethylation, histidine residues are 

believed to form quaternized salts (N,N-dimethyl

imidazolium iodide). The formation of these 

products results in non-sequence-type frag

mentation. ~·1ay be, histidine residues are 

degraded even further (af, 61). 

To date there has been one suggestion for dealing 

with the histidine problem by chemical modification. 

and Dorland (62) opened the imidazole 

with diethylpyrocarbonate under fairly vigorous 

conditions. The product can be permethylated with

out difficulties. 

Chemical modification of arginine residues 

The mass spectra of acetylated and permethylated 

arginine containing peptides contain sequence 

information from the N-terminus up to, but neither 

including nor beyond the arginine residue (63). 

To circumvent this difficulty, three approaches 

are applicable: ~· enzymatic hydrolysis with trypsin 

to produce peptides which have either c-terminal 

arginine or lysine; £· conversion of arginine to 

ornithine by hydrazinolysis; and £• condensation of 

the guanidine group with carbonyl compounds. The 

first approach is the least elegant. The second 

method, removal of the guanidine group by selective 

hydrazinolysis (63,64), has the disadvantage that 

some cleavage of peptide bonds can not be avoided 

(see p 23: hydrazinolysis as C-terminal end-group 

method). Another disadvantage is that the resulting 



ornithine can not be distinguished from other 

ornithine residues, which might have been 

present in the peptide originally. 

For the third possibility, many reactions are 

known from literature. Condensation reactions are 

best suited, because a unique derivative of arginine 

is produced. These methods have been developed 

mainly to limit the hydrolytic action of trypsin on 

a protein to the lysyl bonds. The available methods 

can be divided in three categories: 

1. reactions ~<-lith monocarbonyl compounds~ 

e.g. formaldehyde (65). 

2. reactions with 1,2-dicarbonyl compounds; 

e.g. glyoxal (66), methyl- and phenylglyoxal (67), 

biacetyl (2,3-butanedione) (68-70), benzil 

(dibenzoyl) (71), and 1,2-cyclohexanedione (72,73). 

3. reactions with 1,3-dicarbonyl compounds; 

e.g. malonaldehyde (as its ethylacetal: 1,1,3,3-

tetraethoxypropane) (74,64) and acetylacetone 

(2,4-pentanedione) (64,75). 

For mass spectrometric investigation, the heterocycli

zation of the guanidine group of arginine containing 

peptides with 1,1,3,3-tetraethoxypropane (64) and 

acety1acetone (64,75,41) has been reported. However, 

these modificat~ons were followed only by acylation 

and esterification of the peptides. For permethyla

tion, Thomas et aZ. (63) stated that "permethylation 

of the resulting basic pyrimidyl ornithine derivative 

would give an undesirable quaternized salt", and 

therefore chose hydrazinolysis of the guanidine 

group. Applying their controlled permethylation technique 

(76}, Leclercq et al. (77} obtained good results with 

arginine containing peptides, modified with acetylacetone 
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according to (75). (For details, see p 52 ) • The only 

other report to date on the successful permethyla

tion of modified arginyl peptides is from Lenard and 

Gallop (78). They permethylated the 1,2-cyclohexane

dione condensation product (73) of arginyl peptides 

with methyl iodide and silver oxide as catalyst. 

Chemical modification of cysteine and methionine 

residues 

During permethylation of unprotected cysteine con

taining peptides, according to the procedure of 

Thomas (57), S-methyl cysteinyl sulfonium iodides 

are formed (79). Moreover, some transformation of 

cysteine into dehydroalanine occurs under these 

conditions. 

Protection of the thiol function by means of a 

methoxycarbonylmethyl (37) or benzyl (50,51) 

group has been suggested for mass spectrometric 

purposes. Esterified Na -acyl peptides, containing 

cysteine residues modified in this way, gave 

reasonable spectra. Mass spectra of permethylated 

peptides, containing modified cysteine residues, 

have not been reported. 

It has been reported that permethylation of methio

nine-containing peptides, according to Thomas' 

procedure (57),appears to form sulfonium iodides 

(63) or cyclopropane derivatives (56): mass spectra 

revealed sequence information from the N-terminus 

up to, but not including nor beyond the methionyl 

residues. 



Roepstorff et al, (79a) therefore temporary protected 

these residues. They oxidized the thioether to a 

sulfoxide prior to methylation. After permethylation, 

the sulfoxide was reduced again. The mass spectra of 

methionyl peptides treated in this trTay gave complete 

sequence information. 

Desulfurization of cysteine and methionine residues 

In addition to possible elimination of hydrogen 

sulfide, cysteine peptides are easily oxidized to 

cystine derivatives. This can be expected to occur 

especially during partial hydrolysis of proteins. 

Therefore Weygand (80) (of. 63,81) proposed desul

furization of the cysteine residues with Raney nickel, 

yielding the corresponding alanine derivatives. These 

alanine residues, however, cannot be distinguished 

from other alanine residues, which might have been 

present in the peptide originally. 

Problems with methionine-containing peptides have 

been mentioned above. Hence, Thomas et al. (63) 

desulfurized methionine with Raney nickel. The 

methionine residue is converted to the corres-

ponding derivative of a-amino butyric acid, which 

was permethylated (using methyl iodide I silver 

oxide) without difficulty. No spectrum was presented 

(63). Toubiana et al. (81) improved the desulfurization 

method described in {63), but did not permethylate 

the reaction products. They obtained good spectra 

of the Na-acetyl methyl esters of some desulfurized 

methionine containing tripeptides. Kiryushkin et al. 

(82) carried out the desulfurization with Raney nickel 

under different conditions. 
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The reaction conditions for desulfurization with 

Raney nickel seem to be rather critical. Even 

specific desulfurization of cysteine, leaving 

methionine unchanged, has been accomplished (83). 

Another potential desulfurizing reagent may be 

triethylphosphite (84). This has not yet been 

used for mass spectrometric sequence investigation. 



Chapter III 

A GENERA.LLY APPLICABLE DERIVATIZATION r.i.ETHOD FOR 

OLIGOPEPTIDES 

Introduction 

In the previous chapter it has already been mentioned 

that substitution of the amide hydrogen atoms by 

alkyl groups is possible in the presence of a strong 

base. This may be rationalized as follows. 

From a sample molecule SHn, the n replaceable H-atoms 

must be abstracted first, before being accessible to 

.alkylation. Thus,by a strong base B-, an intermediate 

anion is made from the sample molecule. The (poly

valent) anion is then readily alkylated by alkyl 

halides (RX) : 

Sn- + n RX ~ SR + n X 
n 

Presumably, the first reaction is the rate determining 

step (85). 

The use of silver oxide and - more successfully -

methylsulfinyl carbanion as base in the alkylation 

of peptides has already been mentioned in Chapter II. 

Since then the carbanion derived from dimethylacetamide 

(86) and sodium hydride (87) have been reported to be 

applied as bases. More convential bases (potassium metal, 

potassium amylate etc.) are too weak for this purpose. 

A survey of the bases, used for the permethylation 

of peptides, is given in Scheme 3.1. 
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Base Solvent First application for the permethylation of 

carbohydrates peptides 

Ag 2o DMF Kuhn et aZ., 1954 (54) Das et al., 1967 (53) 

DMSO - DMSO Hakomori, 1964 (59). Vilkas et al., 1968 

DMA - DMA Agarwal et aZ., 1969 --
NaH DMF/THF Brimacombe. et at., 1966 (89) Coggins et at., 1968 

Scheme 3.1. Introduction of bases for the peralkylation of peptides. In all cases, 

the alkylation reagent was methyl iodide. 

DMSO- = conjugate base of DMSO 

DMA- = conjugate base of DMA 

.Jr:applied with glycolipids. 

0 
• e CH

3
ScH2 

0 
II e 

(CH3 ) 2NCCH2 

(58) 

(86) 

(87) 



Results obtained with dimethylacetamide carbanion 

indicate behavior analogous to methylsulfinyl.<car

banion, vrithout significant advantages (88). 

Sodium hydride is a stronger base. It has been 

in use for a-methylation of carbohydrates since 

1966 (89). Sodium hydride seems to offer a practical 

advantage over the former techniques: a simple hetero

geneous mixture of methyl iodide, sodium hydride and 

a peptide derivative in dimethylformamide precludes 

the prior preparation of a reagent. However, with 

this base, c-methylation is often encountered, 

particularly when the peptides contain aspartic 

acid, glutamic acid, or gly_cine residues (88). 

For example, aspartic acid is converted into a 

homolog upon methylation with sodium hydride. 

This may be erroneously identified as a glutamic 

acid derivative. Likewise, glycine may be converted 

to N-methylalanine. 

The: methylation procedure of Hakomori, as adapted 

by Thomas (57), thus seemed to be the method pf 

choice. This procedure was found to be successful 

for the largest variety of peptides. None of the 

artifacts produced by the Ag2o and NaH method have 

been encountered (88). With Thomas' procedure, 

however, four "troublesome" amino acid residues 

remained (see Chapterrr, p 33). It was therefore 

undertaken to focus attention to the stoichiometry 

and the conditions of these reactions. 
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Acylation 

Primary amino groups are easi quaternized upon 

methylation with methylsulfinyl carbanion I Mei. 

Therefore, free amino groups have to be protected 

prior to methylation'). Although many blocking groups 

are applicable, caution must be taken not to increase 

the molecular weight more than necessary. For this 

reason, acetylation is preferred. 

According to Thomas et al. (63) acetic anhydride 

in methanol (1:4) is preferred over other acetylating 

reagents. We varied the reaction time between 15 min 

and 18 hrs for a large variety of oligopeptides and 

found that 3 hrs was sufficient in all cases. 

A typical acetylation procedure, used throughout 

this work, is the following (76): 

50 ~g of peptide is dissolved in 40 ~l of methanol. 

10 ~l of aaetio aoid anhydride is added. Solution 

and reaotion may be aided by ultraeonio treatment 

f85). The mixture ie alZohled to stand at room tem

perature for three hours. The reagents are then 

removed in vacuo. 

Under these conditions, all primary amino and amide 

groups are monoacetylated. Contrary to the finding 

of Thomas (63), we found that a-acetylation and 

methyl ester formation occur to a high extent. However, 

all acetyl groups, except those from the amines, are 

replaced by methyl groups during permethylation. 

I ) 

This is not necessary if the N-terminal amino acid 

has an aromatic sidechain (see Chapter IV). 



To prevent possible acyl migration at serine and 

threonine residues (90,91) under the conditions 

necessary for acetylation, it may sometimes be 

advantageous to trifluoroacetylate in aqueous 

medium (77): 

50 ~g of peptide is dissolved in 50 ~l 2% Na 2co 3 
and reacted with 5 ~l CF 3cosc2H5 at 4 C for 

two hours. C2H5SH is then removed under nitrogen 

and the reaction product is dried in vacuo over 

P205. 

Preearation of methylsulfinyl carbanion 

Methylsulfinyl carbanion') is prepared by heating 

dimethylsulfoxide (DHSO) with sodiumhydride until 

hydrogen evolution ceases: 

+ 

At atmospheric pressure, the temperature may not 

be raised above 80-90°C, because the carbanion 

decomposes rapidly at elevated temperatures. 

The reaction must be carried out with dry agents 

in an inert atmosphere. Dry DMSO is freshly 

prepared by vacuum distillation of a mixture of 

DMSO (b.p. 64°C at 4 Torr} and CaH2 or leftover 

carbanion. Dry DMSO may be stored over molecular 

sieve SA. 

A typical laboratory procedure for the preparation 

of a 1 molar carbanion solution is the following 

(76) : 

') Sometimes referred to as "dimsyl sodium". 

H I 
2 
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An amount of NaH I oil dispersion containing 120 mg 

(= 5 mmotes) NaH is rinsed J times with pentane 

or anhydrous ether. (Ether may be dried over KOH). 

Under nitrogen~ 5 mZ of dry DMSO is added and the 

suspension is heated to about 70°C until evolution 

hydrogen has ceased (stirring or ultrasonic 

treatment facilitates the reaction (92)). There

sulting clear, yellowish solution solidifies at 

about 10°C and in this state the reagent can be 

stored for several weeks without decomposition. 

The anion is extremely stable, due to stabili

zation: 

Gradually turning gray, the color of the solution 

is a good indicator for its activity. 

The solution can be assayed by titration with 

formanilide, using triphenylmethane as indicator. 

(The conjugate base of DMSO is estimated to be 

1000 times more basic than the trityl anion (93)). 

Acylated peptides have been permethylated using 

arbitrary amounts of DMSO- and Hei. In Scheme 3.2 

some typical procedures are outlined. 

Firstly it should be pointed out that - at the time 

we were working on this procedure - most of the 

work done had been carried out with milligrams of 

peptides containing mostly aliphatic amino acids. 



""' U1 

Amount of Me I reaction 

sample base, amount (excess) solvent, amount 

(Ac-peptide) amount (excess) time') temp. 

0.3 - 2 mg 
3 mg 

10 - io JJg 
3 mg 

10 mg 

180 nmole 

50 mg (>7X) 200 Ill (>lOOx) DMF 300 lJl 4 h 
-DMSO 65 mg (18x) 300 Ill (100 x) DMSO 200 !Jl 1 h 
-DMSO 10 mg (>400x) 50 l.ll (>2500x) DMSO 30 lJl 1 h 
-DMSO 18 mg (5x) 15 \Jl (Sx) DMSO no data 1 h 

NaH 25 mg (7x) 100 Ill ( l,Ox) THF (+DI'!F) 200 Ill 24h") 
-DMA no data no data DMA no data 1 h 

Scheme 3.2. Comparison of procedures for the O,N,S-permethylation 
of peptides reported by various authors. 

') In all cases Me! was added immediately after 

addition of base, except 

") where first Mei and then NaH were added. 

50°C 

20°C 

20°C 

80°C 

20°C 

authors 

Thomas et aL (55) 

Thomas et at. (57) 

Lenard et at. (94) 

Polan et at. (79) 

Coggins et aZ. (87) 

Agarwal et al. (86) 
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These peptides have little in common with those 

extracted from natural sources. Natural peptides 

usually contain many polar groups. In addition, 

in most cases only micrograms of sample are 

available from natural sources. Lenard et al. 

reported the first application of these techniques 

on the microgram level (94). 

Secondly, an almost random distribution of 

amounts of reagents is observed. If one considers 

the reaction: 

CH -~-r-N-CH-CO-]-OH + n(x+l)+l DMSO-~~~ 
3 I I 

H RHX n 

CH 3-t[-;-~==CO-]-O- + n(x+l)+l DMSO 

R n 

B 

B + 0 [Me J II I 
n(x+l)+l rl{ei -+-CH

3
-c- -N-9H-CO- -OMe 

R(Me) x n 

+ n(x+l)+l I 

rme would indeed be inclined to use large excess of 

reagents to force the reaction towards the desired 

product: Mer >> DMSO- >> sample. 

Excess of ~1ei over DMSO- seems to be desired, 

because the excess of DMSO- vJill be methylated too: 

0 
II 

DMSO + Mei ~cH3-S-CH2-cH3 or CH3-~=CH2 + I 

0 
I 
CH

3 



However, the carbanion may accomplish several side 

reactions (93). This nucleophilic reagent adds for 

example to non-enolizable ketones to form S-hydroxy 

sulfoxides and it reacts \vith some esters to form 

anions of S-keto sulfoxide. 

Moreover, the reaction mechanism as proposed above 

appears to be more complicated: permethylation can 

be performed succesfully (95) by reversing the 

addition of DMSO and !!lei. (Using NaH as base, 

Mei has to be added to the sample first, cf. 87). 

Hmvever, addition of a freshly prepared mixture of 

base and M.ei to the sample does not give any methylation 

of the latter. A rationale to explain this phenomenon 

has not yet been found. 

Polan et aZ. (79) successfully O,N,S-pe~methylated 

(milligrams of) cysteine-containing peptides and 

obtained partial mass spectra by using equimolar 

amounts of DMSO- and Mei in a relatively small 

excess (Sx). They reported that excess of Mei gave 

spectra without typical sequence information. 

Puzzled by the above facts, He decided to investigate 

the influence of variation of amounts of reagents, 

while scaling down to the nanomolar level. 

A large variety of Net-acetyl oligopeptides, containing 

among others the "difficult" His, Trp, Met and Cys 

residues, was used in this study. As a result, both 

undermethylation (His, Trp, Lys (.ltc)) and overmethyla

tion (C-methylation of Gly and Asp, formation of 

ammonium {His, Trp) and sulfonium salts (Cys, Met)) 

appeared to be minimized when using equimolar amounts 

of base and Mei, both in a tenfold excess over the 

available methylation sites in the p~ptides (96). 
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The methylation time was also varied for a vast 

number of peptides. Using tenfold equimolar 

amounts of reagents, reaction times of a few 

minutes appeared to be sufficient for many pep

tides. However, carboxylic acid functions and the 

(secondary) N8 -aminogroup of lysyl residues appeared 

to be undermethylated very often. The appropriate 

reaction time for all peptides investigated appeared 

to be about 15 min for the first reaction step 

(polyvalent anion formation) and ~-1 hour for the 

second step (methylation with Mei). 

In order to render this Q,N,S-permethyla.tion procedure 

generally applicable to oligopeptides, with unknown 

amino acid contents, the procedure may be generalized 

as following (76): 

To permethylate 100 ~g (= A nmoles) of a peptide 

with a molecular weight of M and containing B available 

methylation sites, it is necessary to add 

10 x A x B nmoles of carbanion 

10 x A x B nmoles of Mei 

Substituting A= 100 x 103/M, 1 nmole of carbanion 

1 x 10-3 ~11 Msolution, and 1 nmole of Mei = 60 x 10-6 

~1 yields the following values for the amounts of the 

re~ctants: 

1000 x B/M ~l 1 M carbanion solution 

60 X B/M ~1 Mei 

The calculation of these amounts is based on 100 ~g 

of free peptide. Assuming acetylation to be quanti

tative, the same amounts of reactants after acetylation 



of 100 .IJg peptide can be used n~ being the molecular 

weight of the underivatized peptide, and B the number 

of reactive sites after acetylation). Due to the 

repetitive nature of a peptide chain, one can 

calculate the average value for B/M by considering 

these facts: 

After acetylation, 62% of the side chains contain 

an exchangeable hydrogen (arginine excluded) 

In a peptide backbone, each residue has one 

exchangeable hydrogen (except proline) 

The average residue in a peptide chain has a 

weight of 118 mass units 

A.ssume all amino acids have an equal probability 

of occurrence in the 

Thus, an average value of B/M for a peptide con

taining n amino acid residues is 

n x (1 + 0.62) + 2 

n x 118 + 18 

and equals 0.021 for a dipeptide through 0.015 

for a decapeptide. The value B/M = 0.016 can be 

used for di- through decapeptides. 

This value guarantees that the reactants '\vill 

always be between 5 and 15 times the number of 

equivalents of the peptide. 

Therefore 100 pg of an unknown peptide may be 

permethylated after acetylation by adding 

1000 x 0.016 = 16 ul of 1 M carbanion solution 

plus 60 x 0. 016 = 1 1-11 of r1er. In practice, 

this has been found to be very useful and we have 

avoided the calculations otherwise necessary for 

each particular peptide. 
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The following, generally applicable O,N,S-permethylation 

procedure, used throughout this '"'ork emerges (76)*: 

The acetylated peptide (50 ug starting material) is 

dissolved in 50 ul of DMSO with ultrasonic treatment. 

Under nitrogen, 8 ul of the 1 M carbanion solution is 

added. 15 min, 0.5 ul of Mei is added. The 

reaction proceeds at room temperature for 

and is terminated by the addition of 1 mZ 

The permethyZated peptide is extracted by 

one hour, 
-tHe 

of water • 

shaking 

with 1 ml of chloroform and removing the water layer. 

In those cases where the two layers do not separate 

cleanly, separation is aided centrifugation. 

The chloroform is then washed 3 times with 1 ml of 

water. The chloroform is evavorated in a gentle stream 

of ni • The residue is redissolved in an amount 

of chloroform, appropriate for sample handling for 

mass spectrometry. (Either via direct insertion or 
via a gas chromatograph). 

The influence of the solvent has not been investigated. 

DHSO is a highly effective medium for reactions of 

anionic species, as it enhances the reactivity of 

nucleofilic reagents (97,98). In this solvent, carban-

ions are probably longlived and '\>Tell separated 

from their associated cations by solvent molecules. 

Anions have ample opportunity to become symmetrically 

solvated before being attacked by nuclebphiles (99). 

* The influence of temperature has not been investigated. 

