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Surface-induced Dissociation : An Effective Tool to 
Probe Structure, Energetics and Fragmentation 
Mechanisms of Protonated Peptides 
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The utility of surface-induced dissociation (SlD) to probe the structure, energetics and fragmentation mechanisms 
of protonated peptides is discussed and demonstrated. High internal energy deposition provided by low-energy (eV 
range) ion-surface collisions yields extensive fragmentation of protonated peptides, allowing relatively uncompli- 
cated and rapid sequence analysis of oligopeptides. SID of multiply protonated peptides is illustrated for peptides 
with molecular mass of up to -SO00 u. It is also illustrated that SID combined with electrospray ionization (ESI) 
provides a distinctive experimental technique to determine the energetics and mechanisms of peptide fragmentation. 
The relative position of ESl/SlD fragmentation efficiency curves (plots of percentage fragmentation vs. laboratory 
collision energy) for peptides can be utilized to estimate relative energetics of peptide fragmentation and even to 
predict proton localization sites. The observed trends support the essential role of the mobile proton model in 
understanding peptide fragmentation by low-energy tandem mass spectrometry. 
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INTRODUCTION 

Tandem mass spectrometry (MS/MS) is a well estab- 
lished analytical technique for the characterization of 
structures of molecules and for investigations of gas- 
phase ion chemistry.’.’ Activation of selected ions by 
collisions with gaseous targets, termed collision-induced 
dissociation (CID) or collision-activated dissociation 
(CAD), is the most widely used activation method for 
ion structure determination by MS/MS. This paper 
describes results obtained for protonated peptides by an 
alternative activation technique, surface-induced disso- 
ciation (SID).3-5 One of the motivations for the devel- 
opment of SID as an activation method was the 
realization of certain limitations of gas-phase collisional 
activation. Gas-phase collisional activation (CID) does 
not always provide enough internal energy deposition 
to fragment large ions, in particular biomolecules, 
which are a current focus of research in mass spectrom- 
etry. On the other hand, it has been demonstrated that 
with SID a significant portion of the incident ion kinetic 
energy is converted into internal energy,’-I5 suggesting 
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that SID may prove to be a more effective activation 
method for the fragmentation of large ions. This expec- 
tation is borne out by the fragmentation spectra of 
multiply charged peptides shown later in this paper. 

The SID experiment is simple: mass-selected ions are 
made to collide with a surface and the products scat- 
tered from the surface are mass analyzed. Cooks and 
c o - ~ o r k e r s ~ - ~  demonstrated that low energy (10-200 
eV) collisions of ions with surfaces can lead to extensive 
and structurally informative fragmentation, and that the 
degree of fragmentation can be easily controlled by 
varying the laboratory collision energy of the incident 
ions. An important feature of SID is that the percentage 
of kinetic energy (T) converted to internal energy (V) is 
comparatively high, regardless of the surface considered. 
T + V  conversions have been reported to be in the 
range of 12-35% for a variety of different projectiles 
(e.g. small organics, metal carbonyls, and alkali metal 
halide clusters) colliding with a variety of surface 
types.’-’ Higher energy conversion is consistently 
observed for silicon surfaces or fluorocarbon-coated 
surfaces than for graphite surfaces or hydrocarbon- 
coated surfaces. The energy conversion and relative 
contribution of different ion-surface collision processes 
(e.g. dissociation, reaction, neutralization and chemical 
sputtering; see below) depend on the impact angle@) 
between the ion beam and surface, with less effective 
T -+ V conversions for more glancing collisions. In addi- 
tion to high average internal energy deposition, SID 
also offers deposition of a narrow distribution of inter- 
nal energy which can be easily shifted to higher or lower 
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average internal energy with variation of the collision 
en erg^.^-'^ 

A variety of different processes occur when a mass- 
selected ion collides with a surface (see Fig. l).5*’6 
However, the relative contribution of these different 
processes occurring at the surface depends on surface 
type, the incident angle and the projectile ions investi- 
gated. For ion structure determination, the major 
process of interest involves inelastic collisions of poly- 
atomic ions with a surface, leading to dissociation of the 
impinging ions (SID). Other important processes are 
reactive collisions of ions, including addition of surface 
constituents to selected projectiles, and charge exchange 
reactions. Ion-surface reactions have been the subject of 
numerous publications and this area has recently been 
reviewed.I6 The reactions that occur at the surface are 
specific to the adsorbed surface material and the projec- 
tile ion and, in certain cases, are observed in fairly high 
yields. These reactions have the potential to be used for 
surface characterization or surface etching. In general, 
large even-electron projectile ions such as protonated 
peptides do not undergo significant ion-surface reac- 
tions (see spectra below). 

