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The mass spectrometric technique of K+ ionization of desorbed species, K+IDS, is used here
to characterize the primary thermal degradation chemistry of small peptides. In this tech
nique, a small amount of a compound is rapidly heated in the condensed phase. Desorption
of the intact molecule can occur. Also, thermal degradation products are formed which
quickly desorb as well, rather than remain on the surface and undergo subsequent chemistry.
The desorbed molecules form adducts with gas phase K+ ions, and a mass spectrum is
obtained. Deuterium labeling experiments, and the use of derivatizing reagents, allows for
the thermal degradation chemistry of small peptides to be elucidated. Apparently, skeletal
bond cleavages are accompanied by Hsshifts. although the hydrogen atoms shift from
"remote" sites, brought into close proximity with the fragmenting skeletal bond via sec
ondary interactions. Experimental results are presented that allow for correlations between
thermal degradation chemistry and the resulting K+IDS mass spectra to be made. (JAm Soc
Mass Spectrom 1994, 5, 564-575)

The pyrolysis/thermal degradation of organic
molecules is a process that has been used both
for the production of chemicals and for analysis

[1]. In the latter, mass spectrometry has been an impor
tant tool in characterizing products of pyrolysis (Py) of
organic compounds, both directly in techniques such
as in Py /MS, and with a separation step such as in
Py /gas chromatography/MS. In pyrolysis studies,
temperatures of 600-800 DC are frequently used. The
characterization of thermal degradation processes can
be challenging since, under some conditions, primary
degradation products decompose further and undergo
subsequent chemistry, yielding complex mixtures of
products. To date, little work has been reported on the
thermal stability/thermal degradation of peptides in
general; however, information is available on the py
rolysis of small dipeptides and amino acids [2].

In this article, we present K+ ionization of desorbed
species (K+IDS) for the characterization of the primary
thermal degradation chemistry of peptides. K + IDS is a
desorption/ionization technique for mass spectrome
try that was introduced in 1984 [3]. It is based on the
use of rapid heating of an analyte to produce, in the
gas phase, intact analyte molecules and thermal degra
dation products. These desorbed species interact with
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gas-phase K+ ions, generated by thermionic emission,
to yield K+ adducts of the desorbed neutral molecules,
for subsequent mass spectrometric analysis [4]. Rapid
heating is used due to the temperature dependence of
vaporization and decomposition [5]. It has been shown
that, at sufficiently high temperatures, vaporization of
thermally labile molecules and degradation chemistry
can occur at competitive rates [5]. Here, the K+IDS
technique is presented as a tool for investigating the
primary thermal degradation processes of uncharged
peptides.

The strength of the K+IDS technique is in the sim
plicity of both the experiment and the resulting mass
spectra. Since each thermal degradation product gives
one peak in the mass spectrum, K+IDS mass spectra
reflect a molecular weight distribution of the thermal
degradation products of the analyte molecules, which,
in combination with analogous studies of derivatized
and isotopically labeled compounds, can be used for
the study of unimolecular, condensed phase thermal
degradation chemistry. However, the simplicity of the
mass spectra is also a complication since only the'
molecular weight of each degradation product is di
rectly determined. The approaches presented here are
designed to provide insights into the structures of the
thermal degradation products, and to demonstrate a
unique and simple tool for characterizing thermal
degradation processes for biornolecules, as well as
other thermally labile compounds.
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There are a number of reasons why the thermal
degradation chemistry of peptides is of current inter
est. The first is a process in mass spectrometry called
charge-remote chemistry. When mass spectrometry is
used for structural analysis of peptides, the analyte
molecules undergo desorption and ionization via tech
niques such as fast-atom bombardment (FAB). When a
peptide, M, is converted into a gas-phase cation in the
FAB ion source, it appears as a protonated molecule,
MH+, which subsequently fragments (or is induced to
fragment), giving structural information. There are two
types of processes through which protonated peptides
can fragment. The first is that most commonly consid
ered in mass spectrometry for even-electron ions-the
chemistry occurs at the site of protonation, and is
charge-initiated. A second possibility is a charge-remote
[6-8] mechanism. In the latter, bonds are broken far
from the charge site, and are unaffected by the charge.
They are driven by excess energy in the protonated
molecule (as are charge-initiated processes). It is very
difficult to distinguish between these two mechanisms
because, while the precursor to all fragment ions is the
protonated peptide molecule in positive ion FAB, the
initial site of protonation is not known and cannot be
controlled. The advantage of the K+lDS technique is
that the molecules undergo fragmentation (thermal
degradation) before a charge is placed on the molecule.
Thus, for mass spectrometrists it may represent a model
for charge-remote chemistry. Molecular fragmentation
occurs due to energy deposition in the unionized
molecule. It is hoped that the chemistry of bond cleav
age in peptides will be sufficiently different for these
two cases, charge-initiated and charge-free, such that
the contributions from each in the fragmentation of
protonated peptides can be deduced.