** Quenching w~th acids ~bould be considered. 



CH 3 - CH3 I le I 
O=S ~- ~ · · · X -- ~ ~ S=O 

I I 
CH

3 
CH3 

X R-C-R 

N-R 

o,s 

Thus it seems that DMSO is an extremely well suited 

solvent. One disadvantage is that carbanions in this 

high ionizing powerful solvent lead to racemic pro

ducts. For mass spectrometric investigation this 

does not really matter.(For a review on properties 

and use of DMSO see 100). 

With peptides, we did not apply any alkyl derivatives 

other than methyl derivatives. 

Permethylation is best suited for peptide sequencing 

by mass spectrometry, because only 14 mass units 

per replaceable hydrogen are added to the molecular 

weight. This is an important factor whenever a large 

molecular weight and/or a large number of replaceable 

hydrogens is involved. 

In order to sequence totally unknown peptides, one 

must work ;'lith labelled reactants (76). Use of CD 3I/ 

CH3I (1:1) provides a means to distinguish bet;..reen 

methyl groups that were originally present vs. those 

groups introduced chemically. 

Similarly, acetylation with (CD
3
co) 20/(CH

3
co) 2o in a 

different ratio would aid in the elucidation of the 

mass spectra. 
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The "tenfold equimolar" permethylation procedure 

described above is applicable to peptides containing 

residues of all the amino acids including cysteine 

(79), methione (96), and histidine (101), with the 

single exception of arginine. 

However arginyl peptides may be modified prior to 

acetylation and permethylation. 

Modification of arginine-containing oli9opeptides 

Several possibilities for the modification of arginine 

residues have been discussed in Chapter II (pp 34-36). 

For reasons mentioned there, cyclization with acetyl

acetone is preferred. The procedure reported by 

Vetter-Diechtl et al. (75) may be utilized with the 

following modifications (77): 

To 50 ~g of the underivatized peptide, 10 ~l 10% 

NaHC0 3, 20 ~l 95% ethanol and 20 ~l CH 3COCH 2COCH 3 
are added and the mixture is heated at 100°C for 

four hours. In order to hydrolyze the Schiff bases, 

1 ml 0.5 M CH 3COOH is added and the reaction mixture 

heated an additional ten minutes. The self-condensa-

tion product of acetylacetone, 3,5-dimethyl-2-acetyl

phenol, is removed by ether extraction and the 

aqueous phase is dried in vacuo over P2o5 . 

-NH-CH-C0-
1 

(~H2)3 
NH 
I 
c 

/ ~ 
H2N NH 

-Arg-

Ac 

'CH 
/ 2 

Ac 

pH 8-9 

-NH-CH-C0-
1 

(~H2)3 
NH 
I 
c 
/~ 

N N 

H3cVcH3 

N°-2-(4,6-dimethylpyrimidy1) 

ornithirie 



Chapter IV 

MASS SPECTROMETRY OF O,N,S-PEID1ETHYLATED 

Na -ACETYL PEPTIDES 

Introduction 

In this chapter, results obtained from derivatized 

oligopeptides are discussed. 

As an aid to the interpretation of th mass spectra, 

some general fragmentation processes are described 

first. Tables of masses of common fragment ions 

are included. These tables appeared to be very 

useful when sequencing peptides by mass spectrometry. 

Throughout this chapter, acetyl and methyl groups 

introduced by derivatization, are designated by Ac 

and Me, respectively. This is done to distinguish 

these groups from th0se originally present in the 

peptides. 

The last part of this chapter deals with very recent 

and expected futural developments. 

Electron impact fragmentation of permethy:lated 

oli~opeptides (102,103) 

The cleavage of the peptide backbone produces ions 

that provide sequence information .("sequence peaks") . 

The different amino acid residues have characteristic 

fragmentation modes, from which sequence confirmation 

may be obtained. 
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Oligopeptides possess a repetitive amide backbone 

which cleaves on either side of the carbonyl group 

to form preferentially N-terminal fragment ions 

("sequence ions") 1 A. and B. 1 probably because the 
~ ~ 

positive charge is better stabilized on that side. 

B Al B1 A2 B2 Bn-1 A 
0 n ...., -, ...., ....., ...., ...., ...., 
I 1 I I I 

Me I Me I I Me I 
I 

I I I I I I 

Ac ... N - CH .L co i N - CH ! co .! -IN - CH ..!. co 
I I I I I I I I I 
I Rl 

I I 
R2 

I I I R 1 

I I I I I I n I 

B n -, 
.f 

I 
I 

.L OMe 
I 

I 
I 

I-
I I I I I I L. L.. l-. L.. I- '-- '--y zn-1 y 

n-1 z n-2 
y 

n-2 y1 zo y 
n 0 

However, some c-terminal fragment ions, Y. and Zi1 are 
~ 

found occasionally. 

Fragmentation of the peptide bonds gives rise to 

aminoacyl (acylium) ions Bi 1 while cleavage of the 

C-CO bonds yields aldimine (Ai) ions. (Scheme 4.1). 
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1 

heterolysis 

t 
Me 
I 

etc. Bh + N = CH 
I 

Scheme 4.1. Genesis of N-terminal sequence ions 

Ai and B1 . Postulated fragmentation 

pathways of peptide backbone: step

wise elimination of amino acid resi

dues starting from the c-terminus 

or elsewhere, with charge migration 

along the chain towards the N-terminus. 
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Retention of the positive charge on the c-terminal 

fragments accounts only for the formation of minor 

sequence ions. Fragmentation pathways similar to 

those depicted in Scheme 4.1 may be postulated. 

The structures of Yi and 7.i ions are given in 

Scheme 4.2: 

l!J.e 
I 

HN 
+ 

0 
II 

= c- c-
' Rn-i+l 

Me 0 
+ I II 

IOiC - N - CH - c -
I 

Rn-i+l 

Scheme 4.2. Structures of C-terminal sequence 

ions yi a-nd zi. 

Ai and Yi ions are often accompanied by satellites 

1 mass unit higher. The latter could arise (Scheme 

4.3) by a react:i.on similar to that postulated for 

immonium ion formation through the loss of a 

side chain (ef, p 59). 

0 
II 

- CJ:I - C
I 

Rn-i+l 

0 homolysis 
ill -c =C=O 

I 
R . 
n-~ 

(ketene) 

~e <jl 
+ HN - CH - C-

• + I 

Rn-i+l 

Yi+l 

Scheme 4.3. Proposed mechanism for the formation 

of c-terminal satellite sequence ions. 



Another type of peptide backbone cleavage may occur 

whenever aromatic and heterocyclic residues (Phe, 

His, Tyr, Trp) or Asp, Asn are present. In these 

cases the N-terminal portion of the residue is lost. 

The resulting odd-electron c-terminal fragment ion 

can give rise to "pseudo-sequence peaks", with the 

aromatic or acidic residue being the new N-terminal 

group (Scheme 4.4). 

t1e 
I 
N 

/ ' - C "-" CH - C -II) r:l II 
0 { CH 0 

/ ' H xi 

(Phe) 

-C6H40Me (Tyr(Me)} 

F( 
N~ 

Me 

Co 
I 
Me 

-COOMe 

-CONMe2 

{His(Me)) 

{Trp{Me)) 

(Asp (He)) 

(Asn(Me 2)) 

Me 
I 
N ,. 

- c 
I 

OH 

A' B' 
0 0 .. ... 

I 
I . I + CH I c I 

II I II . 
CH 0 
I 
X. 
~ 

Scheme 4.4 Proposed mechanism for the genesis 

of "pseudo-sequence" ions. 
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Often, the charge may remain on the C-terminal 

fragment. Presence of ions at 30 mass units above 

Bi is good evidence of this type of ions. 

Consequently, "double N-d:t cleavage" fragments 

s; + 30 may occur whenever two of the above 

mentioned types of residues, carrying resonance 

stabilizing substituents on the S carbon atoms 

are adjacent in the chain (104,105). 

CH -
II 
CH 
I 
xi 

B' + 30 
0 

double N - Ca cleavage fragment 

Peaks characteristic of individual amino acid ---------------------------------------------residues 

Loss of entire side chain: 

This is strongly dependent from the type of R 

0 
II 
c -

Me 
homolysis )lo _ ~ 

+ 

0 
II 

CH - C - + 'R. 
l 

Sometimes the charge remains at Ri' especially 

with aromatic side chains. Aliphatic amino acid 

residues lose their side chain as an olefin (R-1): 

M.e 
I 

- N -

'!"ol 
II 

CH - C -
I 
R. 

l 

Me tcm 
McLafferty 1 1 

--~~~~~---~)lo~ - N - CH = C - + (R1-1) 
rearrangement 



Partial loss of side chain: 

Methylated Ser, Thr, Cys and Met residues lose their 

function: 

~e ocll _I+ 
- N - CH - - I 

I 
CH 2 
I 
XMe 

Me 
I 

- N - C - ~ ] : + ~ieXH 
II 
CH

2 

X 0 (Ser), S (Cys) 

Methylated Glx and Asx may be converted into a 

ketene. 

- t1eOH 

COOMe 

I 
CH 
II 
c = 0 

Subsequent elimination of ketene from Glx can 

also occur, to yield a. dehydroalanyl residue 

Formation of immonium ions (I.) from aldimine ions: 
~ 

Me 
I 

H +N CH - Ri 
I .,.o~p:. I 
c""!. c = o 
I 
Rh 

homolysis 

ketene 

0 + 

Me 
I 

HN 
+ 

immonium ion Ii 

(=Ai -Bi-1 +1) 

Immonium ions from lysyl residues cyclize to yield 

the characteristic m/e 98 ion: 
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Me 
I 

HN = CH 
+ I 

CH2 0 t1e 
I I 

CH2 
--joo- + Ac - N - H 

I 

CH2 
N+ 

I I 

CH2 
Me 

I 

N - Me m/e 98 I 

Ac 

m/e 171 

Tables of masses for mass spectrometic sequencing 

of peptides 

Underivatized peptides, with n amino acid residues, 

have a molecular weight of n x 56 + 18 + fiRi: 

H- (NH- <fH- CO)n- OH ~rith R1 = R1 ,R2 Rn 

Ri 

Acetylated and permethylated peptides, 

Me 
I 

Ac - (N - CH - CO) - OMe 
1 n 
R. 

1 

have a molecular weight of n x 70 + 74 + fiRi. 

In Table 4.1 the masses of the peptide backbone, that 

is the molecular weight minus the masses of all side 

chains, fiRi, are given for amino acids, and di- through 

decapeptides. 



oligopeptide underivatized acetylated and 

(nx56+18) permethylated 

(nx70+74) 

M.ono 74 144 

Di 130 214 

Tri 18~ 284 

Tetra 242 354 

Penta 298 424 

Hex a 354 494 

He pta 410 564 

Oct a 466 634 

Nona 522 704 

Dec a 578 774 

Table 4.1. Molecular weight of peptides without 

sidechains (M-IR.). n ~ 

The average "molecular ,..,eight" of one amino acid residue 

in an underivatized peptide is 56 + ~ = 128 (glycine 
~ 

excluded) • The average molecular '"eight of oligopeptides 

is therefore n x 128 + 18. From this, the average weight 

of 100 nmole of oligopeptide can be calculated and vioe 

versa (Table 4.2). 
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100 nmole underivatized 50 ~g underivatized 

oligopeptide equals oligopeptide equals 

in average in average 

15 ~g amino acid 342 nmole amino acid 

27 ~g dipeptide 182 nmole dipeptide 

40 )Jg tripeptide 125 nmole tripeptide 

53 ]Jg tetrapeptide 95 nmole tetrapeptide 

66 )Jg pentapeptide 76 nmole pentapeptide 

79 )Jg hexapeptide 63 nmole hexapeptide 

91 )Jg heptapeptide 54 nmole heptapeptide 

104 ]Jg octapeptide 48 nmole octapeptide 

117 ]Jg nonapeptide 42 nmole nonapeptide 

130 ]lg decapeptide 38 nmole decapeptide 

Table 4.2. Conversion of nmoles to ]Jg and vice 

versa for "average" amino acids and 

di- through decapeptides. 

The masses of the side chains are listed in Table 4.3, 

both for underivatized and acetylated, modified and 

permethylated residues. (For abbreviations see Appendix 1). 

In this table the modified arginyl residue ("Orn(DMP)", 

see p 52)• is included. To be able to calculate mole-

cular weights and masses of sequence ions from Tables 

4.1 and 4.3, the prolyl residue is considered to have 

a "side chain" of 27 mass units. 



Underivatized 1 N-acetylated and O,N,S-permethylated 

Amino acid R. Amino acid R. Immonium Pseudo Other 
residue ~ residue ~ ions(!.) N-terminal characteristic 

~ 
ions (B') ions 

0 

Gly 1 1 44 
Ala 15 15 58 
Val 43 Val 43 86 
Leu 57 Leu 57 100 . ) 
Ile 57 Ile 57 100 I ) 

Phe 91 Phe 91 134 131 
Ser 31 Ser (Me) 45 88 Loss of 32 amu 
Thr 45 Thr(Me) 59 (102) Loss of 32 amu 
Tyr 107 Tyr (Me) 121 ( 164) 161 
Cys 47 Cys(Me) 61 104 Loss of 48 amu 
~1et 75 Met 75 { 118) Loss of 48 amu, 61 
Asp 59 Asp(Me) 73 116 113 
Asn 58 Asn(Me,Me) 86 129 126 
Glu 73 Glu (J'.1e) 87 130 
Gln 72 Gln (Me ,JI1e) 100 143 
Lys n Lys (Ac ,Me) 128 98 
Arg 100 Orn(Me,DMP) 178 150,164 
His 81 His (Me) 95 138 135 
Trp* 130 Trp (Me) 14'4 ( 187) 184 
Pro ) "41" Pro "27" 

Table 4.3 Masses of side chains,immonium ions and other characteristic ions. 
Abundant ions are underlined. Bracketed ions are often absent. 

*> See text. I ) Leu and Ile may be distinguished by use of 
metastable ions ( 106). 

Cl 
w 
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Applications 

A large variety of oligopeptides was successfully 

derivatized as described in Chapter III and sequenced 

by mass spectrometry. Here, only a few examples are 

presented, selected for the presence of the more 

difficult amino acid residues. In all cases deriva

tization was carried out on 50 ~g of free peptide, 

unless otherwise stated. Other experimental details 

are given in Appendix 2. 

Ala-His 

The mass spectrum of the acetylated and permethylated 

dipeptide is presented in Figure 4.1. From this mass 

spectrum it is clear that the imidazole from the His 

residue is methylated properly. All sequence ions and 

the molecular ion are present, as indicated. 

(LKB 9000, probe temperature 60°C). 

fo6, -1'Js. ~ ::.. 
I I I 

1' eo 58 

:Me :o :~ :~: 
1<~~-CH+~+~ CH~C~OMe 

~3: : Rzl95-% : 
j ! l h 
: 0(57} : : Me,N_,N 

10.5 100 

I 
I I I 

~ ~@§.. 
v2 z1 v1 

32< 

so tOO 150 250 300 

Figure 4.1. Mass spectrum and fragmentation scheme of 

O,N-permethylated Ac-Ala-His. 



The mass spectrum (LKB 9000, probe temperature 1I0°c) 

of the permethylated acetyl derivative is given in 

Figure 4.2. The methylated Ser residue loses MeOH 

readily, yielding a dehydro Ala residue. All N-terminal 

sequence ions from the latter product are present: 

A1 , B1 , A
2
-32, B

2
-32, M-32. 

The immonium ion and the rearrangement ion at m/e 98 

are characteristic for the Lys residue. The peaks at 

m/e 284, 312 and 343 correspond with the loss of R2-I 

from A
2

, s 2 and M, respectively. 

'" •• 

50 

Q 
' .. 

111 

:~ ~ : ~ :? : 
M 

387 

4:1N-CK-:C ~N-o-t-: cJOMe 

I (~ 41 1Rzl45~fH, I F, •. , 

I;?_: I .:i ~~ 
N:.oMel ~/ 

' ' 
' Ae ' 
:ti=i{liOl': i 

•tr 
2 3 N 

"' 
349 3SS 

350 
1!/E-7 

Figure 4.2. Mass spectrum and fragmentation scheme of 

O,N-permethylated Ac-Lys{Ac)-Ser. 
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The mass spectrum of the permethylated acetyl deri

vative of this compound (Figure 4.3; LKB 9000, probe 

temperature 210°C) shows all but one of the N-terminal 

sequence ions and the molecular ion at m/e 620. Corro

borative evidence is given by peaks at m/e 171 (I1 ) and 

98 for Lys, m/e 121 (R2) and 164 (I 2) for Tyr. Pseudo 

sequence peaks from the C-terminal fragment resulting 

from cleavage of the N-Ca bond in the tyrosyl residue, 

are found at m/e 161, 290,318 and 349 as depicted in the 

inset in Figure 4.3. 

The sequence of this peptide was also confirmed by a pe~

tide sequencing computer program (af, Cnapter X). 
This program is based on Biemann's program (38) for high 

resolution mass spectral data, modified to accept low 

resolution mass spectral data plus the (qualitative) 

amino acid analysis as input (76). 

The mass spectrum of this tripeptide was analyzed and 

two of the possible 27 tripeptide sequences were found: 

Glu-Tyr-Lys, with an accumulated intensity of the 

sequence ions of 162 units, and Lys-Tyr-Glu, with 

1600 units. Thus, the latter sequence is clearly the cor

rect one. 



0'1 
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0 I Me 

CH-~J~ CH 

~ : (~212 1 

¢ ' C•O 

' 
OMe I OMe 

M' 
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I"' 
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Figure 4.3. Mass spectrum and fragmentation scheme of 

O,N-permethylated Ac-Lys(Ac)-Tyr-Glu (with 

"pseudo-sequence" inset). 
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~£~:~EQ:!YE:B!§:~~!9~ 
The mass spectrum of the N,O-permethyl derivative of 

this peptide has been published by l~hite and Desiderio 

(101). They methylated this peptide according to the 

procedure of Polan et al. (79) with equimolar amounts 

of methylsulfinyl carbanion and methyl iodide in a 

~ive-fold excess. The mass spectrum of the permethyl 

derivative gave complete sequence information. 

This tetrapeptide is an excellent model for the 

following reasons: 

the N-terminus is blocked. The pyroglutamic acid 

is resistant to the formation of phenylhydantoin 

and dansyl derivatives. This obviates these wet 

chemical sequencing methods. 

the histidine side chain is sensitive to quater

nary salt formation. 

the carboxamide function precludes the use of 

carboxypeptidase enzymatic cleavages. 

the combination of these properties together 
with the occurrence of polar and aromatic amino 

acid residues is not uncommon in natural oligo-

(27). 

(e.g. TRF, the thyrotropic stimulating hormone 

factor, has been proven to be PCA

¥is-Pro-amide (29,107,108), ef. p 27) 

Therefore, 50 ~g of the synthetic tetrapeptide was 

treated as an unknown peptide, and subjected to our 

derivatization method (modification of 

arginyl residues, if present, acetylation and per

methylation). 

The mass spectrum (LKB 9000, probe temperature 170°C) 

of the resulting derivative is presented in Figure 

4.4. It appears to be the mass spectrum of the 
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N,O-permethyl derivative, and it is similar to the 

spectrum presented else-v,rhere {101). 

All N-terminal sequence peaks (except B1 ) and the 

molecular ion are present. Peaks at m/e 121 and 95 

correspond with the methylated side chains of Tyr 

(R3 ) and His (R4 ), respectively. Immonium ions, 

characteristic for each residue, are found at m/e 

98 (A1 }, 70 (I 2 ), 164 (I
3
), and 138 (I 4 ). 

Pseudo sequence ions are found, corresponding with 

the C-terminal fragment resulting from cleavage of 

the N-Ca bond in the Tyr-residue. 

The peaks at m/e 191 (B~ + 30) , 253 (B2 + 30) and 

444 (B
3 

+ 30) correspond to N-terminal fragments 

formed by N-Ca cleavage of aromatic residues ( 

p 58). 

Otigopeptides with N-terminat aromatia amino aaids 

In the course of our investigation, we discovered 

that peptides, containing aromatic or heterocyclic 

amino acid .residues at the N-terminus, do not have 

to be acylated prior to methylation. Quaternization 

of the free N-terminal amino group appears to be 

precluded by electronic effects of aromatic side 

chains. Two examples are given below: 

This example "'as chosen because tryptophan residues 

may give artifacts upon methylation (57). The free 

dipeptide was directly permethylated. The mass 

spectrum (LKB 9000, probe temperature 150°C) is given 

belmV' (Figure 4. 5). 

Sequence ions, at m/e 201 (A
1

} 1 229 (B
1

) and 415 (A2} 1 

and the molecular ion H at m/e 474 are indicated. 
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Figure 4.5. 