Neutralization of the projectile ion upon collision 
with the surface by charge exchange is a troublesome 
ion-surface reaction if projectile ion characterization is 
desired. Neutralization of the ions leads to charge trans- 
fer to the surface and can also lead to subsequent 
release of surface-adsorbed species, in a process called 
chemical sputtering (an additional method for surface 
analysis). In an attempt to reduce neutralization at the 
surface and obtain a well characterized, reproducible 
surface, Cooks and c ~ - w o r k e r s ~ * ’ - ~ * ~ ~  and Wysocki and 
co-w~rkers’~”~-’ have employed self-assembled 
monolayer (SAM) coatings, chemically bound to metal 
surfaces, as target surfaces for SID studies. In addition 
to self-assembled monolayer films bound to metal sur- 
faces, a variety of surface types have also been suc- 
cessfully used for SID. Metals5*” such as stainless steel 
and brass with adventitious hydrocarbon adsorbates 
and even semiconductor materials” such as silicon and 

I 

A = Surface-Induced Dissociation 
6 = IonlSurface Reactions 
C = Chemical Sultering 

Figure 1. Schematics of different processes occurring during 
low-energy ion-surface collisions: (A) fragmentation of the selec- 
ted projectile ion; (B) ion-surface reactions between the projectile 
ion and the surface material (monolayer or physisorbed material) ; 
(C) chemical sputtering of the surface material as a result of 
charge exchange processes. 

graphite have proved to be successful targets for the dis- 
sociation of polyatomic ions at surfaces. Recently, a thin 
coating of liquid fluorocarbon polymer film (with very 
low vapor pressure) on a metal substrate has been suc- 
cessfully used to perform SID.9 Several of these different 
types of surfaces were investigated to improve charge 
retention, i.e. reduce neutralization. The percentage of 
the incident ion beam that survives surface collision, i.e., 
does not undergo neutralization at the surface, is 
defined as the total scattered ion efficiency (%E). The 
total scattered ion efficiency of the surface is usually cal- 
culated by measuring the ratio of ion current obtained 
by operating the instrument in the transmission mode 
(deflection of the mass-selected ion beam without colli- 
sion with the surface) and in the SZD mode (the mass- 
selected ion beam is made to collide with the surface, 
and the total ion current is measured), while keeping the 
detector voltage  ons st ant.^^" This method has the 
advantage of correcting for inefficiencies in transmission 
through the mass analyzers. In using this method to 
evaluate surface efficiency, it is assumed that all sources 
of ion loss are equal in both the transmission and SID 
mode. In this laboratory, efficiency values measured by 
a different method gave similar values; these values 
were obtained by comparing the current measured at a 
chemically modified surface with that measured at a 
bare metal surface.‘ Measured efficiency values vary 
over a wide range from 1% to 65% and depend on the 
type of surface and also the nature of the incident pro- 
jectile F or example, fluorocarbon surfaces 
yield very high efficiencies (- 60%) because their high 
ionization energies (ZE), compared with the ZE of 
common organic analytes, minimize neutral- 
i~ation.~,’  5-17 

INSTRUMENTATION 

Surface-induced dissociation was demonstrated in the 
mid- 1970s using high-energy ion beams where collisions 
with walls led to ion dissociation in double-focusing 
sector instr~ments.~” In the mid-l980s, a hybrid instru- 
ment was designed specifically to perform SID. This 
hybrid instrument (BQ)3-s consisted of a magnetic 
sector to select the ion of interest, a set of decelerating 
lenses to control the collision energy with the surface 
and a quadrupole mass analyzer to collect the products 
scattered from the surface. In addition to hybrid instru- 
ments, four-sector instruments,21 tandem quadrupole 
instrurnent~,2~.~~ a sector time-of-flight (TOF) instru- 
ment,24 tandem time-of-flight (TOF/TOF) instru- 
m e n t ~ , ~ ~ ’ ~ ~  Fourier transform ion cyclotron resonance 
(FTMS) and quadrupole ion trap 
instruments3’ have been successfully employed to 
accomplish SID. Deceleration lens assemblies are neces- 
sary in sector instruments to achieve low-energy colli- 
sions with the surface. SID in FTMS and quadrupole 
ion trap instruments is performed by trapping the ions 
and then accelerating them into the walls of the trap, or 
onto a probe placed at one end of the FTMS cell. This 
results in dissociation of the mass-selected ion and 
allows subsequent analysis of the dissociation products. 
Ion-surface collisions have been accomplished in a 
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reflectron TOF instrument by placing the surface at the 
end of the reflector. * 

The majority of SID experiments performed to date 
have been performed with non-linear instrument 
geometries (i.e. MS1-MS2 analyzer angles placed from 
70" to 120'). In contrast, commercially available tandem 
mass spectrometers, both sector and quadrupole instru- 
ments, are designed for the more conventional gas- 
phase CID experiments and the analyzers are thus 
arranged linearly. In order to provide a simple means to 
adapt existing mass spectrometers to perform SID, 
various in-line ion-surface collision cells have been 
designed and characterized, and microchannel plates 
have also been tested as possible in-line collision 
 device^.^^.^^ In both tandem sector instruments and 
tandem quadrupole mass spectrometers, the ion beam is 
deflected from its normal path by an electric field and 
made to collide with the surface and the product ions 
are then extracted back onto the normal path and 
analyzed. 