Secondly, there have been a number of experimen
tally simple, direct probe approaches for the mass
spectrometric analysis of compounds such as small
peptides. In such experiments, solid samples are intro
duced into an electron impact (El) or chemical ioniza
tion (cI) source and heated. Mass spectra are gener
ated, which are either simple mass spectra of desorbed
molecules, or complex spectra, resulting from the
simultaneous ionization of desorbed molecules and
desorbed thermal degradation products [9, 10]. The
results of the experiments presented here provide di
rect information on such processes, to assist in the
evaluation of the results of such experiments,

Experimental Section

All mass spectrometric analysis were performed on an
unmodified HP5985 GC/MS/DS quadrupole mass
spectrometer (Hewlett-Packard, Avondale, PA) with a
mass range of 10-1000 Da equipped with a modified
direct insertion probe, similar to that reported previ
ously by Rollgen and co-workers [11] and by Kassel
and Allison et a1. [12]. The probe places two wire
filaments into the ion source. One filament serves as

the thermionic emitter, generating K+ ions when resis
tively heated. The other filament serves as the sample
holder from which- the analyte molecules undergo
thermal degradation and desorption. The sample
holder is radiatively heated from the ionic emitter or
resistively heated with a separated power supply (di
reet heating). The analyte molecules and their degrada
tion products are thermally desorbed from the second
filament and form adducts in the gas phase with the
potassium ions emitted from the first filament.

The peptides H-GP-OH, H-GGFL-OH, cyclo-GP,
H-YGGFL-OH, and H-FGGF-OH were obtained from
the Sigma Chemical Co. (St. Louis, MO) and used
without further purification. H-AGGFL-OH, H..(~
A)GGFL-OH (~A is (3 alanine), H-VGGFL-OH, H
GGVFL-OH, H-VGVAPG-OH, H-VGVAcxdpG-OH, H
Vl3dGVl3dAPG-OH, and H-AF/3d2LA-OH were synthe
sized in the laboratory of Dr. Phil Andrews at the
University of Michigan. The three partially deuterated
peptides listed above were synthesized with the corre
sponding deuterated amino acids as the starting mate
rials. N-terminally acetylated peptides such as Ac
VGVAPG-OH are formed from the free peptide using
acetic anhydride and a small amount of pyridine as a
catalyst by the procedure described by Knapp [13].

All of the samples used in K+IDS experiments were
dissolved or suspended in methanol to allow transfer
of 1-2 p,L of sample onto the tip of the sample holder.
The solvent was evaporated off before the probe was
inserted into the mass spectrometer.

Results and Discussion

Nomenclature for Sequence Ions

To precisely designate the neutral species and ions
formed in K+lDS, a variation of the original Roepstorff
nomenclature [14] is used. For a peptide NH2 - 

CHRCD-NH - - COOH, if the interior amide bond
cleaves, two fragments (radicals) will be formed. The
N-terminal fragment, NH2 - - CHRCO', is called a
Bn fragment and the C-terminal fragment, ·NH -
COOH, is called a Yn fragment. The ions formed in the
K+lDS experiment are K+ adducts of even-electron
species. Skeletal bond cleavages are accompanied by
an H-shift or an OH-shift in thermal degradation pro
cesses for peptides. Thus, ionic designations such as
[Yn + H + K]+, [B, - H + K]+, [C, + H + K]+, and
[B; + OH + K]+ will be used, where n is the number
of amino acid residues (or number of side chains)
contained in that fragment. From this designation
scheme, the mass-to-charge ratio value of each ion
under discussion is unambiguous. The details of the
nomenclature scheme, indicating the types of ions ob
served (the types of thermal degradation products
generated), are given in Scheme I. The K+ adduct of
each intact peptide will be designated as [M + K]+.