H/e~ 

Mass spectrum and fragmentation scheme of 
O,N-permethylated Trp-Trp (with "pseudo 

sequence" inset). 
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The methylated tryphophanyl side chain R, and the loss 

of R from M correspond 1'ri th the major ions in the 

spectrum, accounting for one third of the total ion 

current. The genesis of pseudo sequence ions, at m/e 

156, 184, 215 {pseudo C-terminal residue) and 429, 

has been described earlier (p 57). 

c-methylation of glycyl residues is a potentially 

important source of artifacts ( 109 ,110) *. 
All N,O-permethylation methods may give C-methylation 

to some extent. The above mentioned tetrapeptide \vas 

permethylated without prior acylation. The mass spectrum 

of the permethyl derivative (LKB 9000, probe temperature 

160°C) is given in Figure 4.6. 

Only half of the N-terminal sequence peaks is found as 

indicated. Hmvever, several C-terminal sequence ions 

are present. Many peaks occur 14 mass units above others, 

but most of these may be assigned to fragment ions of 

the "pseudo peptide", resulting from N-Ca cleavage of the 

N-terminal Phe-residue. Moreover, the molecular ion 

region does not show any satellite peaks, and the 

immonium ion of Ala, at m/e 58 (of.Fig. 4.1) is absent. 

Thus it seems that c-methylation did not occur. The 

only confusion is caused by peaks at m/e 188 and 216, 

which might correspond with the pseudo sequence ions 

A~ + 14 and Bi + 14, respectively. The genesis of the 

ion at m/e 192 is not knmm. 

* It should be noted that, by the use of cn3r;cH3I for 

the methylation, C-methylated Gly and Ala residues 

may be distinguished unequivocally. 
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By application of our "equimolar, ten-fold excess" 

permethylation method, we succeeded in sequencing 

methionine-containing peptides. The following two 

examples were the first mass spectra of success

fully permethylated methionine-containing peptides 

reported in literature (96). 

The mass spectrum of the permethylated N-acetyl 

derivative is reproduced in Figure 4.7 (LKB 9000, 

probe temperature 100°C). 

Some c-terminal sequence peaks are present: at m/e 

178 (Y1+2) and 204 (Z 1). 

All but one (A2 at m/e 289) of the sequence-deter

mining ions from the N-terminus are found (m/e 

values 144 (A
1
), 172 (B

1
), 317 (B

2
) and the molecular 

ion r.1 at 348) • All masses were confirmed by accurate 

mass measurements using a CEC (Dupont) 21-110B high 

resolution mass spectrometer. It ,.,as thus established 

that the peak at m/e 290 does not represent A2+1, 

but rather ~-(R1 -1). The loss of the threonyl side 

chain R1 gave also rise to peaks at m/e 113 (B1-R1 ), 

114 (B1-(R1-1)), and 247 (Y2-(R1-1) = 290-Ac). 

Immonium ions r 1 and r 2 are found at m/e 102 and 118, 

respectively. R1 might be represented by the peak at 

m/e 59, while m/e 61 indicates the presence of 
+ CH

3
ScH 2 from R

2
• 

Loss of ~-1:eOH from the threonyl side chain corresponds 

vrith peaks found at m/e 70 (r1-32), 140 (B1-32), 285 

(B 2-32) and 316 {M-32). 
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The ion at m/e 70 may also be formed partly from r 2 
by the loss of CH3SH; the resulting ions have the 

same elementary composition in both cases. 

Other ions, formed by the loss of methyl mercaptan 

are found at m/e 130 (Y1+2-48), 242 (290-48), 269 

(B 2-48), and 300 (M-48). 

The peak at m/e 149 originates from a phthalate 

plasticizer and is a commonly encountered artifact: 

protonated phthalic acid anhydride. 

m/e 149 

The unidentified peak at m/e 199 is confusing however, 

since 149 + 199 = 348 mass units, which equals the 

molecular weight. 

The mass spectrum (LKB 9000, probe temperature I70°C) 
and fragmentation pattern of this acetylated and 

permethylated tetrapeptide are given in Figure 4.8. 

Although this "difficult" peptide contains three 

methionyl residues, from which one N-terminal, all 

but one (A2 at m/e 231) of the N-terminal sequence 

determining peaks are present: m/e 160 (A1), 188 (B1), 

259 (B 2), 376 (A3), 404 (B3), 523 (A4+2), and 549 

(B4}. The molecular ion (m/e 580) is not present. 

C-terminal sequence ions are found at m/e 204 (Z
1
), 

392 CY3) and 537 (Z 4). Characteristic for Met residues is 
the immonium ion I at m/e 118, and the peaks at 

+ m/e 61 (CH3ScH2 ) and 76 (R+l). The loss of methyl 

mercaptan. is shown by the peaks occurring at m/e 70(I-48), 
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112 (A1-48), 140 (B1-48) I 211 (B2-48), 328 (A3-48), 

440 (z
4
-1-2x48), and 488 cz 4-l-48). 

The peaks at m/e 154, 167, 228 and 273 are artifacts, 

caused by contamination of the ion source by a previous 

sample. The peak at m/e 78 is probably the molecular 

ion of dimethyl sulfoxide. Many peaks are accompanied 

by satellite peaks 14 mass units higher. This indicates 

that C-methylation of the glycyl residue did occur 

to some degree. 

The mass spectral data of this peptide, together with 

the amino acid analysis, were given as input to the 

before mentioned peptide sequencing computer program 

(ef •. Lys-Tyr-Glu, p 66). 

Two of the possible fourteen tetrapeptide sequences 

were found. They were Met-Gly-f.iet-Met, \oJi th accumulated 

intensities of sequence peaks of 1130, and Gly-Met

Met-Met, with 558. The correct sequence is clearly 

indicated by the highest accumulated intensity value. 

Arginine-containing peptides 

Modification, acylation and permethylation of 

arginyl peptides, using acetylacetone for the 

arginine modification (see Chapter III), was success

ful in many cases. Results are exemplified here with 

the mass spectra of Arg-Arg, Ser-Arg-His-Pro, and 

bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro~Phe-Arg) , 

derivatized at the 100 nmolar level {77). 

In all spectra, fragments from the side chain of the 

modified Arg residues dominate the spectra. These ions 

are found at m/e 101, 136, 150, 164, and 178 (R). 

Frequently, ions occur at R+12 (pseudo N-terminal A~ 

peak) and R-2. The genesis of these ions is depicted 

below: 



Fragments of methylated 

modified Arg-residues: 

-MeOrn (Me , m1P) -

4.9 contains the spectrum (LKB 9000, probe 

temperature 185°C) and fragmentation scheme of deri

vatized Arg-Arg. The sequence is defined by the 

occurrence of peaks at m/e 263 (A1 ) , 291 (B1 ) , 

5i1 (A2) and 570 (M), corresponding toN-terminal 

~ragments. C-terminal sequence peaks are found at m/e 

279 (Y1), 307 (Z 1), and 527 (Y
2
). The molecular ion 

of the derivatized diketopiperazine (cyclodipeptide) 

is found at m/e 496. Ions at m/e 482 and 556 result 

because of incomplete methylation of the diketopipe

razine and the dipeptide, respectively. The ion at 

m/e 235 could correspond to the unmethylated fragment, 

~fv!P-NH- (CH2 ) 
2

-CH=CH-COOCH3JT, occurring via N-d" 

cleavage of the c-term.i.nal arginine. The loss of 

portions from R from the dipeptide are observed at 

m/e 420 (M-150), 406 (M-164), and 392 (M-R). Corres

ponding fragments from the diketopiperazine are 

found at m/e 346, 332 and 318, respectively. 
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The mass $pectrum and fragmentation scheme of deri

vatized Ser-Arg-His-Pro are given in Figure 4.10 

(LKB 9000, probe temperature 200°C). The sequence 

is defined by the series of N-terminal sequence 

peaks at m/e 130 (A1 ), 158 (B
1
), 378 (A2), 406 (B2), 

543 (A
3
), 571 (B3 ) 1 668 (B4), and 699 (M). 

The ions at m/e 128 1 293 1 2951 321 and 541 corres

pond to fragments from the C-terminus. (Y
1

, Y
2

, 

Y2+2, z
2 

and Y
3

, respectively). 

Immonium ions from the derivatized Ser 1 Arg, His 

and Pro residues are found at m/e 88 (I1 ), 221 ( ) , 

138 (I
3
), and 70 (I 4), respectively. 

Many are accompanied by satellite peaks 32 

mass units lower, due to the loss of methanol from 

the methylated serine residue, e.g. m/e 56 (I
1
-32), 

126 (B1-32), 346 (A2-32) 1 374 (B2-32) I 511 (A3-32) I 

539 (B
3
-32), 636 (B 4-32) and 667 (M-32). 

The peak at m/e 265 is ascribed to 

137: 

~", -~jO~- OMJ + 

N~ 
I N 

Me -

The normal pseudo N-terminal fragment, B~ at m/e 

137-2, does occur too. The C-terminal fragments at 

m/e 511 and 627 could arise also from, N-Ca cleavage. 

Figure 4.10 also contains the superimposed spectrum 

of incompletely methylated tetrapeptide. 
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The mass spectrum (LKB 9000, probe temperature 220°C) 

and fragmentation pattern of derivatized bradykinin 

are given in Fig. 4.11. This nonapeptide was trifluo

roacetylated {between condensation with acetylacetone 

and permethylation) in order to prevent possible 

migration under the conditions necessary for 

Na-acetylation (af· p 43). 

N-terminal sequence peaks up to the eighth residue are 

found at m/e 317 (A
1
), 345 (B

1
), 414 (A

2
), 442 (B

2
), 

610 (B 4), 743 (A
5
), 771 (B5), 858 (A

6
), 886 (B

6
), 

983 (B7 ). The peak at m/e 1013 (B 7+30) is assigned to 

the N-terminal fragment resulting from N-Ca bond 

cleavage at the aromatic residue Phe8 • All these peaks 

have abundant satellites 14 mass units lm<Ter, indicating 

incomplete methylation in the first residue. No c-termi

nal sequence peaks are found. C-terminal pseudo sequence 

ions, fragments corresponding to N-Ca cleavage of the 

Phe 8 and Orn(DMP) 9 residues, occur at m/e 412 and 235, 

respectively. 

Immonium ions from the derivatized amino acid residues 

are found at m/e 70 ( , r
7

: Pro), 88 ( : Ser), 

134 , r 8 : Phe) and 221 (I1 ,r
9

: Arg). Peaks at 

m/e 56 and 854 correspond to loss of ~-'eOH from the 

seryl side chain from r 6 and a
6

, respectively. 

The tropylium ion (m/e 91) corresponds \vith the 

side chains R5 and R
8 

from the residues. 

The of the peaks at m/e 671 and 917 is unknown. 

However, the lack of abundant satellite peaks 14 mass 

units lower, indicates that the N-terminus is not 

present in the ions corresponding to these two peaks. 
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The usefulness of the dimethylpyrimidine moiety in lieu 

of the polar guanidino group of arginine in peptides 

has been demonstrated by the mass spectra presented 

above. The behavior of the modified arginine residue 

upon electron impact is very similar to that of aromatic 

amino acid residues, particularly with respect to 

N-Ca cleavage and the intensity of side chain fragments. 

Possible quaternization (63) of the pyrimidyl group 

has been avoided under the controlled conditions of 

our permethylation procedure. 

In all cases a superimposed mass spectrum of incomplete-
6 ly methylated material was noted·. Apparently , the N -

position of the Orn (DMP) residue is difficult to methy

late. In the case of bradykinin, the electron with

drawing power of the TFA group may prevent methylation 

of the Na-group as well. The TFA bradykinin was consi

derably more volatile than the Na-acetyl derivative. 

In an attempt to increase the volatility further, the 

guanidino group was derivatized ~vith CF 3cocH2COCF 3 • 

The mass spectra of these derivatives were inferior 

to those presented above. 
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Epilog 

The results described in this chapter prove the useful

ness of our derivatization procedure. All naturally 

occurring amino acids are accessible to this general 

technique for derivatization of oligopeptides at the 

100 nmolar level. 

Since its introduction in 1971, our permethylation 

method has been adopted in many laboratories, and is 

referred to as "balanced reagent method" (e.g. 110) 

or'"controlled equimolar procedure" (e.g. 103, 111). 

It has been recommended by others as the best per

methylation method available (e.g. 112), but Horris 

et at. reported to be "unable to consistently repeat" 

this procedure (113). t~orris has since fl.eveloped a "short 

permethylation procedure" (114), employing only 1 min 

methylation time. Under excess methyl iodide conditions, 

he claims that this method is applicable to all known 

amino acids, with the exception of arginine, and 

probably of cysteine (113, 115, 116). 

Quaternization of histidinyl residues is prevented in this 

manner, but carboxylic acid functions may not be esteri

fied quantitatively (114). The same author reported recently 

that acetylation of a-amino groups with acetic anhydride/ 

methanol is complete within 1 min, too (117). 

The slower reaction at the e and o positions of lysine 

and ornithine respectively would be expedited by the 

use of a small amount of base, NaHco3 or triethylamine. 

The three different permethylation procedures most 

commonly used now, the "standard procedure" of Thomas 

e t a l . (57) , the "equimolar procedure" ( 7 6) and the 

"short procedure" (114)} have been compared recently, 

with respect to C-methylation of glycine and other 

residues (110). The results show that while c-methy-



lation occurs with all three methods, samples deri

vatized by the equimolar method gave most of the 

predicted sequence ions. 

Advances in peptide sequencing by electron impact (EI) 

mass spectrometry are limited by volatility and instru
mental factors which in general prevent the sequencing 

of peptides greater than 10 residues. To overcome these 

problems two recent approaches become apparent: 

Sequence analysis of free underivatized peptides 

by field desorption (FD) or chemical ionization (CI) mass 

spectrometry. FD, pioneered by Beckey (118), integrates 

the evaporation and ionization process and allows the 
ionization of relatively involatile compounds in small 

quantities. The FD spectra of some free peptides have 

been reported (119). Molecular ions (or quasi-molecular 

ions, M+1) were obtained in all cases. This technique, 

which can even handle unprotected arginine and histidine 

peptides, has to be considered as a complementary one, 
since sequence information (i.e. fragmentation) is 

absent for many of the samples studied. 

CI is a recent promising technique (120) which has 

attracted considerable interest over the past few 

years (121). Its application to derivatized peptides 

has been demonstrated (122, 123, 124). Recently, 
studies have proven that it is possible to evaporate 

many underivatized peptides and obtain useful spectra 

(29, 125-133). Direct introduction of liquids con

taining dissolved underivatized peptides into a CI 

source has been developed by McLafferty and coworkers 

{128). This technique has made possible the observation 

of protonated molecular ions of a variety of free 

peptides (129}. Employing a "volatility enhancement 
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technique" (dispersal of small samples on Teflon 

surfaees}, combined with rapid heating of the sample, 

Beuhler et aZ. (133) also succeeded in obtaining 

useful CI spectra of peptides including a wide 

variety of amino acid residues. The possibilities 

with CI to influence the fragmentation processes 

by the choice of reagent gas and temperature, is 

advantageous. All these techniques have been reported 

to require only 10-8-10-9 g of peptides per CI 

mass spectrum. 

The reports by different groups concerning the possible 

mass spectrometric sequencing of underivatized peptides, 

thus avoiding the disadvantages of the derivatization 

procedures, are very hopeful. It appears, however, that 

a much simpler and more meaningful spectrum is generally 

obtained from derivatized samples (103). 

Analysis of mixtures of oligopeptides 

The high amount of specific information available 

in a mass spectrum can provide sequence information 

on several oligopeptides present in a mixture. 

In addition, the mass spectral peaks belonging to 

individual oligopeptides can often be identified 

by fractional vaporization of the sample from the 

direct probe in the ion source of the mass spectro

meter (124). 

Identifications in this way of peptides in mixtures 

have been reported (124, 134-141). For this purpose 

high resolution data is of course more specific 

(124,139,140)~ but identification of several mixture 

components from low resolution mass spectra has also 

been reported (116,134,135,138,141). 



Oligopeptides in mixtures may also be sequenced 

after gas chromatographic (GC) separation. 

In this case a protein is cleaved into small frag

ments (di- or tripeptides) , which are derivatized, 

separated by GC and identified on-line by HS. 

Repeating this procedure with a different cleavage 

method yields overlapping sequence information from 

v-rhich the structure of the original protein is 

reconstructed. 

The choice of derivatives requires special conside

ration in this case, because volatility and thermal 

stability is a more severe criterion for GC-MS than 

for solid probe introduction and decomposition may 

take place in the GC or in the interface. 

Biemann et al. employed a GC-MS method in which the 

mixture of peptides is esterified,acetylated, and 

reduced by LiAlD4 p 29), followed by trimethyl

silylation of the resulting polyamine alcohols (142). 

Others prefer not to include the reduction step, and 

use of N-TFA (143) or N-PFP (pentafluoroproprionyl) 

esters (144) for GC-MS has been reported. We are 

currently investigating the use of permethyl derivatives 

for GC-MS of peptide mixtures. 

The best approach is not yet clear: data are still 

scarce(l03) and the reduction route has been advocated 

by only one group. 

Computerized data acquisition during cyclic scanning 

is highly desirable in GC-MS. In this case identifica

tion may be based on three computer-generated sets of 

data: mass spectra, mass selected ion current plots, 

and retention indices. Combined interpretation of 

these data has been described by Biemann et al. (145). 
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For GC-MS analyses, proteins \•!ere normally cleaved 

by acid hydrolysis or non-specific enzymatic degra

dation. The resulting mixture contains a variety of 

fragments of different lengths. Simple amino acids 

give no sequence information and the higher peptides 

do not elute from the GC column. The advent of a se

lective diaminoacidyl peptidase (146) (DAP I or cathep

sin C) is a promising solution to this problem. 

In theory, b1o GC-r1S runs, one after degradation by 

DAP I and the other after one Edman degradation step 

and DAP I degradation, generate two sets of over

lapping dipeptides. However, the reconstruction of 

the sequence from this information, although straight

forward (144,147,148) is not necessarily unambiguous 

(af. 148 ) • Unfortunately, the enzymatic cleavage 

stops at Pro and is ineffective for N-terminal Arg 

or Lys peptides. The esterified dipeptide derivatives 

employed thus far· with this method are: 

N-TFA (148), N-PFP (144) and reduction and derivatiza

tion to 0-TMSi polyamine alcohols (142,147). 

Polypeptide sequencing methods which utilize infor

mation from the sequences of fragments, must involve 

information of overlapping fragments to arrange the 

pieces in the proper order. 

The overlap information will only be unique if it 

is sufficiently long, so that it is not duplicated 

elsewhere in the polypeptide. Di- and tripeptides, 

as used in GC-t1S methods, often do not provide un

ambiguous overlap information. 

Liquid chromatography (LC) has no vapor pressure 

limitations, and recently the direct on-line 

coupling of LC and l\!S has been achieved (128,129, 

149-152) • Using atmospheric pressure ionization 



(151) and especially CI, using the LC solvent as 

the ionizing reagent gas (128,150), larger oligo

peptides might be studied (103). 

The LC-MS method has the potential for sequencing 

of much smaller amounts of polypeptides than 

possible by present techniques. 

In summary it is nov1 possible to obtain extensive 

and unambiguous sequence data on proteins and 

peptides by mass spectrometry. 

M.ass spectral sequencing, as it stands at present, 

is either a complementary or alternative procedure 

to classical dansyl-Edman or solid-phase sequencing 

methods in the analysis of small peptides. 

New developments will extend the method to include 

larger peptides. Prospects on the analysis of complex 

mixtures of oligopeptides by GC-MS and LC-MS at very 

high sensitivity are favorable, especially if combined 

with automated computer reduction and analysis of data. 
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PART II 

Mass spectrometry of various 

biochemically interesting compounds 
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INTRODUCTION 

Good results obtained with our permethylation 

procedure as applied to peptides encouraged us 

to apply this method to other classes of com

pounds of interest in biochemistry. 

One obvious application, permethylation of car

bohydrates, has not been investigated by us. 

For structure analysis of carbohydrates, e.g. 

oligosaccharides, by gas chromatography and mass 

spectrometry, permethyl derivatives are of course 

excellently suited. Due to the great number of 

functional groups, other derivatives (TMSi, Ac, 

eto.) often add too much to the molecular weight. 

Many reports on the permethylation of oligosaccha

rides have been published (e.g.54,59,85,89,153-156). 

Actually, much of this work has been carried out 

before permethylation techniques were applied to 

peptides (of. Scheme 3.1, p 40). 

Application of our permethylation procedure would 

probably cause no problems, since the variety of 

functional groups in saccharides is smaller than 

in peptides. 

We did investigate, however, the possibilities 

for the permethylation of amino acids, steroids 

and nucleosides. In Chapter V, results obtained 

with permethylation and other derivatization 

methods for amino acids are described. 