EXPERIMENTAL 

The results presented in this paper were obtained on a 
tandem mass spectrometer specifically designed for low- 
energy ion-surface collisions (Fig. 2).23 The instrument 
consists of two 4000 u quadrupoles (Extrel, Pittsburgh, 
PA, USA) arranged in a 90" geometry with the surface 
positioned at the intersection of the ion optical paths of 
both the quadrupoles. The angle between the incident 
ion beam and the surface normal is typically kept 
between 45" and 50". Emergent angles are not known, 
but the ion optical system is designed to collect ions 
over a wide range of angles. The surfaces are mounted 
on a ceramic plate which is designed to hold multiple 
surfaces (see Fig. 2). This is advantageous as a variety of 
different surface types can be analyzed and/or used for 
analysis of a specific analyte under the same experimen- 
tal conditions." Different surfaces can be brought into 
the incident ion beam path simply by moving the 
surface holder perpendicular to the plane of the quadru- 
ples (see Fig. 2). A typical ion-surface collision experi- 
ment is carried out by selecting an ion of interest with 
the first quadrupole, causing it to collide with the 
surface, collecting the scattered product ions with a 
series of focusing lenses and performing the final mass 

analysis with the second quadrupole. The laboratory 
collision energy is determined by the potential difference 
between the ion source and the surface or, for multiply 
charged ions, by the product of potential difference and 
the charge state selected. 

As mentioned in the Introduction, judicious choice of 
surface characteristics is essential to perform SID effi- 
ciently. The chemical composition of the surface plays 
an important role in the studies of ion-surface colli- 
sions. Traditionally, surface science investigations are 
performed at well characterized metal surfaces using 
ultra-high vacuum conditions [ > Torr (1 
Torr = 133.3 Pa)]. However, ion-surface collision 
experiments can also be performed under more modest 
vacuum conditions more readily compatible with high- 
pressure sources (e.g. for experiments performed in our 
laboratory the manifold pressures are in the range 
10- 5-10- Torr). Self-assembled monolayer surfaces 
have proved to be excellent substrates for investigation 
of SID and/or other ion-surface collision processes 
under these conditions. Chemically modified self- 
assembled monolayer surfaces (illustrated schematically 
in Fig. 1) are easily prepared by using gold surfaces 
(1000 A of vapor deposited gold on a chromium over- 
layer on silica obtained from Evaporated Metal Films, 
Ithaca, NY, USA) by immersing the gold in 1 mM, 
alkene thiol solution in ethanol for 24 h. The surfaces 
are then rinsed with six portions of ethanol prior to 
introduction into the mass spectrometer. For a more 
detailed description of RSAU surface preparation, see 
Refs 17 and 18. 

An important topic to be considered at this point is 
the degree of surface damage after ion bombardment 
and its effects on SID spectra. Ion beam damage to self- 
assembled monolayer surfaces has been studied in our 
laboratory" and other laboratories,1°"*16 but further 
work in this area is necessary. The results indicate that 
ion bombardment with some projectiles can damage the 
self-assembled monolayer surface; this damage can be 
monitored by detecting changes in the ion-surface reac- 
tion products and/or chemical sputtering products in 
the SID spectra" or by using a separate analysis tech- 
nique such as IR spectrometry." The damage increases 
with an increase in the recombination energy of the pro- 
jectile ion, e.g. argon ions cause much more extensive 
damage than benzene ions. In spite of detected damage 
of hydrocarbon surfaces, SID spectra often remain 
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Figure 2. Schematics of an Extrel 4000 u tandem mass spectrometer designed for low-energy ion-surface collisions,'" with a fourfold 
surface holder designed to hold multiple surfaces (see text for details). 
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unchanged after damage,l*" presumably because the 
build-up of an adventitious hydrocarbon layer on top of 
the damaged surface provides a surface with character- 
istics similar to the original hydrocarbon surface. 
Changes in the surface are evident from results acquired 
with fluorinated or deuterated surfaces where hydrocar- 
bon peaks appear in the spectra after surface damage. 
Damage by even-electron ions such as the protonated 
peptides described below is less evident. Even over 
several days of bombardment of a fluorinated surface 
with a peptide ion beam, the efficiency (relative amount 
of neutralization) and percentage energy conversion 
remain constant. Control experiments in which the 
surface is intentionally damaged with an argon ion 
beam prior to peptide dissociation experiments indicate 
that surface damage is detectable, in terms of efficiency 
and energy conversion, if present. 

The lack of damage for many projectiles is remark- 
able since the assumed ion current densities (- A 
cm-' for EI) would correspond to destruction of a 
monolayer in 100 min if the values of damage cross- 
sections typical of secondary ion mass spectrometric 
experiments (i.e. 100 A') were assumed. Clearly, this is 
not an appropriate assumption. Surface analysis experi- 
ments are planned to address this issue further. In a 
practical setting, for common organic analytes, the self- 
assembled monolayer surfaces are robust enough to 
allow multiple uses such that surfaces generally need to 
be changed only when the instrument is vented for 
another purpose (e.g. changing filaments or source 
types). 

SURFACE-INDUCED DISSOCIATION OF 
SINGLY PROTONATED PEPTIDES: 
ANALYTICAL ASPECTS 

Sequence analysis of peptides by tandem mass spec- 
trometry has developed as an alternative technique to 
sequencing performed by the well established Edman 
degradation te~hnique.~' MS/MS can be performed on 
small quantities of sample, on mixtures, the presence of 
modified amino acids can be detected and a free amino 
terminus is not required for sequencing. With the devel- 
opment of newer ionization techniques such as liquid 
secondary ion mass spectrometry (LSIMS),33 electro- 
spray and matrix-assisted laser desorption/ 
ionization (MALDI),35 there is augmented interest in 
performing structural analyses of biomolecules by 
tandem mass spectrometry. Currently, most research 
efforts are centered around activation and fragmenta- 
tion of peptides by gas-phase collisions with inert gases, 
specifically low-energy (eV) and high-energy (keV) 
CID.32*36-s0 Cooks et were the first to report the 
fragmentation of peptides by SID on both hybrid (BQ) 
and modified tandem quadrupole instruments. Since 
then, several researchers have reported fragmentation of 
peptides by SID.21,28,29.31,51-58 Most of these investi- 
gations were carried out on commercial tandem instru- 
ments to permit SID, but many of the instrument 
parameters were not optimized and the SID spectra for 
fragmentation of peptides were obtained at low signal- 
to-noise ratio and low resolution. 