In peptide chemistry, one-letter designations are
frequently used for amino acid residues. To designate
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Figure 1. (a) Time dependence of K+IDS spectra of H-FGGF
OH; (b) average spectrum of H-FGGF-OH.
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Scheme I. Nomenclatures for peptide fragments and ions. (a)
Roepstorff nomenclature [14] for peptide fragments; (b) nomen
clature for ions in K+IDS.

a peptide completely, the H at the N-terminus and the
OH at the C-terminus will be specifically indicated. To
avoid confusion between histidine (H) and hydrogen
(H), individual atoms will be indicated in italics; that
is, H designates a hydrogen atom and H designates a
histidine residue.

The K+ IDS Experiment

In the K+IDS experiment, submicrograrn quantities of
an analyte are placed on a rhenium wire, and the
temperature is increased from room temperature to
approximately 300 DC in 10 s, The temperature is then
held at this final value until the sample is depleted.
During the experiment, K+ ions attach to desorbed
neutral molecules, the mass spectrometer is repeti
tively scanned, and a set of mass spectra are collected.
For some samples, there is a time (temperature) depen
dence of the resulting mass spectra since each degra
dation process has a unique activation energy, which
leads to the differences in the relative intensities of
mass spectral peaks in different scan files. However,
what is frequently observed is that a number of pro
cesses begin to occur at approximately the same tem
perature. This might be expected for peptides since,
even though each amino acid residue has a unique
side chain, peptides consist of only three types of
skeletal bonds.

If the tetrapeptide H-FGGF-OH is subjected to rapid
heating, and K+ ions are attached to molecular species
that desorb into the gas phase, typical experimental
results are shown in Figure 1a. As shown, the spectra
collected as desorption and thermal degradation occur
are summed, and a single K+IDS spectrum is reported,
which will provide information on the low-energy
thermal degradation processes. Note that, as the ther
mal degradation chemistry occurs, some of the peptide

molecules desorb intact. A temperature is achieved at
which desorption and thermal degradation are com
petitive. If a peptide decomposes on the surface to two
smaller molecules, they appear to promptly desorb
rather than remain on the surface and decompose
further. Thus, the experiment allows for the primary
degradation processes to be investigated. Following
such primary unimolecular processes, prompt desorp
tion of thermal degradation products occurs because of
the temperatures used.

The spectrum shown in Figure 1b is a typical K+UJS
mass spectrum for a small peptide. All of the ions
detected are K + adducts. For example, the peak in the
spectrum at mjz 465 represents a K+ adduct of the
intact analyte molecule, which weighs 426 Da (K+
weighs 39 Da), The peak at mjz 261 represents a K+
adduct of a thermal degradation product with a mass
of 222 Da. A fragment of the peptide can be generated
with this mass by cleaving the central amide bond,
with one additional hydrogen atom, to yield (Y2 + H),
which can also be written as H-GF-OH. Thus, the ions
at m r z 261 are designated as [Y2 + H + K]+ or [H
GF-OH]K+. By correlating K+IDS mass spectra with
the structures of many peptide analyte molecules, the
trends in the degradation chemistry become clear, and
ionic designations become apparent. Note that the [Y,
+ H + K]+ ion series in the spectrum i n = 1-3) pro
vides information on the amino-acid sequence of the
peptide and K+ adducts of the intact, desorbed pep
tide provide the molecular weight information. Thus,
K +IDS is a useful mass spectrometric method as well
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Figure 2. K+IDS spectra of variants of H-VGVAPG-OH. (a)
unlabeled; (b) peptide after exposure to 0,0; (c) H-VGVAo d PG
OH; (d) H-VJ3dGVfJdAPG-OH.

demonstrate the utility of HID exchange, consider the
dipeptide H-GP-OH. When this small peptide is sub
jected to rapid heating, desorption of the intact
molecule dominates. A fraction of the molecules dehy
drate, and the (M-H20) molecules desorb as well. The