Hass spectra, both EI and CI, of amino acids and 

some derivatives are discussed. Chapter VI deals 

with the methylation of steroids and the mass 

spectrometry of the derivatives. Our findings with 

methylation and mass spectrometry of nucleosides 

are reported on in chapter VII. 
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Chapter V 

AMINO ACID DERIVATIVES 

Introduction 

The amino acids, in the form of their esters, were 

among the first classes of organic compounds success

fully investigated by mass spectrometry (157-161). 

The development of techniques for the direct intro

duction of samples into the ion source, in the early 

sixties, paved the way to mass spectrometric analysis 

of most of the free amino acids (162-164). 

Parallel to this development, a vigorous search was 

going on to find derivatives that would make the 

amino acids amenable to gas chromatographic analysis 

(165,166). The zwitterionic character of amino acids 

is usually removed by both esterification and acyla

tion. Functional groups of trifunctional amino acids 

have to be derivatized too. Probably, the most suited 

of these derivatives are the N-TFA esters (e.g. 167-

169). Numerous other derivatives for use in gas chro

matography have been reported (165,166). More recently, 

the use of N-HFB esters (170), TMSi derivatives (171) 

and N-dimethylaminomethylene alkyl esters (172) has 

been described. A significant advantage of the TMSi 

method is that derivatization requires a single-step 

reaction only. However, TMSi derivatives are very 

sensitive towards hydrolysis. 

Another approach to the formation of derivatives by 

a single-step procedure was reported by Pettitt and 

Stouffer (173). Essentially, they applied the "per

methylation" method, as described by Thomas (57) for 

peptides (of. p 33). But, in order to prevent the 

formation of quaternary amino groups and hence eli

minating the need for an acylation step, they used 

2-bromopropane as the alkylating agent instead of 
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* methyl iodide • This larger alkyl group has steric 

requirements such as to stop N-alkylation at the 

secondary stage. The resulting derivatives, N-i
propyl i-propyl esters, are stable and behave well 

chromatographically. Trifunctional amino acids, 

however, yield mixtures of di- and tri-i-propylated 

products. Yields are low for hydroxy and basic 

amino acids, while glutamic and aspartic acid and 

the corresponding amides give no detectable derivatives 

(175,176). 

Permethylated N-acetyl amino acids 

Our investigations on the permethylation of peptides 

1r1ere originally undertaken with amino acids as 

model compounds. However, we did not obtain any re

sults at all. We suspected the permethyl derivates 

to be too volatile to handle under our experimental 

conditions (af. 177), and therefore proceeded with 

oligopeptides. After establishing the optimum con

ditions for the permethylation of peptides, we tried 

again to derivatize amino acids. Although we succee

ded in obtaining the mass spectra of a few amino 

acids, derivatized exactly as described in Chapter III 

(76), results were generally disappointing. As judged 

by ga$ chromatography, were low and abundant 

stde product formation had occurred. 

Coggins and Benoiton (87) reacted N-acetyl derivatives 

of aliphatic amino acids with Mei and NaH (in that 

order) in THF. Using reactants in an 8:3:1 molar ratio 

*. We observed that n-propyl and n-butyl iodide give 

similar results (174). 



(Mei/NaH/Ac-amino acid) they obtained high yields 

after 24 hrs at 80°C in the presence of DHF. The 

products were isolated as oils and identified by 

IR analyses as N-acetyl-N-methyl amino acid methyl 

esters. Apparently, this method is better suited 

for permethylation of amino acids than our procedure. 

This was confirmed by ~4arino et al. (111) who applied 

the method of Coggins and Benoiton under controlled 

conditions (exactly as in our "ten-fold equimolar" 

procedure (76)). Substituting Me 2so4 for Mei and 

using MeCN as solvent (still using NaH as base, 

added after Me
2
so

4
), they successfully N,O-permethy

lated the N-acetyl derivatives of aspartic acid, 

tryptophan and methionine, in addition to the 

aliphatic amino acids. Derivatives vvere obtained 

in high yield with little or no side-product for

mation. vlith methionine no sulfonium salt was 

formed and no c-methylation of glycine was observed 

in glycyl-peptides. 

Mass spectral data on permethyl N-acetyl amino acids 

have not been reported. The mass spectra of valine, 

lysine, tyrosine, tryptophan, methionine and modified 

arginine, acetylated* and permethylated as outlined 

in Chapter III, are presented here. (Figures 5.1 

through 5.6). 

The fragmentation patterns of peptides as depicted 

in Chapter IV, may be used for the interpretation 

of the spectra of the N,O-permethyl N-acetyl amino 

acids. "Sequence" ions of the types A and Y are 

* \ve did not succeed to methylate free aromatic 

amino acids directly, without prior acylation 

(cf. p 70). 
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Figure 5.1. 

Figure 5.2. 
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Figure 5.5. 

Figure 5.6. 
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generally encountered in the spectra, while B-type 

ions are rare (Scheme 5.1). 

A B M 
-, -, 

~1e I 0 I 
I I I II I 

.!. I I Ac N - CH 'j c i' OMe Scheme 5.1 
I 
I Rr--r- l I 
I 
I 
I R I 

~ 
'-- I-1 I 

y 

Facile loss of ketene from A-type ions results 

in immonium ions I, as listed in rable 4.3 (p 63). 

Loss of ketene from the acetylimmonium ions M-R 

yields the immonium ion Y+l-R: 

r4e 0 
I II 

H - N CH - C - OMe 
+ 

m/e 102 

+ which is present in most of the spectra. Ac (m/e 43) 

is abundant in all spectra. The molecular ion M has 

a low abundance in most cases, but is always present. 

"Pseudo sequence"-type ions A', B' and M' (cf. p 57). 

are observed in the mass spectra of aromatic amino 

acid derivatives, where M' is formed by elimination 

of N-methyl acetamide from H: 

A' .., 
I 
I 
I 

CH 7 • I 

CH 
I 
Ar 

B' ., 
0 I 

II I 
I c "j' 
I 

M' 

OMe Scheme 5.2 

aromatic residue from 

Tyr, Trp, eta.). 
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Characteristic ions corresponding with (loss of) 

side chain fragments are also found: Lys: m/e 98 

(cf. p 60 ) ; Met: m/e 61,70 (I-48), 112 (A-48), 

HS (~- (R-1)), 158 (H-61), 171 (M-48) (cf. p 59 ) ; 

Arg: m/e 150, 164 and 178 (cf. p 79 ). 

In the spectrum of Trp, ions corresponding with 

Rand M-R would coincide (m/e 144), but occurrence 

of the latter ion is unlikely. An analogous ambi

guity is found in the spectrum of Val, where the 

peak at m/e 144 probably represents the Y-type ion 

and not M-R. 

All these mass spectra were recorded in EI mode on 

an AEI MS-12 mass spectrometer, with the exception 

of the spectrum of modified Arg (77), which was 

obtained from a LKB 9000. The samples were introduced 

by direct insertion. Probe temperatures are indicated 

in the figures. Other instrumental parameters are 

given in Appendix 2. 

Currently, the gas chromatographic properties of the 

permethyl N-acetyl amino acids are under investigation. 

"On-column" permethylated N-neopentylidene amino acids 

vJhile all existing derivatization methods for amino 

acids have shortcomings and limited applicability, 

quantitative analysis of amino acids by gas chroma

tography is very important for clinical chemistry. 

Therefore we continued research in this field. 

A recent promising methylation method is the so-called 

"flash-heater methylation". consisting in the forma

tion of quaternary ammonium salts, followed by pyroly

sis gas chromatography (174,178). Quaternized N,N,N

trimethyl amino acid derivatives may be prepared 



simply by permethylation with Mei of free amino acids, 

employing methylsulfinyl carbanion or Ag 2o as base. 

(The use of other bases with methanol as solvent has 

been reported for this purpose (179,180)). 

Mass spectra obtained from direct sample introduction 

confirmed that quaternization had occurred. 

However, pyrolysis of the salts during injection into 

the gas chromatograph did not appear at temperatures 

up to 300°C (174). 

Tetramethylammonium hydroxide is a well-known pyrolysis 

methylation reagent (181). However, pyrolysis of the 

products obtained with this reagent requires also 

temperatures higher than 300°C. Since 1969 trimethyl

anilinium hydroxide (TMAH) has been used successfully 

for the pyrolysis methylation of barbiturates (182), 

fatty acids (183) and some amino acids (184) at tem

peratures of about 220°C. TMAH is commercially avai

lable as a 0.2 M solution in methanol ("methelute"). 

With amino acids, the free amino groups have to be 

protected. Pivaldehyde (2,2-dimethylpropanal) may be 

used for this purpose. 

~'le deri vatized all protein amino acids, separately 

and in mixtures, in the following vray (178): 

100 ~g of the amino acid(s) is solved in 0,5 ml 

"methelute" and 20 ~g of pivaldehyde is added. 

Some molecular sieve is added to adsorb the water 

formed by the reaction. Blocking of the amino group 

requires heating for 15 min at 80°C, after which the 

formation of neopentylidene trimethyl anilinium salts 

should be completed (184) (Scheme 5.3). 
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+ 

0.5 ]11 of the resulting solution was a.pplied to 

the "falling needle injector" (185) and the solvent 

evaporated. Injection at 230°C leads instantaneously to 

the permethyl neopentylidene derivatives. 

N,N-dimethylaniline is the only side product of the 

reaction. 

As judged by gas chromatography and mass spectrometry, 

good results were obtained with all aliphatic amino 

acids, cysteine, methionine, phenylalanine, tyrosine 

and tryptophan. All functional groups were methylated 

in these cases. 

Serine, asparagine, arginine and histidine gave useless 

data, "'hile threonine, lysine, glutamic and aspartic 

acid, and glutamine have not yet been investigated. 

The mass spectra exhibit lo"' molecular ion peaks, often 

accompanied by satellite peaks 15 amu lower, obviously 

due to the loss of a methyl radical from the neopentyli-



dene moiety. Abundant A and "Y"-type ions differ 

only 2 amu and are very characteristic in the 

spectra of these derivatives (Scheme 5.4). 

I 

I CH 
I 
I 
I 
I 

:99+R 

"Y" 

A 

97-+Rl 

N - CH 
I 
R 

I 

'0 
'II -:c - OMe 

Scheme 5.4 

Immonium ions of the type I are 

M 

156+R 

absent. 

In the case of aromatic amino acid derivatives 

these ions >•Tould coincide with the "pseudo sequence" 

ions of type B' : both have a nominal mass equal to 

R+41. The loss of the side chain R from M results in 

an ion with m/e 156, \vhich appears in most spectra. 

Typical for these derivatives is the loss from M 

of the aromatic moiety only, i.e. R-14. 

Masses and intensities of M,M-15, A, and "Y" ions 

have been reported in tabular form by Williams and 

Halpern (184). These authors did not succeed in 

derivatizing cysteine properly. 

Although much elaboration remains to be done, the 

speed and convenience of this pyrolysis methylation 

may provide a valuable tool for the analysis of 

amino acids. 
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Chemical ionization mass spectra of amino acids 

and derivatives 

As mentioned in the epilog of Chapter IV, CI mass 

spectrometry offers promising perspectives for the 

sequence analysis of oligopeptides. 

In the framework of our investigations of oligo

peptides we needed to obtain the CI mass spectra 

(with methane) of a series of natural amino acids, their 

amides, methyl esters and Na-acetyl derivatives. 

The results of this study have been published in 

1973 (186) and will be summarized here. 

The basic principles of CI mass spectrometry are 

outlined in Chapter IX and experimental details 

are given in Appendix 2. 

The CI mass spectra of free amino acids, using 

methane as reagent gas, had been reported before 

for ions with a mass equal to, or less than, M+l 

only (187). However, we found many ions at higher 

masses, corresponding with the adduct ions M+1, 

M+15, M+29, 2lHl, 2H+15, 2M+29, and 2H+41, 

where 1, 15, 29 and 41 correspond to H, cH 3 , 

c 2H
5 

and c
3

H
5

, respectively. 

In some of the spectra of the compounds studied, 

even 311+1 ions v1ere found. All these ions undergo 

the same fragmentation as M+1. Extensive tabular data 

are found in the original paper (186). Here a list 

of fragments lost from, and in common with, all ion

molecule reaction products will suffice (Table 5.1). 



..... 
0 
\0 

1. Free amino acids: 

2. Amino acid arnides: 

3. Amino acid methyl esters: 

4. Ncr-acetyl amino acids: 

2, 18, 35(17+18), ~' 63(46+17), R+1, side chain 

fragments 

2, ll• 18, i1• 62(45+17), R+l, side chain fragments 

2, 17, ~, iQ, R, R+1, side chain fragments 

2, 18, 42, 44, ~, 58, 59, 60(42+18), !!l(42+46), R, 

R+l, side chain fragments 

Table 5.1. Fragmentsa lost from and in common with, all ion-molecule reaction products of Mb. 

a 

b 

The masses of these fragments correspond to the following compositioi1s: 

1 to 2 = l-2H; 17 = NH3 ; 18 = H20; 32 = CH30H; 42 = CH2co; 44 = CH3CHO; 

45 = HCONH2 ; 46 = HCOOH; 58 = CH2CONH2 ; 59 = CH
3

CONH2 or 42+17; 

60 = HCOOCH
3 

or 42+18; R = side chain. 

Underlined are those masses .whose loss results in abundant fragment ions • 
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The relative intensity of 2M+! and the ratio of the 

intensities of 2M+1/M+l were found to be dependent 

on several experimental parameters (188). Among 

the parameters influencing intensities are sample 

size, position of sample in the probe tip, a con

stant source temperature but a range of vaporization 

temperature of the sample, the time at ><Thich the scan 

is initiated and the length of time required to scan 

from above 2M.+1 to around m/e 30. One parameter re

lates to all of these factors, namely the sample 

pressure. 

This pressure was, however, at no time more than a 

few percent of the reagent gas, thus assuring CI 

conditions. 

The fragmentation processes are often accompanied 

by metastable transitions. For example, a metastable 

for the transition 2M+l ~M+1 was found in most 

spectra. In addition metastable peaks were found 

for the following transitions: free amino acids: 

M+l ---M+l-46; amides: ~HI -a+1-45; methyl 

esters: M+1 --..~1+1-60; Na-acetyl amino acids: 

M+1 -~1+1-42, M+1 ---~1[+1-18 and M+1-18 _,_ M+1-46. 

Many.fragmentation processes involve a transition 

bet~veen even-electron ions under elimination of 

a stable molecule. The mechanism by ltlhich these 

fragmentations take place may involve protonation 

by the reagent gas at one or another functional 

group, followed by two-electron shifts (187). 

For free amino acids this can be visualized as 

follows (Scheme 5.5). 



H~~ CH - COOH 
3 I 

R 

CH+ 
~~H - CH - COOH 5 CH - co 

I c2H; I 2 
R R 

~+/ 
OH 

H2N - CH - c 
I ' R OH 

Scheme 5.5 

~he quasi-molecular ions, M+l, are among the most 

intense ions, except in those cases where cyclization 

might be expected to be particularly facile. Cyclization 

of free amino acids with loss of water occurs with 

glutamic acid, ornithine, arginine and citrulline, 

probably due to pyrolysis in the probe. 

There are interesting parallel fragmentation pathways 

which occur in the CI mass spectra of the free amino 

acids arginine, citrulline and ornithine (186) 

(Scheme 5.6). 

The dehydrated species (a and d) fragment to produte 

the protonated diimine (f) and ketimide (g) and th$ 

amino lactam (h)~ ion his probably not formed by 

protonation of e (123). A more feasible route is a 

direct hydrogen transfer from the nitrogen of the 

-C(=X)-NH2 group in ions a and d. In the ornithine 

spectrum, the loss of 18 mass units from M+1, also 

resulting in h (63), is substantially greater than 

reported previously (187}. Ions a, d and h lose 

ammonia and water. 

The abundant ions at m/e 70 (a) in the spectra of 

arginine, ornithine and lysine, could be visualized 
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a X NH m/e 175 (0%} (J X = NH m/e 157 (6%) 

b X 0 m/e 176 (0.3%) d X 0 m/e 158 ( 3 0%) 

NH 2 0 (Jo 
Ci:~x + 

H + H2N=C=X 

c;~H2 
c,d e f X = NH m/e 43 (62%) 

g X 0 m/e 44 ( 46%) 

+ HN=C=X 

h m/e 115 i X = NH 

Arg: 93% j X 0 

c,d Cit: 100% 

Orn: 47% 

Scheme 5.6 
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as occurring from ion h by the loss of HCONH
2

• 

The reported loss of either an a or group 

and the a-COOH group from ornithine (187) 1 however, 

and the occurrence of ions Z. and m in the CI mass 

spectra of arginine and citrulline, respectively, 

prompt us to propose the mechanism outlined in 

Scheme 5.7. The mechanism proposed for the formation 

of l and m via direct hydrogen transfer in a and b, 
respectively, is analogous to the formation of h in 

Scheme 5.6. Ion o might have been formed from a and 

b according to the lysine fragmentation scheme (187). 

None of the possible intermediate fragment ions is 

significantly abundant, however. 

As already pointed out, all of the "adduct" ions 

fragment according to the fragmentation scheme of 

M+l listed in Table 5.1. 

The fragmentation pathway of 2M+l is also analogous 

to that of ~1+ 1. In addition, fragments are lost 

which are unique to the 2M+l ion. Because of the 

presence of metastable ions in most spectra for the 

transition 2M+l __._M+1, this is an important frag

mentation of 2M+1. The loss of 46 mass units from 

2~+1 is another major fragmentation pathway. Although 

ammonia is lost from 2M+l, it is to a very slight 

degree. It is interesting, however, that the loss 

of 63(46+17) mass units is one of the major frag

mentation pathways. This loss of 63 mass units must 

occur either sequentially, 4~ and then 17, or in a con

certed one-step elimination. Although the protonated 

association complex 2M+1 has a high degree of disorder 

(189-193), the loss of 63 mass units could be ex

plained by postulating a "head-to-tail" configuration 

(s, Scheme 5.8), which would then result in structure t. 
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The loss of both 18 and 17 mass units from 2M+l is 

coincidental with the more probable fragmentation 

(2M+29) -46-17. The ions 2r1+15, 2H+29, and 2M+41 

in the same manner as described for 

2M+l. The intensity of these types of ions is low 

and their fragment ions are even less intense. 

There is still an indication that the loss of 63 

mass units is an important fragmentation pathway 

in all three of these cases, however. 

The most favored fragmentation pathways of the 

amides (Table 5.1) are the loss of ammonia and 

the protonated carboxamide group. In parallel to 

free amino acids, we have found that the loss of 

NH
3 

from 111+1, M+29 1 and ~H41 is greater with 

aromatic side chains. The (M+l)-17 ion coincides 

in mass with (M+29)-45. Both processes occur in 

these compounds. 

The "adduct" ions M+l5, M+29 and M+41 all fragment 

in the same fashion as M+l. In general the intensity 

of 2M+ 1 was higher with ami des than y,ri th the other 

compounds studied. This may be due to the higher 

dipole character of amides. The same fragmentation 

scheme is found to occur '"ith 2M+l and its adduct 

ions as with M+1. The loss of 62 mass units is more 

prominent from 2M+l than from M+1 and forms the most 

abundant 2H+l fragment. The loss of 62 units from 

2M+l is either a loss of 45 and 17 (no 

order can be given) , or a concerted one-step elimi

nation. These facts suggest a "head-to-tail" confi

guration of the protonated association complex 

(u, Scheme 5.9). 
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R 

u 

Scheme 5.9 

R 
I 
c 
I 

- ~ - CONH2 
R 

v 

+ 

Although the loss of t\'10 molecules of ammonia 

from 2M+1 would be obscured by '{2lH29) -45-17, the 

formation of the protonated diketopiperazine (w) 

from the former process would be a favored frag

mentation process. We can not resolve the contri

bution to this mass by these two processes. The 

2M+15, 2M+29 and 2M+41 ions undergo the same 

fragmentations as outlined for 2M+1 ions. 

With amides, 3M+1, (3M+l)-17, (3M+1)-45 and (3M+l)-

45-1v ions were observed in some cases. Whenever 

2M+1 is very abundant (e.g. alanine, 2~1+1 is 100%) 

the intensity of the adduct ions of 2M+1 and M+1 

is minimal. In these cases the mass spectrum consists 

mainly of 2M+1, M+l, and the major fragments (loss 

of 17 and 45 mass units). 

The major fragmentation process for amino acid methyl 

esters (Table 5.1) is the loss of 60 mass units (methyl 

formate). 



In most cases peaks corresponding to the loss of 

both R and R+l from M+l were observed, yielding 

fragment ions of mass 89 and 88, respectively. 

Peaks at m/e 33 and 61 were found in these spectra, 

and correspond to protonated methanol and methyl 

formate, respectively. 