To assess the utility of SID for structure elucidation 
of peptides, systematic studies were performed by 
Wysocki and c o - w o r k e r ~ . ~ ~ - ~ ~  In one of these investiga- 
tions, a number of singly protonated peptides varying in 
size and amino acid sequence and generated by LSIMS 
were subjected to SID.54 The results demonstrated 
extensive and structurally informative fragmentation of 
precursor peptide ions. The SID fragmentation spectra 
of singly protonated peptides are dominated by back- 
bone cleavage ions, namely a-, b- and y-type ions, in 
addition to immonium and internal fragment ions (see 
Fig. 3). These ion types are analogous to those observed 
under low-energy gas-phase collisions (CID). In addi- 
tion to backbone cleavage ions, side-chain specific 
cleavage ions, namely d- and w-type ions, normally 
thought to be characteristic of high-energy (keV) CID, 
are also observed by low-energy (eV) SID.54 As 
described by Biemann and c o - ~ o r k e r s ~ * * ~ ~  for keV 
CID, the presence or absence of these side-chain specific 
fragment ions is dependent on the presence or absence 
of a basic residue along the peptide backbone. If the 
basic amino acid residue is located N-terminal to the 
cleavage site, d-type ions are formed, and if the basic 
residue is located C-terminal to the cleavage site, w-type 
ions are formed. These ion types (namely d and w) are 
formed by charge-remote fragmentation pathways. In 
contrast, the majority of the fragment ions formed by 
low-energy (eV) surface or gas-phase collisions are 
probably formed by charge-directed fragmentation 
pathways. Although charge-remote fragmentation can 
be a low-energy process, as illustrated for surfactant 
ions,50.59 charge-remote fragmentation tends to be a 
high-energy process for peptides because of their size 
and because the fragmentation generally must compete 
kinetically with lower energy charge-directed pathways. 
The observation of both charge-directed and charge- 
remote fragmentation ions by SID is a consequence of 
high average internal energy deposition in a single-step 
surface collision compared with the multi-step energy 
deposition associated with multiple collision low-energy 
CID. Although the total average internal energy under 
the multiple collision conditions (low-energy CID) may 
be higher than that for single collisions with surfaces or 
high-energy gas-phase collisions, competitive fragmen- 
tation processes with lower activation energies (e.g. 
rearrangements) may dominate low-energy CID spectra, 
resulting in few or no charge-remote fragmentation pro- 
cesses. 

The experimental results discussed thus far are con- 
sistent with ab initio and MNDO bond order and 
MNDO energy partitioning calculations performed in 
our laboratory for model pep tide^.^^.^"^' The results 
from the calculations suggest that the amide bond is 
considerably weakened when an amide nitrogen is 
protonated (the amide bond order is reduced by about 
35% with respect to that of the corresponding neutral), 
or partially protonated through proton-bridged struc- 
tures. The cleavage of these weakened amide bonds 
could lead directly to the energetically preferred forma- 
tion of .b-type ions, one of the dominant types of ions 
observed in low- and high-energy collisional activation 
(SID or CID) spectra. This is the expected result in spite 
of the fact that the amide nitrogen is less basic than 
amide oxygen; charge-directed fragmentation of amide 
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Figure 3. Surface-induced dissociation spectrum of the [M + H]+ ion (m/z 1296) of angiotensin I obtained upon 30 eV collisions with a 
octadecanethiolate monolayer surface. [M + HI+ ions were formed by 6 keV Cs' ion bombardment; 50-80 pmol of sample mixed with 
thioglycerol matrix was applied to the FAB probe tip. 

oxygen protonated forms is less likely because the 
amide bond is strengthened in this protonated form (the 
amide bond order is increased by about 35-40% with 
respect to the neutral form). 

The calculations show that protonation has a 'local- 
ized' effect by changing the bond orders in the imme- 
diate vicinity of the protonation site. Thus these 
calculations are also useful for explaining charge-remote 
fragmentation processes for the formation of d-  and 
w-type ions, which are proposed to occur by homolytic 
cleavage of the C-C backbone bond followed by B-y 
bond cleavage of the side-chain. 