The Primary Thermal Degradation Processes
of Peptides

The thermal degradation chemistry for peptides, in
volving skeletal bond cleavage with an accompanying
hydrogen atom shift, had been proposed [15] to follow
a 1,2-elimination process, Scheme II. However, addi
tional experimental results suggest an alternative. A
1,2-elimination mechanism would suggest that the
probabilities of cleavage of any of the amide bonds
would be similar since the process involves only amide
bonds and adjacent H atoms. In our experiments, how
ever, the rates for cleaving the various amide bonds
differ dramatically throughout a single peptide, as
well as from one peptide to another. Also, this mecha
nism cannot explain the formation of [C + H + K]+
ions, which are occasionally observed, since there is no
hydrogen atom at the required position (on the car
bonyl group) to participate.

Since the 1,2-elimination mechanism is inconsistent
with the experimental results for peptides, alternative
degradation mechanisms were considered. Since H
shifts are frequently involved in the thermal degrada
tion of peptides, as well as other thermally labile
molecules [3, 15], determining the source of the shift
ing H is key to determining the mechanism. This can
be done using deuterium labeling.

as a tool for understanding thermal degradation chem
istry.

Figure 2a shows the K+IDS mass spectrum of H
VGVAPG-OH as a second example. Again, the spec
trum shows that both the intact molecule and its ther
mal degradation products can be formed simultane
ously. All of the ions observed are K+ adducts of
closed-shell molecules that can be related to the parent
molecule, formed by skeletal bond cleavages with ac
companying hydrogen atom shifts.

The spectra shown in Figures Ib and 2a are typical
of the K+IDS results obtained to date in the following
respect. The dominant ions are K+ adducts of degrada
tion products that result from cleavage of amide bonds,
even though these bonds are the strongest skeletal
bonds. While two neutral products are generated
(simultaneously and in equal quantities) when an
amide bond is broken, (Y; + H) and (B m - H), the
[Y, + H + K]+ ions are more intense than the corre
sponding [B m - H + K]+ ions. The information which
follows will provide insights into these observations,

Deuterium-Labeling Experiments

Two deuteration approaches for peptides have been
successfully used. The first method involves deu
terium exchange in a deuterated solvent such as
CH30D and DzO. Hydrogen atoms that are bound to
the N-terminal nitrogen, amide nitrogens, and the C
terminal carboxylate group can be exchanged. To
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Scheme II. 1,2-elimination mechanism.

elimination of water from a peptide poses the same
questions as the processes in which skeletal bonds
cleave. To eliminate H 20, a C-OH bond cleaves with
an accompanying H-shift. What is the source of the
shifting hydrogen atom? Water elimination is analo
gous to the process that forms B- and Y-type products.
With small dipeptides, skeletal bond fragmentation is
usually a minor process relative to water elimination;
thus, they provide an opportunity for characterizing
this particular process. Also, small peptides contain a
relatively small number of exchangeable H atoms, and
it is easier to approach 90 + % H/D exchange. If
H-GP-OH is dissolved in O2°,placed on the K+IOS
probe, and the experiment performed, the spectrum
shown in Figure 3 is obtained. There are three ex
changeable H atoms in this dipeptide. Complete ex
change of these three H atoms yields a K+ adduct of
the intact peptide at m/z 214, with those molecules
undergoing incomplete exchange represented by the
peaks at lower mass-to-charge ratio values. The distri
bution of the [M + K]+ peaks indicates that 90% of the
exchangeable Hs have been replaced by deuterium
atoms.

The dipeptide H-GP-OH has the elemental compo
sition C7H12N203' The deuterated form that can be
obtained via H/D exchange is C7H9D3N203' In the
spectrum of the deuterated dipeptide, the mass-to
charge ratio value of the dominant peak representing
the dehydration product is 194, which corresponds to
[C7H9DINzOz + K]+. The relationship of the isotopic
variants for this species, relative to that for the [M +
K]+ ions, is as follows. If the loss of H 20, in the form
of OHO or H 20, goes through a 1,2-elimination pro
cess, the degradation will produce the following ions:

m/z 214~ [ND2 -- - ,.,.. COOD] ~~ mjz 195

m.rz 213~ [NDH -- -- - COOD]~~ m rz 194

mjz 213~ [NHD ,.... -. -- COOn}~~ m r z 194

m r z 213~ [ND, - - - COOD] ~~ m r z 195

K+
~m/z194

K+
~m/z194

K+
--m/zI93

K+
~m/z194

K+ -DOD
m r z 214 - IND, - - - COOOl ~

mr z 213~ [NDH -- - '"" COOD]~

m(z 213~ INHO - - - COOOI~

m r z 213~ [ND 2 """ ..... "" CaOD] ~

Each expression above indicates the two termini of the
deuterated peptide and the mass-to-charge ratio value
of the corresponding K + adduct. The intensity of the
K+ adduct of each deuterated variant reflects its rela
tive abundance. When a water molecule is lost from
the peptide molecule, the adduct formed will have the
mass-to-charge ratio value shown on the right side. If
exchange of each candidate H atom occurs to approxi
mately the same extent, and the water elimination
occurs via a 1,2-elimination (involving an H atom close
to the C-terminus) the expected ratio of rn/z 194 to 195
would be 1:5, which is NOT in agreement with the
experimental value of 4:1. However, if the loss of
H 20/HDO/020 is through a 1,6-elimination in which
the shifting H atom is from the N-terminus (allowing
for a D-shift from the opposite end of the molecule),
the elimination would allow for the loss of D20 ), and
would give the following ions:

The expected ratio of m/z 193 to 194 will be (40 x
1/3):(100 + 40 X 2/3) = 1:9, which is in very good
agreement with the experimental data (1:6). Simply,
the spectrum suggests that most of the dipeptide
molecules contain three deuterium atoms, and the wa
ter elimination that follows involves the loss of D20.

This can only happen via a cyclic intermediate. There
fore, the loss of H 20 in the thermal degradation of this
dipeptide occurs via a 1,6-elimination process.

The H/O exchange in O2° was also undertaken
with larger peptides such as the hexapeptide H
VGVAPG-OH, which has seven exchangeable H atoms.
The resulting K+IDS spectrum is shown in Figure 2b.
The various isotopomers of the [M + K]+ ion suggest
extensive deuterium incorporation, with more than
93% of the exchangeable sites deuterated. In this
hexapeptide, the dominant ion is the [Y4 + H + K]+
species, resulting from cleavage of the amide bond
with an H shift onto the C-terminal fragment. An
analysis of the isotopic species show that an exchange
able H shifts in the process; thus, a O-shift is observed
in this case as well. It cannot be unambiguously deter
mined whether the source of this shifting 0 is the
N-terminal amine group, or an amide nitrogen in the
N-terminal fragment. However, it is important to note
that the bond cleavage/H shift is not a 1,2-elimination
reaction, and the peptide backbone does not allow for
a 1,3-elimination process, so Hs that are four or more
skeletal atoms away must be involved in the chem
istry.

The second way to prepare partially deuterated
peptides is to use partially deuterated amino acids in
the peptide synthesis. In this way, deuterium atoms
can be placed on carbon atoms in the peptide skeleton
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change in the chemistry upon acylation, when the
N-terminal amino group is removed, then the thermal
degradation chemistry for underivatized peptides that
yields molecules of the type (Yn + H) must involve an
H-shift from the N-terminus. If this group is removed,
no Y-type products are formed. Second, if the Y-type
products are all formed via an H-shift from the N
terminus, then the secondary structure of the decom
posing peptide is critical, and must involve a cyclic
intermediate. When the N-terminal amine group that
can participate in H-bonding is removed, products that
appear to involve cyclic intermediates through H
bonding to the C-terminus are observed. (It is readily
apparent that -OH shifts accompanying the cleavage of
skeletal bonds many atoms away occur through cyclic
intermediates.) Thus, the peptides appear to react
through cyclic conformations. The H-bonds involving
the N-terminus usually dominate. However, if the
N-terminus is blocked, the Csterminus participates in
important secondary interactions. Third, if peptides
undergo skeletal bond cleavages and H-shifts (or OH
shifts) through cyclic intermediates, then one linear
product and one cyclic product should be produced in
each case. Note that the dominant (Y, + H) product is
formed by elimination of a cyclic, six-membered ring
dipeptide. Thus, the dominant cyclic intermediate in
volves an H-bond via an eight-membered ring. Also,
when the N-terminus is blocked and cyclic intermedi
ates involving the C-terminus form, the dominant (B;
+ OH) product is formed by, again, elimination of a
cyclic dipeptide. Thus, cyclic interactions that involve
six- and eight-membered rings simultaneously, as
shown in Scheme III, form the dominant products.