The ion at the mass corresponding to (H.+29)-60 is 

coincidental with (M+l)-32. Both processes were 

found to occur. With histidine M+l5 is the base peak 

(af. M+l 56%) • M+l5 corresponds to the methylation 

of the imidazole nitrogen by the methane plasma (187,194-196). 

In most spectra m/e 51 occurs, and in the cases of 

histidine and arginine this ion is very prominent. 

The "adduct" ions at tHIS, M+29 and M+41 fragnent in 

a fashion analogous to M+l. 

In the cases of serine methyl ester and threonine 

methyl ester, metastable peaks were observed correspon

ding to the loss of water from M+l. Furthermore, meta

stable ions were observed in both cases corresponding 

to the subsequent loss of methanol from (M+l)-18. 

Metastable ions were observed corresponding 

to the formation of ion x from lysine methyl ester by 

two pathways. These fragmentation pathways are entirely 

analogous to the t\'TO pathways described for free lysine 

( 187) • 

0 
I 

H 

(x) 

m/e 84 
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The 2rH1 ions are not very abundant in the spectra 

of the methyl esters. Therefore the fragment ions 

are less abundant. Apart form the fragmentation of 

2M+! analogous to M+1 outlined in Table 5.1, the 

losses of 49(17+32) and 77(17+60) mass units are 

prominent. The best explanation for the formation 

of the resulting ions is offered by assuming the 

"head-to-tail" configuration. The loss of 49 mass 

units would result in ion y and the loss of 77 

mass units in ion z. 

R -

R -

+ 
~ = NH2 
co 
I 
CH - COOCH3 

(y} 

R - C 
I 

R - CH 

(z) 

The fragmentation pathways discussed for 2r-1+1 are 

found to be valid for 2M+15, 2M+29 and 2M+41. 

Among the CI spectra of the Na-acetyl amino acids, the 

spectrum of Na-acetyl ornithine was superimposed 

by the dehydrated species. 

Hith the acetylated amino acids, significantly 

higher relative intensities of the addition ions 

M+l5, M+29 and M+41 were observed, as compared 

with the previous three classes of compounds. 

This is probably due to the decreased basicity of 

the molecules by the absence of the free amino 

group. In most of the spectra peaks of mass equal 

to ~1+43 were found, corresponding to the addition 

of a propyl, or more likely, an acetyl group. 

The fragmentation of 2H+l ions does not have any 

additional pathways other than those listed in 



Table 5.1. The losses of 2xi8, 2x42 or 2x46 mass 

units were not observed. Ions at (2M+l)-42-18 and 

(2M+l)-42-46 are produced. The structures of these 

two ions are tentatively postulated as aa and bb, 

respectively. In analogy to previous examples, 

these ions could arise easily from the "head-to

tail" configuration of the 2M+l complex: 

[cH3CONHCH(R)CONHCH(R)COOH2]+ 

[ CH 3CONHCH (R) NHCH (R) COOH~ + 

In the mass spectrum of N~-acetyl alanine, 

(a a) 

(bb) 

a very abundant ion corresponding to (2~Hl) -42-18 

or structure aa was observed,referred to as X+l. 

A series of corresponding fragment and adduct ions 

dominates this spectrum. The formation of 2X+l, 

which corresponds to a loose association complex 

of two acetylated dipeptides, was observed. 

Subsequent spectra have a decreased intensity of 

this series of ions and the normal CI mass spectrum 

of Na.-acetyl alanine predominates. In order to deter

mine whether or not this phenomenon was due to an 

impurity, a new sample was repeatedly introduced. 

The same phenomenon was observed every time. In 

addition EI spectra were normal for this sample 
of N-acetyl alanine. 
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Chapter VI 

!'1.ETHYLATED STEROIDS 

Introduction 

In gas chromatography of steroids, trimethylsilyl 

{TMSi) derivates are widely used. TMSi ethers are 

excellent derivatives for a great number of ste

roids, although they have some disadvantages. 

Methyl-ether derivatives of steroids have been 

reported to give very good GC separations, with 

volatility comparable with TMSi ethers (197). 

Advantages of methyl ethers vs. TMSi ethers include: 

a. less contamination of flame ionization detectors, 

b. higher stability to hydrolysis. 

Advantageously for GC-MS work are: 

c. the lower molecular weight of methyl ethers, 

d. the fragmentation upon electron impact, which is 

not directed from the methoxy groups because 

- unlike in silyl ethers - the positive charge 

does not reside in the methoxy group, but else

where in the molecule (197,198). 

Although there are several methods for methylation 

of steroids (198), only two reports dealt with the 

use of methylsulfinyl carbanion as base, at the time of 

our investigations in this field. Danishefsky et al. 

(199) reported on a-methylation of steroidal dien

ones. Thompson and Desiderio (200) described the 

methylation and mass spectrometry of steroid glu

curonides. Both authors mentioned that some "over

methylation" occurred. It was suggested that over

methylation might take place on ring D of 17-keto 

steroids (200) because of the presence of a highly 
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acidic proton at C-16 (199). 

v1e undertook to investigate the extent and the 

reproducibility of overmethylation of 17-keto steroids, 

using methyl iodide. I methylsulfinyl carbanion, in our 

"equimolar ten-fold excess" permethylation procedure 

(of. Chapter III). 

Methylated 17-keto steroids 

r'lethylated were androsterone (A) , epiandrosterone 

{EA) , etiocholanolone (E) , dehydroandrosterone (DHA) , 

dehydroepiandrosterone {DHEA), 11S-hydroxyandroste

rone {11 OH-A) and 11S~hydroxyetiocholanolone {11 OH-E). 

(For nomenclature see Appendix 1). 

As judged by GC, derivatives were obtained in high 

yield without significant side products, as long as 

reagents were used in at least five-fold excess. 

Less excess yields a mixture of underivatized and 

partially methylated samples. The extent of methylation 

did not increase when using reagents up to one hundred

fold excess. 

Mass spectra {AEI MS-12, via GC) of the derivatized com

pounds have been published (201). Some of these are pre

sented in Figures 6.1 through 6~4. (Expe~i~ental data 

are given in Appendix 2). All spectra presented here, 

relate to products obtained by methylation with ten-fold 

excess of reagents (with to the number of hydro-

xy groups in the steroid molecule). The spectra re-

veal an interesting fact: in all cases molecular ions 

are found corresponding with trimethyl (Figures 6.1-6.3) 

or tetramethyl (Figure '6,4) derivatives. From the mass 

spectra it is clear that, apart from,the methoxy group(s) 

at C-3 (and C-11), the two remaining methyl groups must 

have been introduced at ring D. For example, in the 



Figure 6.1. 
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Figure 6.2. 
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mass spectrum of methylated A {Figure 6.1), the 

major fragment ion at m/e 248, originating from 

D-ring , is a monomethylated fragment 

(cf. 199 ) : 

The acidic proton at C-16 has been mentioned 

already. Therefore, one of the methyl groups is 

probably substituted at C-16. Although the 17-

keto group is known not to enolize, the following 

isomers of the derivatives might be considered 

theoretically: 

It is not possible to distinguish among these 

isomers from the mass spectra. To elucidate the 

structure, a lOOMHz 1H NMR spectrum of methylated 

A was recorded (Figure 6.5). This spectrum clearly 

indicates the presence of two almost equivalent 

methyl groups at 0.8 ppm. l'Jith a 60 M.Hz spectrum 

it was proven that these two resonances are not 

the partners from a doublet. IR spectra confirmed 

the presence of the free 17-keto group ( Figure 6. 6 1 

-1 
v>C=O at 1735 em ). 
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Mass spectrum of 16,16' ,O-trimethyl-

11S-methoxy androsterone. 
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Hass spectra of methyl-ether derivatives of some 

(cholestanyl) steroids have been reported (197,198). 

Therefore, discussion of those fragmentations 

typically influenced by the 16,16'-dimethyl 

moiety will suffice (201). 

The major fragmentation pathway of the saturated 

16,16' ,0-permethyl 17-keto steroids is the well 

documented cleavage of the C-13 - C-17 bond, 

followed by elimination of ring D: 

R=H(A,EA,E): 

R=OCH3 (110H-A, 110H-E): 

m/e 332 (M) 

m/e 362 (M) 

m/e 248 

m/e 278 

In the mass spectra of 17-keto steroids which are 

unsubstituted at ring D, the elimination of ring D 

with hydrogen transfer is also prominent. The 

corresponding process in the case of 16,16'-dimethyl 

derivatives, yielding fragment ions of m/e 247 

(A, EA, E) and m/e 277 (11 OH-A, 11 OH-E), respec

tively, is however negligible. Subsequent loss of 

CH
3

0H would yield a peak at m/e 215 in the former 

spectra. This peak is always abundant in the mass 

spectra of 17-keto steryl ethers which are not 

substituted at ring D. 



Figure 6.5. 1 100 MHz H NMR spectrum of 16,16' ,0-

trimethyl androsterone. 
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Figure 6.6. 
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androsterone. 
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For methylated A, EA and E, the most important 

fragmentation pathways are outlined in Scheme 6.1. 

To aid the elucidation of these pathways, mass 

were also recorded of per-trideuteromethyl 

androsterone (Figure 6.7). All peaks, except two, 

are shifted in mass as expected. The bm exceptions 

both involve the loss of a methyl radical from the 

molecular ion M. It has been reported {202,203) 

that the H-15 peak in the mass spectrum of andro

stan-17-one originated from the elimination of both 

the C-18 and the C-19 methyl groups (1:3). In Figure 

6. 7, although there is a small ~~-15 peak (m/e 326), 

the most abundant ion in this cluster is M-CD2H. 

More labeling experiments are necessary 

to elucidate the mechanism of the H-rearrangement 

involved in this elimination of a C-16 methyl 

radical. 

The peak at m/e 285 in the spectra of methylated 

A, EA and E, corresponding to the loss of both 

CH
3

0H and'CH
3 

from M, is shifted analogously to 

two peaks at m/e 289 (M-CD30H-CD 2H) and m/e 

291 (M-cD 30H-CH3) in Figure 6.7. 

The M-18 peak in Figure 6.1 and 6.2 (m/e 314), 

remains at M-18 in the spectrum of trideutero

methylated A (Figure 6.7, m/e 323). The eliminatlon . 
of H20 has been proven to be a random process in 

17-keto steroids (203,204). Apparently; the C-16 

methyl groups are not involved in this process. 

In the mass spectra of the methylated ~ 5-steroids 
DHA and DHEA (Figure 6.3), both the elimination 

of CH30H and the formation of t1-71 are found to 

be lower energy processes than D-ring 
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Figure 6.7. Mass spectrum of 16,16' ,0-tri-tri
deuteromethyl androsterone. 
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Scheme 6.1. Main fragmentation pathways of 16,16',0-

trimethyl derivatives of androsterone, 
epiandrosterone and etiocholanolone. 

a. D-ring cleavage: loss of CO+ H2C=C(CH3) 2 ; 

b. Loss of CH30H; a. Loss of 'CH3 ; d. Loss 

of H20; e. Loss of c2H2; * Observed metastables. 
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Actually, the expected H-84 peak is not found 

at all in the spectrum of methylated DHA. The 

elimination of ring D does occur, however, after 

the elimination of CH30H and/or "CH3 (Scheme 6.2). 

The genesis of the M-71 ion from ~ 5-3-yl methyl 

ethers probably parallels the formation of the 

r-t-129 ion in the mass spectra of TMSi ethers 

(197,198). The highly characteristic cluster 

of ions around M-71, reported on by Idler et aZ. 

(197), is also found in Figure 6.3 (m/e 255-260). 

In the mass spectra of methylated 11 OH-A and 

11 OH-E (Figure 6.4), D-ring cleavage is the most 

prominent fragmentation process, again without H

rearrangement. The fragmentation pathways are 

depicted in Scheme 6.3. 

In summary, the mass spectral fragmentation of the 

permethyl 17-keto steroids is very characteristic. 

D-ring cleavage fragments - and fragment ions 

formed after subsequent loss of CH
3

0H and/or "CH
3 

-

are not accompanied by an abundant peak 1 amu lower. 

The corresponding H-rearrangement is apparently sup

pressed by the C-16 dimethyl moiety. 

Alsp derivatized were 11-keto androsterone and 11-

·keto etiocholanolone. These compounds yield a 

mixture of tri-, tetra- and pentamethylated products, 

even when applying more excess of reagents at exten

ded reaction times. Apparently, methylation of C-12 

is much more difficult than C-16. An investigation 

of the permethylation of methoxime (MO) derivatives 

of keto steroids is currently in progress in our 

laboratory (204). 
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Scheme 6.2. Main fragmentation pathways of 16,16',0-

trimethyl derivatives of dehydroandrosterone 

and dehydroepiandrosterone. 

a. D-ring cleavage: loss of CO+ H
2

C=C{CH
3

)
2

; 

b. Loss of ca3oa; c. Loss of ·ca
3

; d. A-ring 

cleavage: loss of a3c-O~CH-CH=CH2 ; 

* Observed metastables. 
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Scheme 6.3. Main fragmentation pathways of 16,16' ,0-

trimethyl 11S-methoxy derivatives of androste

rone and etiocholanolone. 

a. D-ring cleavage: loss of CO+ H2C=G{CH
3

) 2 ; 

b. Loss of ca
3
oa; c. Loss of ·cH

3
; 

* Observed metastables. 
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The preparation of methyl ethers of a number of 

3-hydroxy and 3,11-dihydroxy 17-keto steroids 

thus appeared to be no problem, using methyl 

iodide and methylsulfinyl carbanion as base. 

Under the given circumstances, C-16 was dimethyla

ted. The C-16,0-permethylated compounds were 

formed in good yield (estimated at 95% or better) 

without appreciable side products. 

The permethyl derivatives appeared to be very 

stable. For example, permethyl androsterone was stored 

in an open bottle at room temperature for almost a 

year; after this period the gas chromatogram and the 

mass spectra of this sample were identical to those 

recorded before the storage. 

Although several reaction parameters will have to 

be optimized,. permethylation seems promising for 

those steroids that are "troublesome" with tri

methylsilylation. The small methyl group will 

encounter much less sterical hindrance in many 

cases than the bulky TMSi group. This has clearly 

been demonstrated for the e-ll-hydroxy group and 

is anticipated for the C-17-hydroxy group in 

C-17 di-substituted steroids. 

Other methylated steroids 

Since our report on the mass spectrometry of 

methylated 17-keto steroids (201) a number of other 

steroids was methylated. To date we did not yet 

succeed in methylating corticosteroids, for which 

methylation is expected to give major advantages 

over trimethylsilylation. 



.. u'!:llolod doao-5-ANOROSTEN-:!belo, l7belo-010l 
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Figure 6.8. Mass spectrum and fragmentation scheme of 

3S,l78-dimethoxy-s-androstene. 

a. Loss of c2H2 ; b. Loss of CH30H; 

c. Loss of ·cH3 • 
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Noteworthy are the hitherto unsuccessful attempts to 

methylate dihydrotestosterone, which is equal to 

androsterone with reversed keto and hydroxy functions. 

Equimolar amounts of methylsulfinyl carbanion and 

methyl iodide were varied between equimolar amounts 

and 100-fold excess with respect to this steroid. 

Reaction times varying between ~ and 3 hrs at 

temperatures from 20 to 80°c were employed. The 

only compound isolated from the reaction mixtures 

has been free dihydrotestosterone in all cases 

(205,206). 

Steroids which were successfully methylated without 

any side-product formati?n include: 5-androstene-

3S,17S-diol (DIOL): 5-androstene-3S,16~,17S-triol 

(TRIOL) (205,206); 5B-pregnane-3a,20a-diol (pregnane

diol); 5a-pregnane-3a,20a-diol (allopregnanediol); 

estradiol-17B; estriol, and the anabolic drug Demalon 

(1a,17a-dimethyl-17B-hydroxy-5a-androstan-3-one) (207). 

As an example of a methylated non-keto steroid, 

the mass spectrum and proposed fragmentation scheme 

of methylated DIOL is presented in Figure 6.8. 

(AEI MS-12, via GC). 

Very recently, Masini et al. (208) reported on the 

successful application of our methylation method 

{201,76) to (monohydroxy) plant sterols (cholesterol, 

campesterol, desmosterol, stigmasterol and sitosterol). 

Since gas chromatographic and mass spectrometric 

properties of these methyl ethers seem to be excellent, 

our method was strongly advocated by these authors. 



Gas chromatographic data on methylated steroids 

The gas chromatographic behavior of some methylated 

steroids was compared with that of THSi derivatives 

(206). A glass capillary column coated with SE-30 
0 

was used isothermically at 230 C for this purpose. 

(For other experimental data see Appendix 2). 

The Kovats' retention indices ( 209) vrere determined 

by injecting each methylated steroid separately with 

n-c24H50 and ,n-c 26H54 added as reference alkanes. 

In Table 6.1 the results are summarized and compared 

with the retention indices of TMSi derivatives, as 

far as known (210). The accuracy is estimated to be 

better than 5 indexpoints (206) for the methyl 

derivatives. 

A gas chromatogram the mixture of methylated 

derivatives as listed in Table 6.1 is presented 

in Figure 6 . 9. 

The data from Table 6.1 clearly demonstrate the 

gain in volatility of the methyl derivatives vs. 
the TMSi ethers. Although volatility of the 

methylated 17-keto steroids is only slightly 

higher than the corresponding TMSi ethers (note 

the reversed order of elution of A and E) due 

to the extra methyl groups at C-16, the di- and 

trihydroxy derivatives are considerably more 

volatile. Even more pronounced effects are anti

cipated for c21 steroids with many functional 

groups. Investigations in this field are continued 

(204). 
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Retention indices 
Steroid 

f1e derivatives TMSiderivatives 

DIOL 2425 2628 

E 2452 2498 

DHA 2457 

A 2468 2483 

DHEA 2488 2551 

EA 2502 

11 OH-E 2527 2700 

TRIOL 2542 2873 

11 OH-A 2547 

Table 6.1: Retention indices of some steroids as 

their methyl and TMSi derivatives on 

SE-30 at 230°C. 

E 

A 

IOI+A 

llHA 

0 

Figure 6.9. Gas chromatogram (SE-30, 230°C) of a 

mixture of some methylated steroids. 



Chapter VII 

PERMETHYL DERIVATIVES OF NUCLEIC ACID COMPONENTS 

Introduction 

Since Biemann and McCloskey first reported the 

mass spectrometry of some nucleosides (211), 

detailed studies of electron impact induced fragmen

tation of nucleosides and their components have 

been made (212). However, the dominant experimental 

problem continued to be low volatility resulting 

from the presence of multiple hydroxyl and amino 

groups. (Progress in this respect has been made 

using FD (213), but the low degree of fragmentation 

with this technique may represent a net loss in 

structural informat·ion compared with EI methods). 

Several techniques have been developed for the 

formation of volatile derivatives of nucleosides and 

nucleic acid bases, thereby permitting GC-HS 

analysis. Acetyl (214), TMSi (215) and TFA (216) 

derivatives were commonly used for this purpose. 

Anticipating the general advantages of permethyl 

derivatives - low molecular weight, high chemical 

stabi , and sufficient volatility - we decided 

to investigate the applicability of our permethylation 

method to nucleic acid components. 

Permethyl nucleic acid bases and nucleosides 

The N,O-permethyl derivatives of nucleosides were 

first surveyed by Dolhun and Wiebers (214), who 

employed silver oxide/methyl iodide as reactants. 

Their report included the mass spectrum of N,O

permethyl uridine and selected mass values charac

teristic of the common nucleosides, which did not, 

however, include ion abundance data. 
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Employing our methylation procedure, (cf. Chapter III), 

we derivatized the following compounds (217): 

N-bases nucleosides 

pyrimidines: uracil uri dine 

thymine thymidine 

cytosine cytidine 

purines: adenine adenosine 

guanine guanosine 

As judged by GC and MS, all compounds were fully 

methylated, with the exception of cytosine, guanine, 

and cytidine, which gave mixtures of unidentified 

products. 

The mass spectra of the methylated nucleosides 

revealed that the ribose (c.q. deoxyribose) moiety 

was fully a-methylated in all cases. Because of the 

possibility of keto-enol and amino-imino tautomerism 

in the base, permethylation can conceivably produce a 

variety of isomeric derivatives. However, only one 

product was formed in all cases except guanosine, 

which yielded two products. The pyrimidyl moiety 

was found to be N-methylated in all cases: uracil 

and thymine had been converted to their 1,3-dimethyl 

derivatives, and uridine and thymidine to 3-methyl 

derivatives (and not to o4-methyl ethers). Adenine 

and adenosine appeared to be converted to the 

6-dimethylarnino-9-methyl and 6-dimethylamino 

derivatives, respectively. Methylation of guanosine 

yielded two products, identified as the 2-dimethyl

amino-6-methoxy and the 2-dimethylamino-1-methyl 

(6-keto) derivatives. 