ENERGETICS AND MECHANISMS FOR 
FRAGMENTATION OF PROTONATED 
PEPTIDES 

Mobile proton model 

Recent results from our laboratory demonstrate the 
utility of surface-induced dissociation to investigate the 
energetics and mechanisms of fragmentation of proto- 
nated pep tide^.^^.^' It is difficult to estimate activation 
energies of peptide fragmentation mainly because (i) 
there are several competitive fragmentation processes, 
the activation energies of which are very close to each 
other, (ii) the internal energy of protonated peptides 
deposited by the available ionization and activation 
methods cannot be defined unambigously and (iii) frag- 
mentation rates, or rate constants, for protonated pep- 
tides are not known. As far as similar activation 
energies for competitive processes (e.g. bi ion formation) 
are concerned, the introduction of the concept of 
'average activation energy' helps in characterizing low- 
energy (charge-directed) fragmentation processes.62 The 

ambiguity in knowing the internal energy supplied can 
be reduced by applying an experimental method which 
provides a relatively well defined and narrow internal 
energy. An important and useful feature of the ESI/SID 
technique is that this ion formation-ion activation com- 
bination provides a relatively narrow internal energy 
distribution, leading to reliable experimental data for 
the prediction of relative energetics of peptide fragmen- 
tation. Such a capability is also expected to facilitate 
understanding of fragmentation mechanisms. Several 
questions, such as the mass effect (the effect of the 
number of active oscillators or incomplete energy 
randomization), are still unanswered, and the potential 
applicability of ESI/SID to answer these questions is 
currently under investigation. Results from alternative 
methods of activation, such as thermal decomposition 
of protonated pep tide^,^^ and from the application 
of RRKM and quantum chemical 
ca l c~ la t ions~~  will also be mentioned below. 

In a recent paper5' from our laboratory, experiments 
are described which were designed to investigate 
peptide fragmentation as a function of peptide sequence 
and size, and the results are represented as fragmenta- 
tion efficiency curves (plots of percentage fragmentation 
us. laboratory collision energy; e.g. see Fig. 4). Studies 
performed in our laboratory demonstrate that different 
ionization methods (namely LSIMS and ESI) in com- 
bination with SID yield similar structural (sequence) 
information for o l i g ~ p e p t i d e s . ~ ~ - ~ ~  However, the SID 
fragmentation efficiency curves obtained by electrospray 
ionization (ESI/SID) are sharper than those obtained by 
Cs' ion bombardment (LSIMS/SID) [see Fig. 4(a)]. 
This is the case whether protonated peptides or fixed- 
charge derivatized peptides are examined, i.e. the differ- 
ence between LSIMS/SID and ESI/SID cannot be 
attributed simply to the formation of different popu- 
lations of protonated forms of a given ~eptide.~'  This 
indicates that ions generated by ESI are 'internally 
colder' than ions generated by LSIMS, and therefore 
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Figure 4. (a) Fragmentation efficiency curves of [M + HI’ ions 
of des-Args-bradykinin (RPPGFSPF) formed by electrospray (ESI) 
and liquid secondary ion mass spectrometry (LSIMS) ionization 
methods. The y-axis represents 2 (fragment ion abundance/E 
(total ion abundance) and thex-axis represents the laboratory col- 
lision energy. Adapted from Ref. 56. (b) Fragmentation efficiency 
curves of [M + H]+ ions of VEEAE and KEEAE formed by ESI. The 
y-axis represents 1 (fragment ion abundance/I: (total ion 
abundance) and the x-axis represents the laboratory collision 
energy. 

LSIMS-generated ions when subjected to SID do not 
provide sharp fragmentation efficiency curves. In our 
recent investigations, the relative energetics of peptide 
dissociation and the dependence of those on peptide 
size and sequence are demonstrated by the relative posi- 
tions of the ESI/SID fragmentation efficiency curves. 
The positions of the ESI/SID fragmentation efficiency 
curves for various singly charged peptides indicate that 
peptides containing no basic amino acid residues have 
lower energy requirements than those containing basic 
amino acid residues. Within a series of peptides with 
similar structures, the shifts in the curves can be corre- 
lated with gas-phase basicity of the basic amino acid 
residue present, e.g. peptides containing arginine require 
the deposition of more energy to fragment than lysine- 
containing peptides, which in turn require higher energy 
than peptides without basic amino acid groups (e.g. 

compare the curve for VEEAE with those for KEEAE 
[Fig. 4(b)] and RPPGFSPF [Fig. *a), ESI/SID curve)]. 
The relative shifts in the fragmentation efficiency curves 
correlate to the relative changes in the gas-phase basic- 
ity of the peptide that are the result of differences in 
both their sequence and size (e.g. five different lysine- 
containing peptides have similar energy requirements 
for dissociation if a simple degrees of freedom correc- 
tion is applied to the fragmentation efficiency curve 
data).’* This method renders a unique experimental 
basis to refine and substantiate the ‘mobile proton 
model’, a model which describes peptide dissociation 
under low-energy (eV) collisions (SID or CID) as 
resulting from charge-directed cleavages initiated by 
rapid proton transfers along the peptide backbone. This 
model has been proposed by numerous researchers in 
various forms and different types of data have been 
published which are consistent with the hypothesis, 
although the authors may not have explicitly described 
their results in terms of the model. 

