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. otion may be avoided by varying the pH conditions or the matrix,
derivatization of the peptides contained in this mixture, or through the
{ the mixture through reversed-phase liquid chromatography so that !
pgpﬁdaofasimilar hydrophobicity. i
and MALDI, the concentration of the sample and the complexity of the
jmportant roles in both the sensitivity and the mass accuracy. Biological
diluted solutions of peptides or proteins containing a great number
L two problems, dilution and contaminants, are not easy to handle,
the total amount of sample is low, such as picomoles. . f
are of different origin and include buffers, non-volatile salts, deter-

ompounds of unknown origin. ESI can tolerate only low quantities of
: ,nwseionscanredwetheabundanocofmeionsfm the compound of
an even totally SUppress them. They also very often result in the formation of
aduct ions: further reducing the sensitivity by distribution of the ion current over several

" Furthermore, they may complicate the determination of the molecular mass, or

" he accurecy of the molecular mass if some adducts are not separated from the ions
nated molecule.
MALDI is more tolerant than ESI to many contaminants. This can in part be
49¢ in part 10 some separation occurring during the crystallization of the sample with the
_Whatever the ionization method, the quality of the mass spectrum is higher if ;

The second problem is the generally low concentration of the compound of interest in

e biolegical samples. The volumes needed for the analysis are very low, in the microlitre i

meforboﬂ\MALDlandESl [3l].andon|ypaﬂofitisacﬂmllymmddmingttn

Lalysis. But the concentration has a marked influence on the observed spectra.
Asarulc.aseparationmethodﬂmldbeusedforbothputiﬁcatimmdcmcentmiw

i the sample. The classic method for peptides and proteins is a reverse-phase liquid chro-

matography preparation of the sample, followed by a concentration step (often lyophiliza-

Jun) of the fraction of interest. During those steps performed on very small quantities of

Lmple. loss on the sample can occur if care is not taken to avoid it. Lyophilization, for

ofscpamﬁMmedwdson-linewimdwmassspecthoﬁalmpnfMMicro-m
suno-HPLC [32,33] and capillary electrophoresis {34], both coupled mainly to electrospray
\snization/mass spectrometry (ESI-MS), are used more and more.

8.2.2 Structure and Sequence Determination Using Fragmentation
§.2.2.1 Fragmentation of Peptides

lnmwgummmucmmdmbymssspemmw.memoleculemmissnmed
must undergo fragmentation ofoneotscveralbondstomatchthem/zofme resulting
fragments with the chemical structure. However, the various techniques we have con-
Siduedsofarimplythefo:matimofsmble imsdlatdonotyieldmyfmgment.‘l‘his
pmpeﬂyisusedtofacilimemedetetminationofmemolecularmassofpeptidesorpto-
(cm&mwhmﬂnyappeminampkxmixm.ﬂm.dwmemleadsto
a lack of information conoemingmemscune-'misdmwhmk is overcome by transferring
&deummquuimdbyﬁagmmﬁmmdwmbleimspmdwedduﬁng
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the ionization, Although various techniques allow an energy transfer, the mos: ¢, b
method remains collision-induced dissociation (CID). Consequently, tandem m,, on
trometry (MS/MS) has become an essential technique for structural analysig R.vo!ao”!?
proteins. -

This technique consists of selecting the ion to be fragmented using a first mag; analy,
and sending it into a collision cell, where it collides with uncharged gas atoms. Thus ”
kinetic energy is transformed partly into vibrational energy and the resulti
are analysed by a second analyser, hence the name CID tandem mass spectrome,, P
CID MS/MS. If the instrument resolution is sufficient, the first analyser can selecy only
the isotopic peak containing the main isotopes, such as '2C and '50, which allows , ¢
mentation spectrum free from complex isotopic clusters (especially at high masse:) %ﬂ
obtained.

The tandem mass spectra may be obtained using many different instruments, such as
sector, refiectron TOF, ion trap, triple quadrupole, ICR or hybrid instruments, The maip
difference from a practical point of view is in the kinetic energy of the ions. In magneic 5,
TOF instruments the precursor ion kinetic energy is several kiloelectronvolts whereas |,
the other types of analysers, such as the quadrupole, ion trap or ICR, the ion kinetic energy

<
E4
4
»
o
»

Relative abundance (%) é

range of fragmentation pathways, some of which are not observed at low energy. A greaer
number of fragment ions often carry more information but also increase the complexity of
the spectra, thereby rendering their interpretation more difficult,

The fragmentation of peptides can be observed also by a technique named post-source
decay (PSD) when reflectron TOF instruments are used. In this technique, which is not only