At this stage of our investigations, von Minden 

and ~1cCloskey reported on the mass spectrometry 

of N,O-permethyl derivatives of nucleosides (218). 

Independently, they applied our methylation 

procedure (using CD3I) to a large variety of nu

cleosides with excellent results. In this out

standing paper the mass spectral fragmentation 

processes of permethylated nucleosides are 

discussed in detail. 

Our findings are in complete accordance with their 

work, and therefore discussion of the mass spectra 

of permethyl nucleosides will be omitted here. 

Reports on the methylation of pyrimidines and purines 

have also been published since 1973 (219-221). The 

use of diazomethane (219) or TMAH (220, ef. p 105) 

yields mixtures of several products, due to compe

tition between N- and a-methylation. A very recently 

reported methylation method for N-bases is treatment 

with sodium methoxide and methyl iodide in DMSO (221). 

High yields of the N-permethylated products were 

obtained with this method. Mass spectra of some 

N-permethyl bases were described (221,212). 

The permethyl derivatives of both the bases and the 

nucleosides behave well, both chromatographically 

and mass spectrometrically (218,221). Use of co3I 

is recommended, which permits clear distinction 

between native methyl groups and those added in 

the derivatization procedure. 
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PART III 

Instrumentation and techniques 
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INTRODUCTION 

In this part the direct coupling of gas chromatographs 

to a mass spectrometer is discussed first (Chapter VIII) • 

The principles of chemical ionization mass spectrometry, 

and the adaptation of a mass spectrometer for CI work 

are described in Chapter IX. 

Chapter X deals with the software, developed for the 

acquisition and handling of mass spectrometric data. 
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Chapter VIII 

DIRECT GC-MS COUPLING FOR BIOCHEMICAL APPLICATIONS 

Introduction 

methods for the coupling of a gas chromatograph 

and a mass spectrometer have been described (222). 

Most of the combinations involve packed columns 

linked through a molecular separator. Review articles 

(222-227) show that this field has been explored 

in extenso. 

The advantage of capillary columns in terms of separa

tion power is well known in gas chromatography. The 

increasing use of open-hole glass tubular columns for 

biochemical applications has created the need for 

development of a linkage between this type of column 

and the mass spectrometer. 

The simplest approach is a capillary restriction through 

which part of the effluent leaks into the ion source 

(227,228). Low efficiency is a major drawback. The 

use of metal capillaries is limited to low-molecular

weight hydrocarbons. Another development is coupling 

via a molecular separator. The best results have been 

obtained with a (single-stage) jet separator. 

Novotny (229) discussed the problems involved in this 

type of linkage. Applications in the biochemical field 

are given by Vollmin (23.0) and Haume and Luyten (231). 

Luyten (210) found structure-dependent losses of 

compounds occurring at sub-nanogram levels. He indi

cated the metal jet separator to be responsible for 

adsorption and thermal degradation. Other separators 
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are not suitable for capillary columns; they either 

have a large dead volume and low efficiency or a 

memory effect resulting in loss of 

Direct coupling of GC columns to the ion source 

is also possible. For this purpose it is 

that the mass spectrometer has differentially pumped 

source and analyzer regions. Schulze and Kaiser (232) 

reported on coupling through a glass tube of the 

same diameter as the capillary column. Cold spots 

in this system restricted use to low-molecular-weight 

compounds, as demonstrated by their examples. Hender

son and Steel (233) described a system that can handle 

up to 20 ml/min of carrier gas without the use of a 

separator. They used a valve and heated stainless

steel tube as coupling device, 

cation to thermostable compounds and 

applications. The examples shO"~>' poor GC resolution 

and low sensitivity in the total ion current (TIC) 

chromatograms. 

A high-pumping speed adaptation of an AEI MS-12 mass 

spectrometer ~·ms reported by Hogg (234). This modifi

cation involved extensive rebuilding of the mass 

spectrometer. This chapter reports on the adaptation 

made to an AEI MS-12 mass spectrometer for direct 

coupling of capillary tubular columns 

\•lith little changes to the mass spectrometer (235). 



Experimental 

Pumping system 

In order to increase the pumping capacity in the ion 

source, a 10 em oil diffusion "minimum impedance" 

pumping system (Model TM-4; TM Vacuum Products, 

Riverton, N.J., U.S.A.) was installed. The baffled 

and trapped pumping speed is 400 1/sec, reduced to 

approximately 200 1/sec at the source. To obtain 

this high speed, which is also necessary for 

chemical ionization work, the source housing had 

to be remodelled. The pumping port was enlarc:red to 

a 9 x 7 em rectangle and a duct was welded on to 

this, terminating in a 15 em I.D. circular shape 

13 em from the center line of the source. To the 

circular end of the duct, a 15 em I.D. elbow was 

welded, ending in a standard ASA flange. The 

center line of the pumping tower .i:s 30 em from the 

center line of the source. In the elbow two additional 

flanges were welded for a 4 em viewing glass and the 

original AEI ionization gauge, which also provides 

excellent illumination of the source. 

As fore pump a "Trivac D 12-A" (Leybold Heraeus, 

Cologne, G.F.R.) 1vith a pumping speed of 180 1/min 

r,.ms selected. This pump is used for roughing both 

the source and analyzer diffusion pumps. All the 

original pressure gauges were reinstalled to 

maintain the vacuum protection system. 
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Gas chromatographic system and coupling device 

To reduce any dead volume between the gas chromatograph 

and the mass spectrometer, it is necessary to place a 

GC oven inside the mass spectrometer frame as near as 

possible to a re-entry tube. The small oven unit of a 

Perkin-Elmer Model F-11 chromatograph (Perkin-Elmer, 

Norwalk, Conn., U.S.A.) proved to be Y.Tell-suited for 

this purpose. A modified re-entry tube (Figure 8.1) 

extends into the oven unit and can be heated indepen

dently to about 3S0°c. 

The restriction dimension is such that adequate flow 

rates occur, keeping the column end near atmospheric 

pressure (for minimal bleeding and to avoid gas dis

charges). The capillary column is connected with pieces 

of PTFE shrinkable tube, at one end to the re-entry 

tube and at the other end to a "falling needle injector" 

(185). The carrier gas is pressure regulated. Prior to 

operation the coupling device was silanized with dimethyl
dichlorosilane. 

6 

I 

Figure 8.1. Schematic diagram of the GC-MS coupling device. 

1 = Standard AEI re-entry tube flange; 2 = heater; 3 = oven lid; 

4, 5 and 6 = glass coupling device (total length, source to 

column outlet, 18 em); 4 = 2 mm I.D. and 4 mm O.D.; 5 = 30 ~m 

restriction, length 10 mm; 6 = 0.25 mm I.D. and 1 mm O.D. 



(a} 

21 2324 25 26 

2 

22 28 

29 

30 

j_JL 
0 5 10 15 20 25 30 40 

min 
55 

b} 

21 23 :14< 25 26 27 

28 

22 
29 

30 

' l LLL 
0 5 10 15 20 25 30 35 45 60 

min 

Figure 8.2. (a) FID chromatogram of n-alkanes c21 -c
31

• 

30 ng per peak for c23 and higher homologues. 

(b) TIC chromatogram of the same mixture and 

amounts as in (a) . 
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Operating data 

Glass capillary columns (40-50 m x 0.25 mm I.D.), 

pretreated and coated with SE-30 or OV-101, according 

to the procedure given by Rutten and Luyten (236), 

are normally used. In the following examples a 48 m 

SE-30 column was used. The column was operated iso

thermally at 230°C;the inlet pressure was 1 atm. The 

coupling device was kept at 250°c. Under these condi

tions the flow-rate of carrier gas (helium) through 

the column was 1 ml/min, causing an ion source 

pressure 6f 1.5 x 10-6 Torr (not corrected for helium). 

For recording of the flame ionization detector (FID) 

chromatograms the column was disconnected from the . 
restriction and attached to a FID. 

Results and discussion 

The GC-HS combination described above has been 

satisfactory in use in our laboratory since 

November 1972. It is extensively applied to 

steroids, pesticides, neurotransmitters, amino 

acids and peptides. Generally, good spectra can 

be produced from 1 to 10 ng per compound injected 

on the GC column. In Figure 8.2 the FID and TIC 

chromatograms of isothermal runs of normal alkanes 

c 21 -c31 are compared. This illustrates the constant 

yield throughout the entire range of compounds. 
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(a) FID chromatogram of a mixture of methoxime 

trimethylsilyl derivatives of steroids. A is 

present in an amount of 15 ng. 

(b) TIC chromatogram corresponding to the FID 

chromatogram of (a). 
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An analogous comparison is made in Figure 8.2 for 

a mixture of methoxime trimethylsilyl (MO-TMSi) 

derivatives of steroids. These chromatograms 

demonstrate that there is practically no loss in sepa

ration. The number of theoretical plates for MO-TMSi 

androsterone and etiocholanolone is approximately 

1900 per meter in both cases. The fact that the TIC 

chromatograms always show less tailing of solvent 

peaks than the corresponding FID chromatograms is 

a useful, although not yet understood, side effect. 

Over many years our laboratory has thoroughly tried many 

types of molecular separators and splitter devices for 

high-resolution GC-NS for biochemical applications. 

All these devices could nt>t meet with our demands. 

The system described in this chapter is far superior. 

It combines the advantages of high-resolution GC, 

good sensitivity and very low column background. 

It can be used over a wide temperature range, restricted 

only by the type of capillary column. 

In practice, restriction has to be cleaned about 

twice a yea'r. The increase .in dead time ..., or the 

retention time of solvent peaks - is a good indicator 

for these moments. In three years of continuous ope

ration, the restriction became totally clogged only 

once. 

Nowadays, CI mass spectrometry is widely employed. 

Since high-speed pumping systems are imperative for 

CI work, direct coupling of GC columns is easily 

realized with modern mass spectrometers equipped 

with CI sources. Moreover, the carrier gas may be used 

as reactant gas for CI at the same time (see Chapter IX). 



Some new coupling devices for use in "total-effluent 

GC-MS" have been reported lately (237,238). A very 

flexible and simple system was reported by Henneberg 

and Schomburg (238). They use a platinum capillary 

(50 em, 0.15 rom I.D., 0.3 rom O.D.) in open connection 

with the column outlet. Dead volume is avoided by 

flushing the open split with carrier gas. This system 

is employed successfully in hydrocarbon research. 

However, catalytic effects - which may be anticipated 

for sensitive biochemical compounds - have not been 

investigated (238a). 

An advantage of our system, which lacks the flexibility 

of the Pt-capillary, is that the sample molecules "see" 

only glass all the way from injection to ionization. 

Changing columns is a matter of minutes but may be 

shortened by the use of columns in cartridges (239). 
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Chapter IX 

CHEMICAL IONIZATION MASS SPECTROMETRY 

Introduction 

Since its introduction in 1966 by Munson and Field 

(240), chemical ionization (CI) mass spectrometry 

has drawn considerable attention, especially for 

biochemical applications (241,242). 

The basic principles of this technique are summarized 

first. The adaptations made to our AEI MS-12 mass 

spectrometer for use with CI are described next. 

Basic principles of CI mass spectrometrv 

Contrary to EI, where sample molecules are ionized 

by electron bombardment, ionization by CI takes 

place by ion-molecule reactions. The ions necessary 

for these reactions are obtained by ionizing a 

"reactant gas" in the EI mode, but at higher pressures 

than with conventional EI mass spectrometry (typically 

1 vs. < 10-4 Torr). Under these conditions, the primary 

ions thus formed may react \'ii th the reactant gas 

molecules to form a set of reactant ions unreactive 

towards the reactant gas, but reactive toward the com

pounds to be investigated. 

This may be exemplified with methane, the reactant 

gas which has been applied in the majority of CI 

experiments. Under normal - low pressure - EI condi

tions (10- 4 Torr), 92% of the ions from methane are 

accounted for by CH
4
+. (46%), CH

3
+ (39%) and CH

2
+. (7%) 

(241). As the pressure is increased, these primary ions 
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react with neutral methane molecules to give 

secondary and higher-order ionic products, the 

most abundant of which are the following: 

secondary reactions: 

CH +. + "CH 
4 + CH

4 ---+- CH 5 + 3 
CH + + CH 4 

+ 
H2 3 ---+- C2H5 + 

CH +. 
2 

+ 2CH
4 
~ c

3
H

5
+ + 2H2 
+ 

~C2H3 + H2 
CH +. + CH 4 ---....... 2 

'C H +. + H2 2 4 

tertiary reactions: 

+ 
~ C3H7 + H2 

+ 
---+- C3H5 + H2 

+ H 

+ H" 

The relative concentrations of the ions are pressure 

dependent. At an ion source pressure of 1 Torr of 

methane, 95% of the total ionization is due to 
+ + + 

CH
5 

(48%), c 2H
5 

(41%) and c
3

H
5 

(6%). 

CH
5
+ and c

2
H

5
+ have strong acidic properties and 

may react either by proton transfer (as Br¢nsted 

acids) or by hydride abstraction {as Lewis acids) 

with sample molecules BH (240) '): 

I ) 

The sample pressure should be kept belO\'T 0.1% of 

the reactant gas pressure to prevent EI ionization 

of the compound. 



+ 

CH + 
~BH2 + CH 4 

BH + 
5 ~B++ CH4 + H2 

+ 
C2H4 +~BH2 + 

BH + C2H5·~ 
B+ + C2H6 

BH2+ and B+ correspond with the "quasi-molecular 

ions" M+l and M-1, respectively. 

The initially formed ionic species, BH2+ orB+, may 

be sufficiently energetic to decompose, giving rise 

to the "CI(CH4) mass spectrum" of BH. In general, 

CI mass spectra show fewer ions and more intense 

high-mass ions than do EI spectra. These differences 

are mainly due to three factors: 

the quasi-molecular ions in CI have an even 

number of electrons, whereas EI gives rise to 

odd-electron molecular ions, which are less stable. 

the amount of energy transferred to the initial 

product ions is lower in CI than with EI. 

protonation takes place at several specific 

functional sites in the sample molecules. By 

no means proven, this concept appears to be a 

good approach for visualizing the primary events 

in CI mass spectrometry (cf. p 111). 

Reactant gases are by no means limited to methane. 

The reactant gases may be divided into t\-TO main 

classes. The first includes the gases with reactant 

ions reacting with the sample by transfer of massive 

ionic species, e.g. protonation, giving rise to 

even-electron ions. The second class includes the 
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gases reacting by charge-transfer reactions, involving 

an electron transfer only, to give rise to odd-electron 

ions. The latter method is often referred to as 

"charge exchange" (CE) ionization. CE spectra are 

similar to EI spectra. A number of reactant gases is 

compared in Table 9.1. 

The selection of reactant gases with reactant ions 

having widely different properties, gives rise to 

dissimilar CI mass spectra. This fact may be used as an 

aid in structure elucidation. 

Generally speaking, EI and CI are complementary methods. 

Compounds which yield "good" spectra upon EI, may give 

CI spectra with little or no structural information. 

Complicated molecules with many functional groups, 

however, often exhibit no high-mass ions in EI spectra. 

In these cases, CI may be an extremely helpful tool. 

This explains the rapid growth of the number of appli

cations of CI in biochemistry. 

Instrumentation 

CI sources are available commercially, but they 

are an order of magnitude too expensive for our 

budget. Therefore we decided to construct a combined 

EI/CI source matched to our specific needs (174): 

suited for GC-MS work, especially with high

resolution capillary columns. 

sensitivity for both CI and EI should be better 

than, or at least equal to, that of the existing 

EI source. 

the existing resolving power should be maintained. 

apart from the GC, other inlet systems should be 

possible, notably direct sample introduction. 



..... 
U1 
\,0 

reactant gas 

CH4 

i -C4Hl0 

H2o 

H2 

N2 

He 

major reactant. ion(s) r.eaction type reaction intensity 

+ + CH5 1 c 2H
5 

acid-base strong 

i -c4H9 
+ acid-base mild 

H o+ + eta. acid-base mild 3 , , 
+ + NH 4 1 N2H7 , eta. acid-base mild 

H + 
3 

acid-base and CE strong 

N2 
+ 

CE strong 

He+ CE strong 

Table 9.1 Some reactant gases for CI 
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the combined EI/CI source should be assembled 

from as many standard parts as possible 

it should be possible to re-install the original 

EI source at all times. 

The changes to be made to a mass spectrometer for 

CI work involve the ion source with some of its 

electronics, the inlet systems and the pumping 

system. A high-speed pumping system had already 

been installed, as described in Chapter VIII. 

Several reports on the modifications made to 

existing mass spectrometers for CI work have 

been published (234,244-250}. In the following 

discussion these reports are referred to. 

The ion sourae 

In order to be able to maintain a pressure of 

0.5-2 Tor-r in the ion source, which is surrounded 

by high vacuum, the source must be relatively 

gastight. The original ~iS-12 EI source is entirely 

open. Therefore a new ion source block was constructed 

(Figure 9.1}. The external dimensions are identical 

with those of the original block. Internally, however, 

it is totally different. The ionization chamber is 

cylindrical, with a diameter of 14 mm. The repeller 

is circular and is mounted insulated and gastight 

as illustrated. Source block, repeller and source-

end are made from stainless steel 321. 

In the source-end plate, a 0.05 x 5 mm ion exit slit 

was arced. The plate is mounted gastight with four 

additional bolts. 



GC INLET 

FILAMENT 
(NOT SHOWN) 

CROSS SECTION AA 

MICA INSULATORS 

PROBE INLET 

HOLES 

ELECTRON 
EXIT HOLE 

TRAP 
(NOT SHOWN) 

SOURCE 
END PLATE 

QUARTS INSULATORS 

Figure 9.1. Ion source block for EI/CI. 
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The room for the filament is 2 mm deeper than in 

the original block, and the ionization chamber is 

somewhat excentrical. This is done to be able to 

mount an emission collector, insulated at both sides 

from the block and the filament by two slices of 

mica. (For the function of this collector, see under 

Electronics). The emission collector has a 1 mm hole 

for the throughput of electrons. The source block has 

electron entrance and exit holes of 0.30 rnM. Both the 

filament and the trap are unmodified standard AEI 

parts. The dimensions of the ion exit slit and the 

electron beam entrance and exit holes are based on 

values reported in literature, which are closely 

resembled mutually. A source block heater was instalLed 

exactly as in the original block. In practice it 

appeared necessary to put ground quarts rods into the 

alignment holes. Without these, the construction was 

not rigid enough to withstand the forces enacted by 

the inlet systems~ especially at higher temperatures. 

The inlet systems 

Coupling of inlet systems with a CI source should 

obviously be gastight. At the moment two inlet 

systems are realized; two additional inlets are 

foreseen in the near future (Figure 9.1) '). 

Interfacing inlet systems with a CI source.involves 

the following problems: 

I ) 

These are on-line coupling of a liquid chromatograph 

and an isotachophoresis c6lumn. 



PYREX -QUARTS SE,~L-~---! 

HEATING WIRE-------

STANDARD A E I 

PYREX-QUARTS 
~---011l •15mm 

::J:::il'l:-!:;1----· 00 • 5 mm 
:Ntll:-l'l'---~- I 0 " 2 mm 

Figure 9.2. Interface for direct coupling of 

glass capillary GC columns to the 

EI/CI ion source. 

(Total length 18 em). 
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pressure drops from generally 1 atm to about 

1 Torr must be realized by a gastight inter

face via high vacuum. Moreover it should be 

easy to withdraw the interfaces, to allow for 

simple detaching of the ion source for cleaning 

purposes. 

the ion source is at accelerating voltage 

potential (2-8 kV). Gas discharges between ion 

source and electrical ground should be avoided. 

This causes an additional problem, since gases 
-4 are conductive at pressures between 10 and 

l Torr. 

These problems are partly solved by using flow 

restri.ct.i.ons which restrict pressure drops over a 

small distance. The use of better insulators than 

glass is imperative, at least for some critical 

parts. The design of the GC interface as depicted 

in Figure 9.2 (174) fulfills all requirements. 

It is based on the direct coupling device described 

in Chapter VIII (ef. Figure 8.1). 

Flexibility is ensured by the stainless steel bellovls 

attachment, which is spring-loaded to the ball-joint 

(Figure 9.1) by the high vacuum. The endpart of the 

assembly is made from quarts, which is a good insulator. 

The 30 )liD restriction with a length of 1 em keeps the 

column outlet at about atmospheric pressure, thus 

preventing gas discharges. The entire glass line may 

be heated up to 400°C. 

The restriction was designed to accommodate a flow 

of 1 ml/min. Using a reactant gas as carrier gas, 

this flow is too low to produce CI conditions in the 



REACTANT GAS 
SUPPLY 

~ 

11-1---+1---RESTRICTION 

~-~---PYREX-QUARTS 
SEAL 

OD •12.2 mm----11 
00 • 5 mm,~---*-1! 
10•2 mm----4f~i 

1~-- PYREX- QUARTS SEAL 

liii----HEATING WIRE 

""'"""'----SAMPLE HOLDER 
IJ----GROUNO TIP 

Figure 9.3. Probe for combined direct introduction 

of solid samples and reactant gas into 

the EI/CI ion source. 