In addition to the results described above, systematic 
experiments were designed to test the validity of the 
mobile proton model; these involve comparison of frag- 
mentation efficiency curves of singly and doubly 
charged ions of a particular peptide, of doubly charged 
ions of related peptides and of specific chemically modi- 
fied peptides such as acetylated and fixed-charge deriva- 
tized peptides.’* The relative positions of the 
fragmentation efficiency curves for singly and doubly 
charged ions of a particular peptide indicate the plaus- 
ible initial location of the protons along the backbone 
and the relative energies required for their mobilization 
to other sites along the backbone which could lead to 
fragmenting structures, e.g. curves for singly protonated 
RPPGFSPF and PPGFSPFR overlap whereas the 
curves for the doubly charged ions shift to lower energy 
in a manner consistent with expected basicity of the 
second most basic site. Fragmentation efficiency curves 
for acetylated peptides are shifted to lower energies 
compared with their non-acetylated counterparts, which 
is in agreement with the fact that acetylation leads to an 
overall decrease in the gas-phase basicity of the peptide. 
Similarly, the curves for fixed-charge derivatized pep- 
tides are shifted to higher energies compared with their 
protonated counterparts, which is attributed to charge- 
remote fragmentation mechanisms operative for fixed- 
charge derivatized peptides. Certain peptide 
charge-remote mechanisms are suggested by Biemann 
and c o - ~ o r k e r s ~ ’ ~ ~ *  to require homolytic bond cleavage 
followed by side-chain loss, a two-step process that is 
expected to be more energetically demanding than 
simple charge-directed cleavage enhanced by the 
weakening of the amide bond associated with proton 
localization, e.g. b ion formation from amide N -  
protonated form. 

Determination of average activation energies 

Another application of ESI/SID fragmentation effi- 
ciency curves is the determination of average activation 
energies for the main fragmentation processes of proto- 
nated oligopeptides. This is a difficult problem and the 
ESI/SID curves provide only one approach to tackle 
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this complex issue. A method applied recently by Vekey 
et is based on using ESI/SID fragmentation effi- 
ciency curves and the ratio of kinetic to internal energy 
conversion in SID to estimate the internal energy of 
fragmenting ions. Using this internal energy and 
knowing the average flight time of ions and using 
RRKM  calculation^,^^ the average activation energy 
values can be obtained. This approach has been applied 
for protonated leucine enkephalin and led to an average 
activation energy of 36 kcal mol-' (1 kcal = 4.184 kJ) 
for the lowest energy decompositions.62 Several other 
peptides in the mass range of 200-1200 u have also 
been studied, yielding activation energies in the range of 
35-47 kcal mol-'.62 

Ab initio  calculation^^^ at the MP2 6-31G*//HF 
6-31G" level have also been carried out on fragments of 
protonated diglycines to estimate the energetics of the 
formation of y ,  b and a ions and of NH, loss. The pre- 
dicted values relative to the amide N protonated digly- 
cines are 40.8 and 44.4 kcal mol-' (y ion formation), 
50.8 kcal mol-' (b ion formation), 45.6 kcal mol-' (a 
ion formation from b ions by CO loss) and 69.7 kcal 
mol-' (loss of NH,). The quantum chemical values are 
in reasonable agreement with the values predicted by 
experimental data on thermal di~sociat ion~~ and the 
present RRKM study just cited.62 

An alternative way to determine experimentally the 
average activation energies for fragmentation of proto- 
nated oligopeptides is to examine their thermal decom- 
position. Recently, we have published the rate constants 
for the unimolecular decomposition of peptide 
monomer and dimer ions by thermal and surface- 
induced diss~ciat ion.~~ By comparison of the thermal 
rate constants to those of SID processes, effective SID 
temperatures (viz. post-collisional temperatures) have 
been estimated for protonated leucine enkephalin. 
Thermal decomposition of the protonated leucine enk- 
ephalin ion is observed between 600 and 680 K with 
rate constants of 20-200 s - l ,  and yields many of the 
same fragments as SID at 35 eV laboratory collision 
energy, although with different relative abundances. The 
thermal decomposition yields the Arrhenius parameters 
E, = 38.3 kcal mol-', log A = 15.7. Based on the dis- 
tance between the surface and the second quadrupole 
the SID rate constants were determined to be in the 
range of 2 x lo4 and 40 x lo4 s-', leading to effective 
temperatures of 710-840 K by extrapolation of the 
thermal activation parameters. Other experiments com- 

paring thermal and SID fragmentation are in progress 
in our laboratory. If reliable correlations between 
thermal decomposition and SID decomposition can be 
obtained for several oligopeptides, SID could, poten- 
tially, be used to estimate 'temperatures' of protonated 
oligopeptides and, as a consequence, the internal energy 
of these protonated biomolecules could be determined 
with an acceptable accuracy. 

SURFACE-INDUCED DISSOCIATION OF 
MULTIPLY PROTONATED PEPTIDES 

~ ~ ~ 

From the discussion presented in this paper thus far it is 
clear that SID is an effective activation technique to elu- 
cidate primary structures of peptides. In addition, when 
coupled with an ionization technique such as ESI, the 
combination (ESI/SID) proves to be a distinctive tool to 
study the relative energetics and mechanisms of peptide 
fragmentation. However, an important question still 
remains to be addressed: can the high internal energy 
deposition afforded by SID be utilized to fragment large 
(>2000 u) protonated peptides, which would further 
enhance the analytical utility of SID as an activation 
method for MS/MS? 