To further investigate the possibility of remote H
shifts via cyclic intermediates, the synthesis of pep
tides with other types of N-terminal modifications, for
subsequent analysis by K+IDS, was pursued. Two
forms of the amino acid alanine are available. In addi
tion to the standard o-amino acid, NH2-eH(CH3)

Scheme III. Thennal degradation of peptides.
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Figure 4. K+IDS spectrum of CH 3Co-VGVAPG-OH.

Peptide Derivatization-Evidence for Cyclization

Insights were gained in the thermal degradation chem
istry of small peptides via the N-acyJ derivatives. When
a peptide is N-acetylated, and there is no longer an
amino group at the N-terminus, changes in the K+IDS
mass spectra are observed. For the underivatized
hexapeptide H-VGVAPG-OH, as shown in Figure Za,
the dominant ions observed in the K +IDS spectrum
are the [Y, + H + K]+ ions, as has been previously
discussed. When the N-terminus of H-VGVAPG-OH
is blocked with an acetyl group forming CH3CO
VGVAPG-OH, the dominant ions observed are no
longer [Y, + H + K]" ions. Instead, an unexpected se
ries of ions of the type [B; + OH + K]" and [C; + H
+ Kj+ ions become dominant (see Figure 4). These
observations suggest a scenario which is summarized
in Scheme III. First, since there is such a dramatic

as well as in side chains. The following partially
deuterated peptides were synthesized: H-VGVAadPG
OH, H-VGVA/l3dpG-oH, H_vadGvadAPG_OH, H
V,fldGVMAPG-OH, and H_AFl3d2LA_OH, with 0: and
/3 designating the deuteron positionts). In these pep
tides, deuteriums are present on the backbone of the
peptide chain such as -CDCH3- (in A"'d), and others on
the side chains of the molecules such as -CD3 (in
A/l 3d) and -eD(CH3)2 (in the V,fld residue).

The K+IDS spectra of unlabeled H-VGVAPG-OH,
as well as H-VGVAadpG-OH and H-V/ldGV/ldAPG
OH are shown in Figure 2a,c,d. The spectra show that
the deuterium incorporation by synthetic methods is
complete, and no reverse-exchange occurs. The results
consistently show that, when Y-type ions are formed,
H shifts only occur from nitrogen sites-amide groups
and/or the N-terminus. The source of the shifting H
atoms is not those Hs that are bound to carbon atoms
in the amino add residues.

Such deuteration experiments alone do not allow
for unequivocal determinations of the sources of the
shifting H that accompanies skeletal bond cleavage to
form the dominant degradation product, (Y, + H). To
complete the investigation, other variants of the pep
tides were characterized.
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COOH, j3-alanine is available, NH 2-CH2-CH 2-COOH.

The presence of j3-alanine in a peptide will disr:upt th,e
normal sequence of the skeletal backbone. To investi
gate the influence of modifications of the N-terminus
on thermal degradation, two peptides were synthe
sized, H-AGGFL-OH and H-( j3-A)GGFL-OH, and their
thermal degradation chemistries were compared. The
resulting K+IDS spectra are shown in Figure 5. For
H-AGGFL-OH (Figure Sa), formation of (Yn + H)
products dominate, with the [Y3 + H + K]+ ion indi
cating that elimination of a cyclic dipeptide from ~he

N-terminus is the dominating thermal degradation
pathway. When the N-tenninal residue is changed to
/3-alanine (Figure 5b), the spectrum changes substan
tially. Amide bond cleavages with accompanying H
shifts still occur, although they no longer dorrunate the
desorbed products. Note that if amide bond cleavages
still involve H-shifts from the N-terminus, then the
formation of (Yn + H) products would involve the
formation of four-, seven-, ten-membered cyclic prod
ucts, Apparently, none of these is as fa:ore~ as ,the
process that forms a six-membered cyclic dipeptide,
which occurs for H-AGGFL-OH only. Also note that
the ratio of thermal degradation to desorption of the
intact molecule upon heating is smaller when j3-A is at
the N-terminus, leading to the [M + K]+ ion as the
base peak in Figure 5b. ~ese. chang~~ in ,the s.pectru~

when the N-terminal residue IS modified m this way IS

consistent with the proposed importance of remote
H-shifts from the N-terminus, accompanying skeletal

bond cleavages throughout the peptide, and the im
portance of the formation of a cyclic product.