; tion used i .C., Reilly M.-H.
used for peptide analysis, the ions of the molecular species produced by MALD] indecd mwa Bean M.F., Carr S.A., Thorne G.C., Retly

73, 1991, with
contain enough energy to fragment but this metastable fragmentation occurs during the _ and Gaskell S.J., LEBe G CE D

flight between the source and the detector. ‘With an linear TOF spectrometer the fragmens 7 permussion.

reach the detector together with the precursor ions. In contrast, they will have different fligh:

times after passing through the reflectron and thus their masses can thus be determined.
A chosen precursor can be selected by a wan..w,,mw%ﬁ: at the origin of the: flight tube.

oW, i labelling of
Roepstorff and Fohlman [37) and later modified by Biemann [38] allows the g
fect . .
lution for this selection is low. This is in general sufficient to select,a peptide the various fragments that are obtai

im&ioavaaco&cw.nuo_ggmoo?coa!%

identi P types

in a mixture, but not to select one isotopic peak. MALDI-TOF/TOF instruments remove The first fragments that Mm.no_& in that peptide chain can occur in either of three g
several disadvantages of MALDI-TOF PSD instruments and aliow high-energy CID and main chain. The o_oﬁuww ”Tna. which yields six types of 3_«3918 ._E.ﬁu”ana Xas Yao Zn
high-speed analysis. Indeed, in these instruments, ions of high velocity that are produced of bonds, Ca-C, nlro:o the positive charge is kept by the Z.S:s...n_?mw.wa_ga mhv_mss
by MALDI are selected with an ion gate and subject to CID. The resulting fragments are labelled aq, by, C i_ e i the C-terminal side. The ¢, and y» son and
further accelerated and analysed in the second reflectron TOF analyser. when the positive ¢ ol 3983? the first one responsible for the ?omoam._ns_gﬁ the

The fragmentation of peptides can also be obtained by FTICR instruments, Besides the the transfer of two extra 3“..&3 other side of the peptide. The subscript n ind ypes of
most commonly used activation method, namely CID, the activation can alternatively be the second one o:m....hm:ﬂ:ﬁ:& in the fragment. Figure 8.3 .m_.o._; ._8 vanot
performed without gas by infrared multiphoton dissociation (IRMPD) and o_ooams,gvea L o..uasan_...._o&o wnn_:“.w__ the cleavage of a bond in the vo—:&« orw_._.a.n identity of the
dissociation (ECD). These methods fragment peptide ions in the ICR cell by. emitting a fragments prod between consecutive ions within a series allows d peptide
laser beam or electron beam, respectively. 4 The mass difference ined (see Table 8.2) and thus on of the i-

The MS/MS analysis of many peptides with known sequences permits ideatification of saacﬁ_aam_u.ﬁﬁm_%o.oﬁ:ﬂ_ﬁma acid residues have disincive Hﬂﬂﬂ.ﬂa«ﬂ:

. o .. E. k . " 3 uence. y .. . H one on wi R . a. .

T T L e e e

From a practical point of view, the fragments may be classified in either of two categories: are isomers. However, a low- u. In addition, there are combinations o

i . ) iffer by 0.036
those derived from the cleavage of one or two bonds in the peptide chain and those that between Gin and Lys, which differ by

lemental composition.
. 5 inal mass or even the same €
also undergo a cleavage of the amino acid lateral chain. The nomenclature suggested by acid residues that yield the same nom
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Table 8.2 i
Mass increments of the various amino acids,
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3 ,H.. I

Glycine Gl Lloen)  Codel loner) Monoisotopic mass Hs/
Serati Ala N T
w.ohi Ser A 71.037 12 31.052
e Pro P 87.03203 71.079
aline Val v 97.05277 87.078
.—.—Hdo._,::o Thr T 99.068 42 97117
S Cys z 101.047 68 o
ucine Iie I 103.009 19 105
rn._n.:n. Leu L 113.084 07 103.144
Asparagine Asn N 113.084 07 “_u._s
mﬁ.s.s Asp 5 114.04293 _ 13.160
lutamine  Gin 115.02695 14.104
Lysine Lys m 128.058 58 el
mﬁé Glu B 128.094 97 _w._u_
lethionine Met M 129.042 60 I 174
Histidine His H 131.04049 2.116
Phenylalanine  Phe ; 137.05891 .
g 5 R —&Q.§&N —MW.—AN
Tyrosine Tyr X 156.101 12 156108
Typophan  Tip v 163.063 33 o
186.079 32 I &.m._w
8 b, c,
m ) R R *
H2N-CH-CO-(NH-CH{CO) /NHICH-COOH + &
X» Yn 2,
R
IAIZ.&I.OOYMIIMD + R, [
a, ™ OO.IZ.OI.OOAZI.Q_I -CO)-OH
R R X n-1
H-HN-CH-COMNH-EH-820 SN R
n-1
b, HyN-CH-CO-(NH-CH oo\w..ﬁ_vx