There have been attempts to demonstrate the utility 
of SID to fragment peptides larger than 2000 u. A col- 
laborative study involving dual-cell FTMS2' reported 
the first SID of peptides larger than 2000 u. The SID 
spectra of atriopeptin 111 ( M ,  2549) and renin substrate 
tetradecapeptide (MI 3054) show extensive fragmenta- 
tion; however, the spectra depict only the low-mass 
portion of the spectrum (m/z 40-800) and no pertinent 
sequence information over a wide mass range was 
demonstrated. More recent results of McLafferty and 
c o - ~ o r k e r s ~ ~  exhibit the fragmentation of carbonic 
anhydrase (MI 29000) by SID in open cylindrical cell 
FTMS. The fragmentation yields mainly b- and y-type 
ions which are of low abundance and are presented only 
in the vicinity of the precursor ion. 

We report here a systematic study on the fragmenta- 
tion of multiply protonated peptides in the mass range 
of 2000-5000 u. Table 1 lists the different bioactive pep- 
tides that were selected for analysis based on their size 
(mass) and amino acid sequence. All the peptide ions 
were generated by ESI, and several different charge 
states from the electrosprayed peptide solutions were 

Table 1. List of multiply protonated peptides (>2OOO u) investigated by surface-induced dissociation 

Peptide' 

ACTH 18-39 
Melittin (bee venom) 
Human p-endorphin 
Glucagon (porcine) 
Bovine insulin B-chain (Ox) 
Human parathyroid hormone 1 3 4  
Porcine ACTH 1-39 

M, 

2465 
2845 
3465 
3484 
3496 
4118 
4568 

Sequenceb 
Precursor ion charge 
states investigated 

R PVKVY PN G AED ESAEA FPLEF [M + 2H]'+ 
G IGAVLKVLTTG LPALISWIKRKRQQ- N & [M +2H]'+, [M +3HI3+ 
YGGFMTSEKSQTPLVTLFKNAII LNAYKKGE [M + 3H]'+ 
HSQGTFTSDYSKYLDSRRAQD FVQWLM NT [M + 2H]", [M + 3H]'+ 
FVNQHLC[S03H]GSHLVEALYLVC[S03H]GERGFFYTPKA [M + 2H]'+, [M + 3HI3+ 
SVSEIQLM HNLGKH LNSMERVETLRKKLQDVH NF [M + 4H]*+ 
SYSMEHFRWGKPGKKRRPVKVYPNGAEDELAEAFPLEF [M +4H]*+ 

'All the peptides were purchased from Sigma Chemical and used without further purification. 
bThe peptide sequences are designated by single-letter codes and the basic amino acid groups arginine (R) and lysine (K) are represented 
in italics. 
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_____ 
inn 7 GIGAVLKVLTTGLPALISWIKRKRQQ-NHJ 

'"- 1 [M+2Hf' 
-'\ 

500 1000 1500 2000 2500 

m/z 
Figure 5. Surface-induced dissociation spectrum of doubly-protonated Melittin (GIGAVLKVLlTGLPALlSWIKRKRQQ-NH2) obtained 
upon a 11 0 eV collision with a 2-(perfluorooctyl) ethanethiolate monolayer surface. 

mass-selected and made to collide with a fluorinated 
alkanethiolate monolayer surface to undergo fragmen- 
tation. Several SID spectra will be presented here to 
illustrate (i) the influence of location and concentration 
of basic amino acid groups along the peptide backbone 
on the type of fragment ions observed and (ii) the influ- 
ence of mass-selected precursor ion charge state on the 
charge state of the fragment ions observed. Wherever 
possible the SID spectra are compared with published 
low-energy (EV)34d*36 and high-energy (keV)66 CID 
spectra. 

The SID spectra of all the multiply protonated pep- 
tides (see Figs 5-9) yield mainly backbone cleavage 
ions, i.e. a-, b- and y-type ions. Except in the case of 
bovine insulin B-chain (oxidized), all the other peptides 

investigated here have a concentration of basic amino 
acid groups, namely Arg (R) and Lys (K), somewhere 
along the peptide backbone (see Table 1). All the SID 
spectra show that precursor ions with n charges lose a 
proton upon collision with the surface to yield an n - 1 
charged species of the intact peptide, i.e. [M + 4HI4+ 
yields [M + 3HI3+. This information can also be useful 
and can be exploited to confirm the molecular masses of 
unknown peptides. In the case of melittin (from bee 
venom), a KRKR segment is close to the C-terminus of 
the peptide and the SID spectra of both the doubly and 
triply charged precursor of melittin are dominated by y 
ions (see Fig. 5 and Ref. 63). The SID spectrum of 
doubly charged melittin yields a singly-charged y ion 
series from y, to y,, with the exception of y3 , y4, yz3 

ACTH (18-39) 
RPVWPNGAEIJESADAFPLGF 

100 bl? 90 eV ESllSlD F surface \I 
I I b.? blE+ 

/ 

500 1000 1500 2000 2500 
m/z 

Figure 6. Surface-induced dissociation spectrum of doubly charged ACTH (1 8-39) (RPVKVYPNGAEDESADAFPLG F) obtained upon a 
90 eV collision with a 2-(perfluorooctyl) ethanethiolate monolayer surface. 
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0 

HSQGTFTSDYSKYLDSRRAQDWQWLMNl 
90 eV ESI/SID on F surfau ;lucagon 

p 2.0 F1.0 

r x  2.0 rxl .O 

-- I 

500 1000 1500 2000 

m/z 
Figure 7. Surface-induced dissociation spectrum of triply charged glucagon obtained (HSQGTFTSDYSKYLDSRRAQDNQWLMNT) upon 
a 90 eV collision with a 2-( perfluorooctyl) ethanethiolate monolayer surface. 