Termini, Side Chains, and Steric Effects

It is clear from the above data that the primary, low
energy, thermal degradation chemistry of peptides in
volves cyclic intermediates and cyclic products.,~en
the N-terminus of a peptide is not blocked, cychzation
involves the shift of an H atom from the N-terminus;
when the N-terminus is blocked, cyclization involves
the C-terminal OH group. The N-bound H atoms at
the termini of a peptide are, in part, most active in
their participation in cyclic interactions because fewer
steric obstacles are present, relative to those encoun
tered by interior amide N-H groups. If steric effects are
important in the thermal degradation of peptides, the
sizes of the side chain of the amino acid residue at the
termini may influence the distribution of thermal
degradation products. Insights into one aspect of steric
effects can be realized through the K+IDS spectra
of the following series of peptides with various N
terminal residues: H-YGGFL-OH, H-VGGFL-OH, and
H-AGGFL-OH. These are shown in Figures 6a,b and
Sa, respectively. When the N-terminal residue is Y, V,
or A, the spectra are essentially the same. The mecha
nism shown in Scheme III for the free peptide domi
nates. Note, in particular, the ratio of the intensities of
the ions representing [Y3 + H + K]+ and [Y4 + H,+
K]+, which are formed by eliminating neutrals contain-
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(M+K)+
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~----------~._- _.--- . __.. -
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H-YGGFL-OH 374

(Y, +H+K)+ (B2-H+K)+ (Y2+H+K) (Y4+H+K)+ (M+K)+
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Figure 6. K+ IDS spectra of (a) H-YGGFL-OH and (b) H
VGGFL-DH.
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Figure 5. K+ IDS spectra of (a) H-AGGFL·OH and (b) H.( fJ
A)GGFL-OH.



J Am Soc Mass Spectrom 1994, 5, 564-575 lHERMAL DEGRADATION OF PEPTIDES 571

ing six- and three-membered. rings, respectively. Obvi
ously, the former dominates. However, when the side
chain of the N-terminal residue is smaller, changes are
observed. Figure 7a shows the K+IDS spectrum of
another pentapeptide, H-GGVFL-OH, in which the N
terminal glycine contains the smallest side chain (least
steric effects); the spectrum is very different. The rela
tive probabilities of cleavages at various amide bonds
change completely. In this case, the cleavage at the first
amide bond is almost competitive with that at the
second amide bond. Apparently, the size of the side
chain in the N-terminal residue does have an influence
on the distribution of the various cyclic intermediates,
with the smallest cyclic intermediates being uncom
mon, unless the N-terminal residue is glycine. The
same is observed in the spectrum of the tetrapeptide
H-GGFL-DH, where the N-terminal residue is again G,
Figure 7b. More peptide spectra will be useful to
determine whether this effect is always observed for
the N-terminal residues, and the precise secondary
interactions that are involved in this steric effect.

In all of the thermal degradation processes of pep
tide molecules that we have observed, two bonds are
formed and two bonds are broken. The estimated reac
tion enthalpies for several possible processes are shown
in Scheme IV. To approximate the reaction enthalpies
for some of the degradation processes shown, the dis
sociation energies of the bonds formed (BDE(Bf 1) and
BDE(Bj'2.» and bonds broken (BDE(Bb1) and BDE(Bb2) )

are considered, and the reaction enthalpies are esti
mated as follows:

.1Hor x n = BDE(Bb1 ) + BDE(Bb2 )

- BDE(B/1 ) - BOE(B/2 )