Yn
R R

fxf_.w:bo b ont +
FNH-CH-CO-NHs CH-CONH-CH.COpoH
C, -1

Figure 8.3

try

E gaggn ‘”ﬁ—uh & gﬁ&ﬂw mn n—c HD:&O:- mass M—va-:vawﬂc
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g2

a, b, Cp
+
e nl Ik
I»ZaOI.OOAZI»OI )ANHICH-COOH + H
Xy Yo In
R R,y R

+ > 1+
HoN=CH H,N-CH-(CO-NH-CH)-C=0
men
Immonium ion internal fragment

Figure 8.4
Fragments derived from a double cleavage of the

peptide main chain.

Nommally the spectra show several incomplete series of ions that produce redundant data
and make the spectrum very complex and difficult to interpret. The peptide sequence can be
§§80n,03&av3§..03<§92§u38_§

%98&&8:308_ incompl
i i uaa_gmﬁgmaﬁoasﬁm:nsa&gﬁg!g&g

trans i
he fragmentations observed at high and low energy. At high energy, all the fragmentations
described in Figure 8.3 can be generated in principle. However, all those fragments are not

%!s&ggggggggcn??ﬁs&g?go;s
sequence, as will be shown below. Unlike low-energy CID, ions

amino acids present in the

do not readily lose water or ammonia. At low energy, the observed fragments are mostly

the by and y, ions. These fragments then lose small molecules such as water or ammonia

from the functional groups on the side chains of the amino acids.
g%ﬁomgsgsgisoamgg=§ogumoonag?o

58:5;8&5:5%&3&?.:8:2%%8:&3?83&%«3%

these fragments have lost the initial N- arld C-terminal sides [39]. They are represented

protonation and cleavage i
fragment, extending from the proline in the direction of the C-terminal side. The various
gganswoggzogsgimwca 8.4.
avog&%%ggaﬁg_agaﬁgﬁonggasgnﬁa
ggguaﬁ_gagmansgg.gnaasggmg%?g.g
%msgg.smsﬂagmégg
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Table 8.3 Masses of the low-mass i e g2
n.m_nu..mmanlmmn of natural amino manmm_o_“M% 0.5 e 05 21
often immonium i ? j
o PLYKKIIKKLLQS
Ami i
ino acid Characteristic mass
Valn (v) 70 el |
Leucine A—vtv 72 ot a4 __._
Isoleucine (1) o4 2, oo i i
Z.o:_mo:m:o M) 104 c oL &
Histidine (H) 10 netyt .
Phenylalanine (F) 120 8 8
Tyrosine (Y) 136
Tryptophan (W) 159 08
W v
H-(NH-CHR -C CHR’ K _
.09.,.@”._ o i fgazx.mz +Ree L ] |
n-1 K _
a,+1 i F
dy . |
H R, H . r_
s colomram ool - ' |
n-1 H-R, + ZI-OI-S-%YOI B a6 _
y igure 8. |
’ o Influence of the presence and the position of the charge on the resulting frag- _
Vo ments. Reproduced (modified) from Biemann K., Mcth. Enzymol., 193, 45S,
Jz 1990, with permission.
RHC H*
t
CH- oo.g OH mim } _ The last type of these fragments results from the complete loss of the side chain and
- CH-CO-(NH-CHR-CO)-OH . g* is symbolized as v,. This fragment containing the C-terminal moiety is intense for amino
Zr11 n-t B that do not casily yield wy type fragments, No equivaleat containing the N-terminal
Wn moiety has ever been observed.
Figure 8.5 The types of fragment ions observed in an MS/MS spectrum are influenced by charge
Fragmentation paths yiclding the i ) position and charge delocalization. Protonation occurs mainly at the more basic sites. In
¢ ions characteristic of amino acid lateral chains. _ fi aaom-”n _.”Mm_.:::w_ nBSonM._dM P gwnn.:ﬂ. ”_.H-_._a he m_-Mo .—M«-Mh__”n_ ill be
In addition to the . ) rst at ic amino acids, if present, on the amide groups. wi
Cleavage of the peptide chaie oy res 2, three new types of frag . more statistically distributed along the chain.
high-energy spectra. T} am and the amino acid lateral chain were hj ionts that requisy It has been shown that charged ions from small peptides that do not contain basic amino
Figure 8.5 shows the g?ﬂ.umﬁ:.a_:n.eﬂma useful for a.«:._w._.w__:wma ._x“wm_.ao_.aﬁ.; Mqh_w.u“” __ acids display comparable abundances for all the y, and b, ions. When the chain becomes
Two t of these frg structures of the correspo longer, b, ions become favoured [47)
carbon uﬁ of the side ents result from cleavage of the c“gﬂ:nogﬁ_iog ts [43-46] mcioua_. the presence and the position of a basic amino acid within the peptide influence
or W, respectively 809&”_.2.. onsnsmzonnm%.dﬁngaoaam% z.o B and y n.oggﬁwgvaoardﬁﬂgooongog_aoﬂ.&mﬁsﬁ;r«?:sgvaa
or the C-terminal mam:..n_.... 8 to whether the positive charge is retained cm ymbolized as d, . the C-terminal amino acid induces mainly the formation of ions containing the C-terminal
acids carrying an aromatic :.Q550?.3&%5@?:58335«5«28352 7 side (Yq, Vo and Wa) whereas the presence of these amino acids on the N-terminal side
do not display these two fragm P attached to the B carbon atom (His E.n.. and lle. >=.w5 favours the formation of ions containing the N-terminal side (a,, b, and d,). However,
ents or have very low abundances, » Tyr. Trp) either ._apsssong._ss._.sao%ao_gn&isuaﬁzgsamea
- : _ containing one of the two sides (ya, ba). as shown in Figure 8.6 [48].
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Fi 8.7
uence of the charge delocalization o
< ; n th -
WM:BO:.“. w_WBS&. Reproduced from ZuB..M qu%n uﬂm_:m“m.
RS, Cos w-. C.E. and Biemann K., in ‘The >~8_<u.w of Pep-
otiens by Mass Spectrometry’ edited by McNeal