(Total length 42 em). 
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ion source, For our system, a total flow of about 

4 ml/min appeared to be to maintain a 

1 Torr pressure in the ionization chamber. Therefore 

a second inlet system was designed, which combines 

the facilities for direct sample introduction and 

reactant gas inlet (Figure 9.3). This direct intro

duction probe has the same external dimensions as 

the original probe. It contains a glass line for 

reactant gas introduction, also equipped with a 

restriction (50 vm over 1 em). 

The probe is made from quarts, ground to fit in 

the cone mounted on the source block (Figure 9. 1) • 

The sample containing capillary may be heated up 

to 400°C. Manually pushi~g this probe through the 

original vacuum lock to the proper position gives 

a sufficiently gastight connection with the ion 

source. 

Electronics 

In the original EI source, the ionization voltage 

between the filament and the trap can be varied 

between 0-80 V. (The trap is at source block potential). 

The filament current is controlled to stabilize the 

electron beam by a feedback circuit involving the 

trap current. This trap current is a fraction of the 

total emission of electrons by the filament. t·Jith 

CI, the pressure in the ionization chamber is so 

high, that only few electrons which are emitted by 

the filament will reach the trap. The majority of the 

electrons is captured by the reactant gas and elimi

nated via the ionization chamber walls. 

By putting a floating power supply in series with 



the existing ionizing potential circuit, the ioni

zing voltage between filament and source block may 

now be varied between 0-500 V. 

Even if the ionizing potential is raised to about 

500 V, to allow deeper penetration of the electrons 

into the reactant gas, the ionization yield is 

increased, but there is still no trap current (244,250). 

The total emission of the filament may be used instead 

of the trap current to control and stabilize the 

electron beam. The total emission is measured by 

the emission collector between filament and source 

block (Figure 9.1). The original feedback circuit 

was used. 

Detailed schematics of the changes made in the 

"source supply chassis" of the MS-12 are found in the 

original report (174). 

Results and discussion 

The developed CI/EI source, was put into operation 

in August 1974. Ne were -the first in the Netherlands 

to obtain chemical ionization spectra. To date we 

still are the only users of CI mass spectrometry in 

this country, although several new mass spectrometers 

equipped with CI sources have been ordered recently. 

The CI source as described above works satisfactory. 

Sensitivity is about equal to that obtained with the 

original EI source. Initial alignment troubles (as 

mentioned under Intrumentation) were solved recently. 

Under EI (or CE) conditions, ho,.Jever, sensitivity is 

rather bad. We are currently investigating the effects 

of enlarging the ion exit slit. ~his seems to be 

justified because we found that adequate source 
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pressure can be maintained at a lower reactant gas 

flow than expected initially. (This finding has 

also been reported by Arpino et al. (150) who now 

empldy a 0.5 x 8 mm exit slit). 

Up to now we mainly investigated permethyl derivatives 

of amino acids and steroids by GC-CIMS, using methane 

as reactant gas (251). Employing helium as carrier gas, 

switching between CI (CE) and EI may be done by simply 

withdrawing or introducing the reactant gas probe. 

Using helium as carrier gas, chromatograms may be 

recorded by measuring a fraction of the total ion 

current (TIC) at 20 eV electron energy. This ionizing 

voltage is below the ionization potential of helium, 

but above that of organic compounds. Methane, however, 

is ionized too at this electron energy, and the 

reactant gas ions account for almost all of the TIC. 

We solved this problem by software. During the magnetic 

scans, the dedicated computer system (Chapter X) 

accumulates all peak intensities from the high-mass 

end downwards to a preselected mass value (or time). 

This mass value is chosen around 45, so that ions 

with lower masses, including the reactant ions, do 

not contribute to the (partial) TIC. 



Chapter X 

COMPUTERIZED ACQUISITION AND HANDLING OF MASS 

SPECTRAL DATA 

Introduction 

Before the chemist can begin to think of a mass 

spectrum in chemical terms, the raw peaks from the 

oscillographic recorder traces must be expressed in 

terms of mass numbers. In some cases, quantitative 

information beyond a visual inspection of peak heights 

may be needed. Each spectrum of interest should there

fore be reduced to a tabular or graphical form. 

Manual treatment of mass spectral data involves 

the following stages: 

selecting those mass spectra which are suited for 

further consideration 

mass marking of selected raw spectra, normalizing 

intensity data, and plotting the spectra as bar 

graphs. This takes 15-60 min per spectrum. 

interpreting the mass spectra by a variety of 

techniques (compound identification by analogy, 

comparison with catalogued spectral files, ete.), 

which may take 5 min - 2 hrs per spectrum. 

A mass spectrometer used for analysis of batch samples 

might put out 10-20 mass spectra per day. The process 

of reducing and interpreting these data is within 

the capability of one man. If the mass spectrometer 

is operated in GC-MS mode, however, the output might 

typically be 100-500 spectra per day and the mass 

marking process alone would be a boring full-time 

job for one man. From this example it is clear that 

proper use of a digital computer may result in a 

considerable saving of time and money. Even when 
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used only for data reduction and presentation. 

Computers also provide improved quality and 

increased efficiency in many of the data acquisition 

and reduction processes. 

In this chapter a description is given of the 

software which was developed by us for the 

acquisition, reduction and handling of low resolution 

mass spectral information. Programs v1ere written for 

a variety of computers and in a variety of languages 

(Burroughs B 6700, Philips Electrologica EL-X8, 

Philips P 9200 TSS, Digital Computer Controls D-116 E; 

Algol 60, Fortran IV, Basic, DeC-Assembler). 

Data acquisition and r~duction 

Up to 1974 our laboratory was among those which do 

not possess on-line data acquisition equipment, but 

having access to a computer center. For off-line 

handling, data have to be presented on magnetic. tape, 

cards, or punched paper tape. Therefore an apparatus 

was designed, which reduces the time consuming con

vential way of manually measuring, writing and 

punching data from a spectral chart to a simple, 

one-step action. The resulting semi-automatic 

"off-line mass spectra digitizer" (252) consists 

mainly of instruments belonging to the standard 

outfit of a common analytical laboratory. Paper 

tape is used as preferred over magnetic tape and 

cards, from a viewpoint of reliability and economics. 

With this system it is possible to digitize mass 

spectra with a saving of 70% in time over manual 

methods. Algorithms were designed which classify 

the data obtained with this system to different 

arrays (252). 



In 1974 a minicomputer system was installed, dedicated 

to the AEI MS-12 mass spectrometer. (We are currently 

coupling a number of capillary gas chromatographs to 

this system as well). The configuration is shown in 

Figure 10.1. 

DCC D-ll6E 

(16 bit words) 

magnetic d{sk 

(1. 2 M words) 

ADC 

12 bit 

20 KHz 

CPU visual display 

16 k core 

memory 

Figure 10.1 Schematic diagram of the D-116E data 

acquisition system.(For abbreviations 

see Appendix 1) • 

Both the interfacing of and the software for this 

system were developed in our laboratory (253). 

The programs are written in DCC-Assembler. 

The computer controls the magnetic scans of the 

mass spectrometer, and acquires intensity data as 

a function of time. Input variables for data acqui

sition are: sampling rate (maximal 20 kHz), peak 

filter (digital noise filter), metastable 

171 



172 

filter (minimum width}, TIC tolerance, TIC time; 

scan time (maximal 2 s I mass decade) and interval 

time. 

In GC-MS mode, the fastest cyclic (repetitive) 

scanning between mass 600 and 25 has a period of 

7 s, imposed by the MS-12 mass spectrometer (2.5 s 

scan - from high to low mass - and 4.5 s magnet 

back time}. In this mode, the signal is sampled at 

a rate of 20 kHz. The base line level is determined 

during the scan by averaging the amplitude of the 

first 100 data points. Peak heights are determined 

in real time, base line corrected and stored with 

the associated time in core memory. 

Metastable ions are flag9ed. After each scan during 

the fly-back time, intensities are summed for 

all peaks with a mass above that mass which corres

ponds with "TIC time". If the accumulated intensity 

(= TIC) of a mass spectrum differs less than "TIC 

tolerance" from that of the last spectrum, the actual 

spectrum is rejected, i.e. overwritten in the next 

scan. If not, a simple time-to-mass conversion is 

performed by interpolation from a reference table 

in memory. {Accurate time-to-mass conversion takes 

too much time to perform between the scans and is 

done after completion of the GC-MS run. See below). 

The resulting mass spectrum is normalized and dis

played as a bar graph at the bottom of the visual 

display. The top of the screen displays the values 

of the TIC as function of the time. This graph 

represents the TIC chromatogram. The TIC values 

of the spectra which are stored, are indicated by 

vertical lines, connecting the data points with the 

time axis. Rejected spectra are represented in this 

graph by a point only. 



TLme to mass conversion 

In high resolution mass spectrometry, the peaks from 

a reference compound are normally used to interpolate 

the masses of sample peaks by simple mathematical 

functions (254). In low resolution (LR) mass spectro

metry it is not possible to separate the peaks of 

a reference compound from the sample peaks, and 

therefore reference compounds can not be introduced 

simultaneously with the sample. 

Some LR mass spectrometers seem to y±eld sufficiently 

reproducible data, at least during cyclic scans, to 

afford straightforward interpolation from a reference 

table (238a). This method appeared not to be successful 

with the AEI MS-12 mass spectrometer, even when the 

reference table was updated before each GC-MS run. 

Almost all computer systems in use with LR mass 

spectrometers, acquire the intensity information 

as a function of a mass marker signal (254}. Mass 

markers are based on the dynamic measurement of magnetic 

field strengths by means of the Hall-effect. Mass markers 

cost about as much as a minicomputer. Therefore we deci

ded to solve the time-to-mass conversion problem mathe

matically. 

In single-focussing LR mass spectrometers, the magnetic 

field is changed exponentially during the scan (k's are 

constants throughout this section): 

B(t) with B = magnetic induction 

f 1= a polynomial function 

t = time 
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This is done in order to ensure constant peak widths 

over the entire mass range. From the well-known basic 

equation for magnetic sector instruments: 

m/e with U accelerating voltage 

it follows that the mass-time relationship is also 

exponential: 

-f2(t) 
m/e = k

3
e with f = a polynomial function (10.1) 

2 

The reproducibility of both f
1

(t) and f
2

(t) is poor, 

due to electronic and magnetic effects, which are 

dependent from temperature and other parameters. 

Neither the absolute nor the relative deviations are 

constant. This may explain our failure to obtain 

consistent and reliable results when applying exponential 

functions for the time-to-mass conversion. 

Even a fifth degree polynomial in the exponent of equa

tion (10.1) gave deviations of several mass units in 

the high-mass region. The use of a reference table 

appeared to be imperative. After investigating many 

interpolation procedures, we finally found the iterative 

approach as described below to be optimal (255). 

~ reference table of masses and corresponding times is 

used, in which the peaks are about equally spaced in time, 

with more data pairs for both high- and low-mass regions. 

An example of a reference table, in use for several months 

already without the need of updating, is given in Table 

10.1. 

In the following discussion, times from the reference 

table are indicated with T, whereas peak times from the 

actual scan are represented by t. 



Reference peak 

number time T(i) mass 

i (units)') (m/e) 

18 1577 605 

17 2439 593 

16 3017 581 

15 3571 567 

14 4396 543 

13 5583 505 

12 7125 455 

11 8773 405 

10 10619 355 

9 12735 305 

8 15231 255 

7 18283 205 

6 23365 143 

5 28343 101 

4 32673 75 

3 36723 57 

2 40628 44 

1 47052 29 

48181 27 

48785 26 

--------------------------------------------

Table 10.1 Reference table for time-to-mass 

conversion. 

I ) 

1 unit 50 lJS 
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The first step of the time-to-mass conversion 

procedure is iterative correction of all. times from 

the scan. A search for two reference peaks in the actual 

spectrum is made. With EI these are the air peaks at 

m/e 28 and m/e 32, which are always present. (With 

CI, other reference peaks may be chosen, dependent 

on the reactant gas). The times corresponding with 

these peaks, t 28 and t 32 , can reliably be found when 

using the following criteria: 

t32 > k4 

a-ks < t28 - t32 < a+ks 

a = T28 - T32 

The air peaks may be off-scale. Hence t 28 an t
32 

may not correspond with the exact peak maxima. 

Therefore a search is made for two other reference 

peaks, starting from t 28 and t 32 • With EI, we 

chose m/e 29 and m/e 44 for this purpose. 

Having found t
29 

and t
44

, the program corrects all 

peak times t from this scan .according to the 

following linear function (10.2): 

T (i-1) - t' 

T(i-1) - T(i) 

t(i-1) - t 

t(i-1) - t(i) 

hence: t' = T(i-1) + c(t- t(i-1)} 

with c = T(i-1) - T(i) 

t{i-1) - t(i) 

(10.2) 



The first time that equation (10.2) is applied, T(i-1), 

T.(i), t(i-1) and t(i) stand for T
29

, T
44

, t
29 

and t
44

, 

respectively. 

The "old" times tare replaced by the "new" times t'. 

For the following cycle, the latter times are defined 

as "old" times again. The corrected spectrum is then 

screened for a time close to the time of the next 

reference peak from the table, T(i). 

Suppose t(i) is found to be closest. The.corresponding 

mass m(t) is calculated by an Aitken interpolation 

from the reference table as outlined below. If this 

mass m(t) differs more than 0.25 amu from its rounded 

nominal value, the next larger peak time is considered 

to be t(i) and the procedure is repeated until the 

difference dm(t) is less than 0.25 amu. Unless the 

nominal value of m(t) happens to be equal to m(T), corres

ponding with T'(i) :f?rom the reference table, a new 

reference time T' (i) is calculated as following: 

m(t) k
6

e 
k7t 

(cf. equation (10.1)) 

dm(t) k
7
m(t) 

dt 

T I ( i) t ( i) + dt = t(i) + 
k

7
m(t) 

By Aitken interpolation from the table, m(T') is 

calculated. If m(T') differs more than ~.05 amu 

from its rounded nominal value, a new T"(i} is 

calculated by application of equation (10.4): 

T" (i) T' (i) + dm(T') 
k

7
m(T') 

{10.4) 
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This procedure is repeated until the condition 

is met. The resulting reference time, which is 

called T(i) again, is fed into equation (10.2), 

and all peak times t < T(i-1) are corrected again. 

The entire process is repeated several times, 

always searching for new reference times t(i) 

and T(i) and recalculating all times from the 

last reference times, t(i-1) and T(i-1), downwards. 

The process is completed if t(i) equals the time 

of the first peak in the scan (from the high mass 

end). 

By this procedure, high times (of low-mass peaks) 

are corrected only once (e.g. t 31 ), whereas low 

times (of high-mass peaks~ may be corrected up to 

sixteen times (e.g. t
600

). This may introduce 

severe errors due to repeated calculations of 

quotients (c) of two almost equal numbers and 

limited computer word lengths. In order to attenuate 

the corrections at high mass, a parabolic function 

is used for the first cycles of the correction 

procedure. This function follows from equation (10.2) 

by damping the correction ~t with a factor t/t(i): 

~t = t'-t = T(i-1) - c.t(i-1) + t.(c-1) (10.2) 

~t·= (T ( i -1) - c. t ( i -1) + t. ( c-1) ) 
t(i) 

With ~t' = = t" - t 
t(i) 

Hence: t" = t(1 + T(i-1) ~ c.t(i-1)) + t2 (10.5) 
t(i) t(i) 



t 

t 
t =T 

~/ 

/ 
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/ 
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/ 
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/ 

T ( i) 

/ 
/ 

Figure 10.2 Simplified representation of time correction 

algorithms. Corrections for T > Tb are made 

with parabolic functions through the origin. 

If T < Tb, the correction functions are 

linear. (Both functions are exemplified in 

total only once). 
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The time correction processes are visualized in 

Figure 10.2, be it very much exaggerated and 

simplified. The results obtained with equation 

(10.5) are depicted in the upper right region. 

If after several cycles the condition T(i) < Tb 

is fulfilled, equation (10.2) is used for the correc

tion (lower left part of Figure 10.2}. The optimum 

value of Tb has been found to be a time corresponding 

with a mass around m/e 500. 

The entire process of time corrections may take a 

few seconds for mass spectra with many peaks. 

After completion of the peak time corrections, a 

four-point third-degree interpolation procedure 

is used to assign mass values to these times from 

the reference table. This procedure is a standard 

numerical interpolation method, known as Aitken's 

i~eration method (256). 

The mass values thus calculated are very reliable, 

even if peaks occur with large skips in mass. This 

procedure has also been tested with rubrene, an 

aromatic compound (m.w. 532) which yields many 

doubly and triply charged ions upon electron impact. 

The resulting peaks at m/e i, i+0.33, i+O.SO, i+0.67, 

i+1 etc. are very confusing when mass marking manually, 

but were faultlessly determined by the computer system. 

Data handling 

The mass spectral data as obtained by the digitizer 

or by the minicomputer system may be used as input 

for an Algol-60 program for use on a Burroughs B 6700 

computer in the University Computer Center'>. 

I ) 

Coupling of this dedicated minicomputer by telephone 

lines to the B 6700 will be realized soon. 



This program produces tabular data and performs 

metastable transition calculations. In addition, 

bar graphs of the mass spectra are plotted to one's 

specifications. 

Using the minicomputer system, mass spectra may also 

be displayed both in tabular form and as bar graphs. 

Moreover, mass selected ion profiles may be visualized 

on the visual display. For this purpose, an Assembler 

program was written, which performs the following 

functions. The TIC chromatogram (or direct probe 

evaporation curve) is displayed and the user may ask 

for a specific mass. The profile of intensities of 

the ion corresponding with this mass as a function 

of the time is displayed below the TIC chromatogram 

at the bottom of the screen. By means of the cursor 

facility of this display, specific mass spectra are 

very easily called from the memory. Many other 

algorithms have been programmed to enable flexible 

data handling facilities for the users. 

Automated interpretation of mass spectra 

Computer programs for ab initio .structure elucidation 

of arbitrary compounds from their mass spectra are 

non-existent, although some attempts have been made 

(257). The lines along which interpretation is done 

by experienced mass spectrometrists are not yet 

fully understood. Progress has been made, however, 

with the computerized interpretation of mass spectra 

from compounds belonging to specific classes. Peptides 

form such a class. The repetitive nature of the peptide 

backbone, together with the limited number of protein 
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amino acids, constitute an ideal basis for rationalized 

interpretation. 

This was understood as early as 1966, prior to the 

introduction of suitable derivatization techniques, 

by various authors (38,258,259). All "peptide sequence 

programs" reported to date are based on one of these 

early approaches, and require high-resolution mass 

spectral data {e.g. 139). In Chapter IV we mentioned 

some results obtained with Biemann's program (38), 

modified to accept low-resolution data and the amino 

acid analysis (76,96). This program is based on the 

following approach. 

Given the mass of the N-~erminal blocking group (e.g. 

43 for acetyl), the masses of all possible amino acid 

residues (cf. Table 4.3, p 63) plus M.e-N-CH are added. 

The intensities of all possible A-type sequence ions 

(cf. Chapter IV) thus found are stored. Then the mass 

of CO is added to each of the A-type ions and the 

intensities of the re·sulting B-type ions are stored. 

To each A-type ion found, 59 is added to test whether 

the C-terminus has been reached. This process is repeated 

until the peak at the highest mass in the spectrum is 

accounted for. The intensities of all N-terminal sequence 

ions are summed. The sequence giving the highest accumu

lated intensity value generally appears to be the correct 

one, although this is difficult to prove. The most proba

ble sequences may then be confirmed by a search for 

typical peaks due to the presence of specific amino acid 

residues (cf. Chapter IV). Again, accumulated intensities 

are indicative for the most probable sequence. 



SUMMARY 

This thesis describes the development and application 

of chemical derivatization and instrumental techniques 

for the mass spectrometry of biochemically interesting 

compounds. 

A method was developed for the derivatization at the 

nanomolar level of peptides irrespective of amino acid 

content. This method makes all oligopeptides with a 

molecular weight up to 1500 amenable to primary struc

ture elucidation (sequence analysis) by mass spectrometry. 

Examples are given for a variety of oligopeptides con

taining amino acid residues, which are difficult to 

derivatize by other methods. 

The peptide derivatization procedure involves a 

permethylation step in which all hydrogen atoms not 

bonded to carbon atoms are replaced by methyl groups. 