and yZ4. In addition, a series of satellite peaks are 
observed for the y ions which are due to sequential 
losses of 17 u and 28 u from a given y ion (melittin has 
a carboxy-terminal amide which could explain the 
above losses). With the exception of two residues, a 
complete primary sequence for melittin can be obtained 
from this spectrum. Note, when our SID spectra were 
submitted for primary sequence analysis, Sequest 
(written by Yates and coworkerP) yielded excellent 
correlation (99Y0) to the melittin sequence in the pro- 
teins database. Recently published SID spectra of melit- 
tin by McLafferty and co-workers ([M + 4HI4+ 
selected) also show predominantly y-type ions, however, 
the sequence information is not complete and unam- 

b i g u o u ~ . ~ ~  In contrast, in the case of adrenocortico- 
tropic hormone (ACTH clip 18-39), collision of the 
doubly charged precursor ions with a fluorinated 
surface yields predominantly singly and doubly charged 
6 ion series, which is in agreement with CID results for 
peptides with arginine and/or lysine at the N-terminus 
of the peptide (see Fig. 6). In the cases of glucagon 
(porcine) and porcine ACTH 1-39 (see Table 1; the 
sequences indicate the presence of basic amino acid 
groups in the middle of the peptide backbone), the SID 
spectra are dominated by a y ion series (Fig. 7) and a b 
ion series (Fig. 8), respectively. For ACTH 1-39 the 100 
eV SID spectrum ([M + 4HI4+) is similar to those 
acquired by CID of [M + 5HI5+, [M + 6H]'.+ and 

SY SMEHFRWGKPVGKKRRPVKWPNGAEDEWEAFPLEF 
100 eV ESIISID on F surface 

3+ 7 - ACTH (1-39) porcine 

100 4 I 

-22 

L 3+\b: 

~ -1 

500 1000 1500 

m/z 
Figure 8. Surface-induced dissociation spectrum of quadruply charged porcine ACTH 1-39 
(SYSMEHFRWGKPGKKRRPVKVYPNGAEDELAFPLEF) obtained upon a 100 eV collision with a 2-(perfluorooctyl) ethanethiolate mono- 
layer surface. 
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100 -Insulin 8-Chain (oxidized) 
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Figure 9. Surface-induced dissociation spectra of (a) doubly charged and (b) triply charged insulin B-chain 
(NNQHLCGSHLVEALYLVCGERGERGFFYTPKA) obtained upon an 80 eV collision with a 2-(perfluorooctyl) ethanethiolate monolayer 
surface. 

500 

[M + 7H]'+ at 780 eV collision energy.34d In the case 
of bovine insulin B-chain (oxidized), where there is a 
singly basic amino acid group (lysine) close to the C- 
terminus, both b- and y-type fragment ions are observed 
in the case of both doubly and triply charged precursors 
(see Fig. 9). Peptides similar to those in Table 1 have 
also been investigated by high-energy gas-phase colli- 
sions by Fenselau and co-worker~.~' The high-energy 
(keV) CID spectra yield fragment ions over a small 
mass range in the vicinity of the precursor ion selected. 
In addition to backbone cleavage ions (u-, b- and y-type 
ions), side-shah cleavage d-, w- and u-type ions are also 
observed. However, the spectra do not provide extended 

series of sequence ions of the same type, making it diffi- 
cult to obtain unambiguous sequence information (e.g. 
compare the SID spectra of me lit ti^^^^ (see also Fig. 5)  
with the keV CID spectra6'). 

In synopsis, although much work remains, SID 
demonstrates promise as an activation method to 
obtain structurally relevant (primary sequence) informa- 
tion of large ( > 2000 u) bioactive oligopeptides. For oli- 
gopeptides greater than 5000 u, additional experiments 
are required to demonstrate the utility of SID to obtain 
both structural and mechanistic information. However, 
the recent results by McLafferty and c o - w ~ r k e r s ~ ~  
demonstrating fragmentation of carbonic anhydrase (M, 
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29 000) indicates a promising start for extensive applica- 
bility of SID as an activation technique for MS/MS. 

CONCLUSIONS 

An important characteristic of SID is that it deposits, in 
the selected projectile ions, significant amounts of inter- 
nal energy in a controllable manner. For protonated 
peptides generated by LSIMS or ESI, high-quality dis- 
sociation spectra are produced by SID. ESIjSID results 
obtained by exploiting the controllable energy deposi- 
tion are providing new information on peptide fragmen- 
tation energetics and mechanisms, in addition to 
determining or confirming sites of proton localization in 
singly and multiply protonated peptides. In addition, 
ESI/SID experimental data obtained from fragmenta- 
tion efficiency curves, in combination with experimental 

data from thermal decomposition studies, may provide 
a basis for the calculation of average activation energies 
of low-energy fragmentation processes for peptides. 

So far, SID has been used in a relatively small 
number of laboratories and SID of biomolecules has 
been investigated in only a subset of these laboratories. 
The recent promising data acquired for protonated pep- 
tides by SID should encourage instrument companies to 
incorporate SID into commercial tandem mass spectro- 
meters. We are confident that commercially available 
SID instruments will open new dimensions in structural 
investigations. 
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