n.h..ﬂzun
EON Sons, New York, 1988, pp. 135-150, with

Similarly, increasing the localizati harge ncreases
X on of the positi i
iy .voaz.éo on the ide i
oi&ggzgﬂ-!ﬂ“h%. i el voﬂm:._ﬁ oa-._&-_“
o the N-ter qu..ogn.ofgaiagSam;xoga«. i
kol nn_an: MM«.B?S Figure 8.7 (49). ¢

the e e 4 w.__oa_gga-... ip between the position and the harge ization

. and the fragmentation i od i . -

_, PROTEINS AND PEPTIDES w

"
L iz0d Positive charge localization — > More localized
N-Acetylated  Peptides

peptides  without  His. Lys N peptides
wihoutbasic ~ basic  Peptides ag

. id  amino acids peptides 8,b,9d,

Figure 8.8
Charge and fragmentation with respect to the nature of the peptide.

pefore CID because the kinetic energy is proportional to neV, where n is the number of
charges, e is the clectron charge and V is the acceleration voltage. At first glance they
appear to fragment casier. It is best, when possible, to acquire spectra of different charge
mﬁagggaggaoagnnoqgoogg.

The dissociation of multiply charged mguwsﬁﬂzzugg_n&saoaogv_g
spectra. Firstly, the presence of protons on different protonation sites induces fragmentations
from a variety of starting points. Secondly, the ions obtained can have different charge states
a&n.oogo%o__ﬁscog?&.g?ow&noﬁzgo;smgﬂo_ﬁﬁ.
are separed by :vw.m;s:ggonogaaa.gi__gggggﬁg
1/n Th. If the resolution o».naim:dgwmcaogr._angaoaﬁngggmi
by this way. Tryptic peptides have two basic sites, one at each terminal, and thus easily
yield doubly protonated ions: on the basic C-terminal amino acid and on the free amino
group of the N-terminal. As a consequence, they mainly yield monocharged b, and y,, ions,
gs shown by the example in Figure 8.9 {52,53).

gﬁgo*%oﬁcooeﬁ:&ié_gn ionization as observed by
_Sseangi_mg.ssfao.._saa.%.“aazgﬁ_.aag&;ao
arec,and y, mgrgsggo*%gco%%iggﬂagam
instrument by the PSD technique [54.55). An example of such a spectrum is displayed
in Figure 8.10. The fragment ion types observed in MALDI-TOF PSD are close to those
observed at low-energy CID [56]. With MALDI-TOF/TOF instruments where collision gas
wﬁ&.nsgwwaawsm_ﬁs&oﬁg&azgg.z_ ion series can be
accompanied by ions resulting from losses of ammonia Or water.

gzgivﬁn&g%gg&i&ﬁ:gg.?gaa-
tiple photon dissociation (IRMPD) and electron capture dissociation (ECD) have been
F%B?oagﬁagggg8g_2390%?

types of fragment ions.
gggzugmagﬁgggéggsgg
8:323:5!«382&%64_.ggewomﬁ_mh_v%ggga
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