Permethyl derivatives have many advantages over other 

derivatives, including higher stability and lo>-7er 

molecular weight. Our generally applicable permethy

lation method therefore supplies a need. Applications 

of permethylation are described for amino acids, 

steroids and nucleosides. The mass spectra of the 

resulting derivatives are discussed. Gas chromatographic 

properties of steroid methyl ethers are excellent as 

compared with the widely used trimethylsilyl ethers. 

In order to use the combination high-resolution gas 

chromatograph-mass spectrometer at high sensitivity 

for complex compounds of biological origin, direct 

coupling of the column to the ion source appeared to 

be the best solution. A single-focussing mass spectra-
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meter has been modified to accept the total effluent 

of open-hole glass capillary columns via an all-glass 

interface. Results show high sensitivity, an excellent 

usability for different types of compounds and no loss 

of gas chromatographic resolution. 

The same mass spectrometer has also been modified for 

chemical ionization work, a recent promising technique 

which is extremely helpful in the structure elucidation 

of complex compounds. Modifications are described and 

application of chemical ionization mass spectrometry to 

amino acids and derivatives is discussed. 

Mass spectrometers produce an enormous amount of infor

mation, especially in combination with gas chromatogra

phy. The use of computers is imperative in these cases. 

The software developed for acquisition and handling of 

mass spectral data is described. A unique method for 

time-to-mass conversion is discussed in detail. 



SAMENVATTING 

In dit proefschrift zijn de ontwikkeling en toepassing 

beschreven van een aantal chemische derivatiserings

methoden en instrumentele technieken ten behoeve van 

de massaspectrometrie van biochemisch interessante 

verbindingen. 

Het eerste deel omvat de ontwikkeling van derivatiserings

methoden voor peptiden, zodat deze voldoende vluchtig 

worden voor sequentie analyse met behulp van massa 

spectrometrie. Een methode die op microgram schaal 

algemeen toepasbaar is op de grote verscheidenheid van 

amino zuur groepen werd ontwikkeld en toegepast op 

oligopeptiden die moeilijk of niet te derivatiseren zijn 

met andere methoden. 

De toepassing van permethylering, die deel uit maakt 

van de derivatiseringsmethode voor peptiden, op andere 

klassen van verbindingen is onderv1erp van het tweede 

deel. Permethyl derivaten werden gemaakt van aminozuren, 

steroiden en nucleosiden en de massa spectra van deze 

derivaten geinterpreteerd. Permethyl derivaten hebben 

vele voordelen boven andere derivaten, zowel voor massa 

spectrometrie als voor gas chromatografie. Dit is aan

getoond voor steroiden, door een vergelijking met de 

algemeen toegepaste trimethylsilyl derivaten. 

In het derde deel worden een aantal technieken besproken 

die ontwikkeld zijn voor de analyse van gecompliceerde 

verbindingen, veelal van biologische herkomst. Directe 

koppeling van capillaire gas chromatografische kolommen 

met hoog scheidend vermogen aan een massa spectrometer 

werd gerealiseerd. Het systeem dat geheel uit glas 

bestaat is uitstekend bruikbaar voor verschillende 

185 



186 

klassen van verbindingen. Hoge gevoeligheid gaat 

gepaard met behoud van gas chromatografische 

scheiding. 

Dezelfde massa spectrometer werd ook aangepast 

voor chemische ionisatie massa spectrometrie, een 

recente techniek die zeer waardevolle informatie 

kan verschaffen voor de structuuranalyse van gecom

pliceerde stoffen. Toepassing van chemische ionisatie 

massa spectrometrie op aminozuren en derivaten daar

van is beschreven. 

De enorme informatiestroom die door een massa 

spectrometer wordt aangeboden, vooral in combinatie 

met een gaschromatograaf, maakt gebruik van computers 

noodzakelijk. Programmatuur werd ontwikkeld voor bet 

meten en verwerken van massa spectrometrische signalen 

met behulp van computers. Een nieuwe methode voor 

de tijd-massa conversie is in detail beschreven. 



Appendix 1 

NOMENCLATURE AND ABBREVIATIONS 

Amino acids and peptides 

There are about 20 different a-amino acids that occur 

naturally. All protein amino acids have a natural L

configuration. Their trivial names and abbreviations 

(260) are listed below: 

trivial name abbreviation trivial name abbreviation 

glycine Gly aspartic acid Asp') 

alanine Ala asparagine Asn') 

valine Val glutamic acid Glu') 

leucine Leu (pyroglutamic acid PCA")·) 

isoleucine Ile glutamine Gln') 

proline Pro (ornithine Orn) 

phenylalanine Phe lysine Lys 

serine Ser arginine Arg 

threonine Thr (citrulline Cit) 

tyrosine Tyr histidine His 

cysteine Cys tryptophan Trp 

methionine Met 

' ) If it is not known whether the free dicarboxylic acid 

") 

or the amide is present, these amino acids are indicated 

with Asx and Glx, respectively. 

PCA pyrrolidone carboxylic acid; pyro-Glu may also 

be used. 
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co 
co 

Trivial name Abbreviation 

androstan-17-one 

androsterone 
epiandrosterone 

etiocholanolone 
dehydroandrosterone 

dehydroepiandrosterone 
androstenediol 

androstenetriol 
11~-hydroxyandrosterone 

118-hydroxyetiocholanolone 
11-ketoandrosterone 
11-ketoetiocholanolone 
testosterone 
dihydrotestosterone 
Demalon 

pregnanolone 
pregnanediol 
allopregnanediol 

estradiol-17S 
estriol 

cholesterol 
desmosterol (24-dehydrocholesterol) 

carnpesterol 
sitosterol 
stigmasterol 

A 

EA 

E 

DHA 

DHEA 

DIOL 
TRIOL 

11 OH-A 
11 OH-E 

T 

PN 

Pd 

a Pd 

EII 
EIII 

Systematic name 

5~-androstan-17-one 

3~-hydroxy-5~-androstan-17-one 

38-hydroxy-5~-androstan-17-one 

3a-hydroxy-5S-androstan-17-one 
3a-hydroxy-5-androsten-17-one 
3~-hydroxy-5-androsten-17-one 

5-androstene-3S,17B-diol 
5-androstene-3S,l6~,17S-triol 

3a,11B-dihydroxy-5a-androstan-17-one 

3~,11S-dihydroxy-5S-androstan-17-one 

3~-hydroxx-s~-androstane-11,17-dione 

3a-hydroxy-5S-androstane-11,17-dione 

178-hydroxy-4-androsten-3-one 
178-hydroxy-5~-androstan-3-one 

1~,17S-dimethyl-17S-hydroxy-5a-androstan-3-one 

3~-hydroxy-SS-pregnan-20-one 

5S-pregnane-3~,20a-diol 

5a-pregnane-3a,20a-diol 

1,3,5(10)-estratriene-3,178-diol 
1,3,5(10)-estratriene-3,16a,I7B-triol 

5-cholesten-3S-ol 
5,24-cho1estadien-38-ol 
24a-methyl-5-cholesten-3S-ol 

24~-ethyl-5-cholesten-38-ol 

24S-ethyl-5,22-cholestadien-3S-ol 

Table A.l. List of steroids mentioned in Chapters VI and VIII. 



Throughout this thesis, the following representations 

are used to denote partial structures, as exemplified 

with Gly (cf. 260): 

Gly 

-Gly 

Gly

-Gly-

= glycine (= H-Gly-OH) 

-NH-CH2-COOH (= -Gly-OH) 

H2N-CH 2-co- (= H-Gly-) 

-NH-CH2-co-

The last structural unit is called an amino acid 

residue. Note the convention to assume N-termini 

to the left. 

Na-methyl amino acids are represented as MeGly, 

-MeGly- etc. (In computer plots, these are written as 

ME.GLYand -ME.GLY- for better readability). Derivatized 

functional groups in the side chains are indicated as 

illustrated with Lys: 

-MeLys(Ac,Me)-

which stands for a Na,N~-dimethyl-N~-acetyl-lysyl residue. 

(In the texts this may be referred to as "de,rivatized 

2 

3 

Lys residue"). 

Steroids 

Carbon atoms of steroids are numbered and rings 

are lettered as indicated in the parent tetra

cyclic hydrocarbon androstane (261). 

18 
12 17 

4 6 

Androstane Estrane 
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The stereochemical configuration of the hydrogen 

atoms at the asymmetric centers is always as, 
9a, lOS, 13S, and 14a. The configuration at C-5 

can be a or. s. Methyl groups attached S to the 

ring-junction positions at C-13 and C-10, are 

numbered C-18 and C-19, respectively. In this 

thesis, these methyl groups are denoted by bonds without 

lettering. Pregnane derivatives and plant sterols con

tain (substituted) hydrocarbon chains attached S to C-17. 

Their structures are indicated below: 

Pregnane Cholestene 

21 

The systematic names of all steroids mentioned in this 

thesis are listed in Table A.l. 

Nucleosides 

N~cleosides contain either a pyrimidine or a purine 

base, in both cases attached to ribose (or deoxy

ribose). The numbering of the atoms from the bases 

is as following (R represents the sugar group in 

nucleosides): 



Pyrimidines Purines 

Abbreviations 

In addition to common symbols and to the abbreviations 

used to denote amino acids and steroids, as listed 

above, the following abbreviations are used in this 

thesis: 

A N-terminal aldimine ion in the mass spectra of 

peptides and amino acids; an amount of sample 

A' N-terminal "pseudo sequence" ion in the mass 

spectra of peptides and ~nino acids (type A) 

Ac acetyl group') 

ADC analog-to-digital convertor 

amu atomic mass unit 

Ar aromatic residue 

B N-terminal acylium ion in the mass spectra of 

peptides and amino acids; number of available 

methylation sites in a molecule; magnetic in

duction; chain of insulin; base 

B' N-terminal "pseudo sequence" ion in the mass 

spectra of peptides and amino acids (type B) 

CE charge exchange ionization 

Ci a molecule with i carbon atoms 

C-i carbon atom number i of a molecule 

CI chemical ionization 
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CIMS chemical ionization mass spectrometry 

CPU central processor unit 

C-terminal 

that part of peptides or amino acids which 

comprises the (derivatized) carboxylic acid 

or carboxamide function (the "right-hand end") 

DAP diaminoacidyl peptidase 

DMA dimethylacetamide 

DMA conjugate base of DMA 

DMF dimethylformamide 

DMP 4,6-dimethylpyrimidyl group, substituted at 

position 2 (as in Orn(DMP)) 

DMSO dimethylsulfoxide 

DMSO- the conjugate base of DMSO, dimethylsulfinyl 

carbanion 

denotes a double bond between carbon atoms 

i and i+l, as in steroids 

e electron; number of elementary charge units 

or valence of an ion, as in m/e 

EI electron impact ionization 

f a mathematical function 

FD field desorption ionization 

FID flame ionization detector 

FSH follicle stimulating hormone 

FS/L-RF 

FSH/LH releasing factor 

Gc· gas chromatography; gas chromatograph 

h an integer number 

HFB heptafluorobutyric group 

i an integer number, also as subscript (e.g. Ai, 

ki etc:.) 

i iso 

I immonium ion in the mass spectra of peptides 

and amino acids 



I.D. 

IR 

j 

k 

LC 

LH 

LR 

M 

m 

m* 
m/e 

Me 

MO 

MS 

m.w. 

n 

inner diameter 

infra red 

an integer number 

a constant 

liquid chromatography; liquid chromatograph 

luteinizing hormone 

low resolution 

molecular weight; molecular ion; molar con-

centration 

mass, in number of amu 

"m/e" of metastable peak 

mass-to-charge ratio of an ion 

methyl group ' ) 

methoxime group 

mass spectrometry; mass spectrometer 

molecular weight 

an integer number; number of amino acid 

residues in a peptide 

n normal 

NMR nuclear magnetic resonance 

N-terminal 

O.D. 

p 

PFP 

PTC 

PTH 

PTP 

PTR 

R 

Rec 

s 

that part of a peptide or amino acid that 

comprises the (derivatized) a-amino group 

(the "left-hand end") 

outer diameter 

page 

pentafluoropropionyl group 

phenylthiocarbamyl group 

phenylthiohydantoin group 

paper tape punch 

paper tape reader 

the side chain of amino acids, both as ion 

or radical; any group specified locally. 

recorder 

the basic part of a sample molecule SHn 
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t 

t 

t' 

T 

TFA 

THF 

TIC 

TMAH 

TMSi 

TRF 

TSH 

TTY 

u 
uv 

time 

tertiary 

corrected time 

time from reference table; temperature 

trifluoroacetyl group 

tetrahydrofuran 

total ion current 

trimethylanilinium hydroxide 

trimethylsilyl group 

TSH releasing factor 

thyroid stimulating hormone 

teletype 

accelerating voltage 

ultra violet 

UV Rec oscillographic recorder 

X any group specified locally 

x an integer number 

Y c-terminal immonium ion in the mass spectra 

of peptides and amino acids 

Z c-terminal acylium ion in the mass spectra 

of peptides and runipo acids 

Conventions 

The following notations are used in accordance with 

international conventions: 

~ single electron transfer 

~ electron pair transfer 

M; odd-electron ion (radical ion) 

R+ even-electron ion 

') 
In structural formulae of peptides and amino acids 

Ac and Me denote groups introduced in vitPo, while 

CH3co and CH3 indicate native groups. 



Appendix 2 

MATERIALS AND INSTRUMENTAL DATA 

Sources of chemicals 

Peptides, amino acids, steroids and nucleosides were 

obtained from Fox Chemical Co. (Los Angeles, Calif.) 

and Sigma Chemical Co. {St. Louis, Mo.). 

NaH in oil was supplied by Ventron Corp. (Beverly, 

Mass.; 57% dispersion) and Merck A.G. (Darmstadt, 

w. Germany; 20% dispersion). 1,1,1,5,5,5-hexafluoro

acetylacetone was obtained from PCR Inc. (Gainesville, 

Fla•) and "methelute" from Pierce Chemical co. 

(Rochford, Ill.). Other chemicals were reagent grade 

from a variety of commercial sources. 

Mass SEectrometers 

LKB 9000 

The mass spectra presented in Chapter IV were obtained 

from this single-focussing mass spectrometer in EI mode 

by direct sample introduction. The ionizing voltage was 

70 V and the ionizing current 60 llA· The accelerating 

voltage was 3.5 kV and the source temperature was kept 

at 200-250°C. Probe temperatures are indicated separately. 

Mass spectra were obtained on an oscillographic recorder 

during magnetic scanning. 

CEC (DuPont) 21-1108 

This double-focussing mass spectrometer utilizes 

Martauch-Herzog geometry with photographic emulsion 

195 



196 

ion detection. EI spectra were obtained by direct 

sample introduction at 70 eV electron energy and 

100 pA ionizing current. Accelerating voltage (8.4 kV) 

and source temperature (200°C) were constant 

during the experiments. The high resolution spectra 

referred to in Chapter IV were recorded on photo

plates. 

The CI(CH 4) spectra discussed in Chapter V, were 

obtained on this mass spectrometer, after modification 

for high pressure work (195,244). Low resolution 

spectra were obtained by direct introduction on 

an oscillographic recorder during magnetic scanning. 

The reactant gas pressure was approximately 0.7 Torr, 

measured with a Baratron MKS manometer. The ionizing 

electron energy was either 70 or 200 ev. The accele

rating voltage was 8.4 kV. The source temperature was 

maintained within the range 180° to 200°C. 

AEI MS-12 

EI mass spectra discussed in Chapters V, VI and VII 

were obtained from this single-focussing mass spec

trometer with magnetic scanning. The work described 

in Part III (Chapter VIII, IX and X) also involves 

use of this mass spectrometer. 

EI spectra were obtained under the following condi

tions: electron energy 70 eV, trap current 500 pA, 

accelerating voltage 4 kV, magnetic scan rate 2 s/mass 

decade (GC-MS) or slower (direct introduction probe), 

source temperature 230-2S0°c. 

For samples admitted by coupled GC (af. 

Chapter VIII) , TIC chromatograms were recorded 

at 20 eV ionizing energy and 100 pA electron current. 

The home-made gas chromatographs (50 m glass capillary, 



0.25 rom I.D.; coated with OV-101 or SE-30) were 

operated isothermally at 230°C (Chapters VI and 

VIII) or temperature programmed (Chapters V and VII) 

Helium was used as carrier gas at a flow rate of 1 ml/min, 

Probe temperatures are indicated separately, where 

applicable. 

Experimental parameters of CI(CH
4

) mass spectrometry, 

using the modified AEI MS-12 (Chapter IX), are the 

same as in EI mode, with the exception of the ionizing 

voltage (200-300 V)and current (total emission= 500 ~A). 

Reactant gas pressures were not measured, but calcu

lated from the known relationships between relative 

ion abundance and reactant gas pressure, 

In all cases, spectra were obtained on photosensitive 

paper or acquired on-line by the DCC D-116E computer 

system (Chapter X). 

Other mass spectrometers 

A number of experiments was carried out on a Finnigan 

1015 quadrupole instrument, equipped with a CI source, 

and Dupont 21-491 and AEI MS-902 mass spectrometers. 

Spectra obtained from these instruments are not pre

sented in this thesis. 

Computer systems 

High resolution data from photoplates (CEC 21-110B) 

were measured automatically by a comparator and fed 

on-line to a DEC PDP 8/I computer coupled to an 

IBM 360/50 computer system (262). 

Low resolution mass spectra from both the CEC 21-110B 

and the LKB 9000 were digitized manually and handled 

· off-line. AEI MS-12 mass spectra were measured with 

the semi-automatic digitizer (252) or acquired on-line 

by the DCC D-116E computer system (Chapter X). 
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Other analytical instruments 

Gas chromatograms were obtained as described above 

under AEI MS-12. Gas chromatographic data on 

methylated steroids (Chapter VI) were obtained 

under exactly the same conditions, but with a FID 

as detector. 

The IR spectrum (Chapter VI) was recorded with a 

Hitachi EPI-G2 spectrophotometer under standard 

conditions. The sample was deposited on a KBr window 

by evaporation of a drop of cc14 solution. 
1H NMR speatra (Chapter VI) were recorded with Varian 

HA-100 and A-60 spectrometers in frequency sweep mode 

at ambient temperature on.S mg of derivatized sample, 

dissolved in cc14 • 
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STELLINGEN 

1. De bewering van Bo~ek et at. dat de kwalitatieve 

en kwantitatieve informatie uit een isotacho

foretisch systeem verstoord wordt door aanwezig

heid van een monster ion met grotere mobiliteit 

dan het "leading" ion, is niet juist. 

P. Bo~ek, M. Deml en J. Janak, 

J. Chromatogr., 21• 829 (1974). 

2. De door Batchelor berekende 13c NMR "downfield 

chemical shifts" voor o-alkyl substituenten in 

vertakte alkanen zijn te groot, doordat geen 

rekening is gehouden met oplosmiddel effecten. 

J.G. Batchelor, 

J. Magn. Res., 18, 212 (1975). 

3. Tegen de bewijsvoering van Takacs et at. voor de 

correctheid van hun methode voor het berekenen 

van GC retentie indices op basis van moleculaire 

structuur, zijn ernstige bedenkingen aan te voeren. 

J. Takacs, c. Szita en G. Tarjan, 

J, Chromatogr., 56, 1 (1971). 

4. De voortdurende afname van het aantal in Nederland 

geregistreerde geneesmiddelen is tendele verklaar

baar uit het afnemend belang van gepreciseerde 

diagnoses door artsen als gevolg van het be

schikbaar komen van geneesmiddelen met een breed 

toepassingsgebied. 

Gegevens van het College ter Beoordeling 

van Verpakte Geneesmiddelen. 



5. 

6. 

In het studieprogramma voor scheikunde studenten 

bij het wetenschappelijk onderwijs dient de moge

lijkheid tot kennisneming van het "Wiswesser Line 

Notation" systeem te worden ingevoerd. 

De vraag naar maatschappelijk relevant weten

schappelijk onderzoek eist een gedeeltelijke 

ombuiging van de "tweede geldstroom" van voor

namelijk fundamenteel naar meer toegepast onderzoek. 

7. Aminozuur sequenties van peptiden, bepaald met 

behulp van klassieke methoden, dienen kritisch 

te worden bezien. 

H.D. Niall, NatuPe {London), 

Ne~ Biol., 230, 90 (1971). 

8. De invloed van S. Prokofiev op de ontwikkeling 

van de hedendaagse muziek wordt algemeen miskend. 

9. Goede criteria voor de evaluatie van wetenschappellijk 

onderzoek zijn de frequentie en kosten van feesten 

die gevierd worden bij elke wetenschappelijke door

braak van betekenis. 

10. De wet van LaCombe ("The inaidenae of anything 

~orthwile is either 15-25 percent or 80-90 peraent") 

is recursief: zij gaat op in 80-90 % van de gevallen. 

M.A. LaCombe, 

J. Irreprod. Res .• 21 (3), 3 (1975). 
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