The bond dissociation energies (BDEs) that were used
are shown below:

o
NH"""""""CR 1!~ 94 NnCR'HVIIII'oIV'(X)()H

1011 931 931
H H H

Scheme IV first points out that homolytic cleavage,
involving the formation of two radicals, should not be
expected since such reactions require much more en
ergy than reactions in which the number of bonds
broken is equal to the number of bonds formed, such
as a 1,2-elimination. Products of simple homolytic
cleavages are not observed under K+II)5 conditions.
Lower energy l,2-elimination reactions (requiring
about 40 kcaljmoO also do not occur, as suggested by
deuterium-labeling experiments. The lowest energy
processes are those suggested on the right side of
Scheme IV, in which a cyclic and a linear product are
formed in each case. Like 1,2-elimination reactions,
these 1,6-eliminations involve the cleavage of two
bonds and the formation of two bonds. However, the
latter have approximate reaction enthalpies that are
less than or equal to 0 kcaljmol. The differences in the

The bond dissociation energies for the three skeletal
bonds of peptides were obtained from small molecules,
for which thermodynamic data are available [16]. For
example, BOE(Y-X bond) is actually that for the
molecule CH3CO-NHCHg • Values used. for BOE (H
X), where X = NHR, NRz, CHR2 , etc., were also ex
tracted from available data on small molecules. The
BOE for an N-H bond in the terminal amine group is
that for a small primary amine.

Reaction enthalpies for 1,2-elimination reactions that
are presented again represent those for smaller analo
gous systems, where sufficient thermochemical infor
mation is available. For example, the estimated reac
tion enthalpy for the highest energy 1,2-elimination, to
form {(B + H) and (Y - H)}, represents the enthalpy
for the proces:

374

I

(Y3+H+K)+
(Y2+ H+K)+

317
l

H-GGFL-OH

416 473

l l
I I I I I I I I I I I
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Figure 7. K+ IDS spectra of (a) H-GGVFL-OH and (b) H-GGFL
OH.

Thermodynamic Aspects of the Thermal Degradation
of Small Peptides

To better understand the mechanisms for the thermal
degradation of peptides, thermodynamic aspects of
the chemistry were considered. The experimental data
presented here suggest that skeletal bond cleavages do
not involve 1,Z-elimination processes, but l,n
elimination processes, where n = 6,9, etc. Is one ener
getically favored over the other?

H-GGVFL-OH

130

a

b
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two processes are fairly clear. In the 1,2-elimination,
one of the bonds formed involves the conversion of a
single bond to a double bond; double bonds have
BDEs less than the sum of two single-bond BDEs. Also,
in a 1,2-elimination, the environment from which the
H moves is different from that to which it moves. In
contrast, consider the 1,6-elimination process shown in
Scheme IV that yields (cyclo-C-H) and (2 + H). One
C-N bond is broken while one is formed. Also, a C-H
bond is formed as a C-H bond is broken. Thus, of the
mechanisms considered, the 1,6-elimination reactions
represent the lowest energy pathways.

If the conversion of a peptide into two smaller
peptides, one linear and one cyclic, is thermoneutral or
exothermic, why are all not observed? Why does cleav
age of one skeletal bond dominate? We suggest that
the answer lies in a consideration of the intermediates
through which the 1,6-elimination products are formed.
These are also shown in Scheme IV, and are arranged
to suggest their relative stabilities. In Scheme IV, inter
mediate IV is expected to be readily accessible.
Dipole-dipole interactions will allow the molecule to

align as shown, as a prelude to thermal degradation. In
contrast, intermediate I would allow (cyclo-C-H) and
(2 + H) species to be formed; however, it is an unfa
vored, high-energy transition state. Its formation re
quires unlikely secondary interactions according to
considerations of the partial charges on the atoms of
the peptide backbone. Thus, the B- and Y-type thermal
degradation products are most likely formed as shown
in Scheme IV-they evolve from the most stable sec
ondary structure, and the overall reaction enthalpy is
lowest. (In this case, the estimated enthalpy range
reflects differences between N-H bond dissociation en
ergies for Hs of either the N-terminal amino group or
from an interior amide group.) The relative stabilities
of the transition states determine, as usual, the reaction
rates.

Response Discrimination

One question that was posed when Figure 1 was intro
duced remains. Obviously, whenever a B-type degra-

1, 6 -Elimination

Secondary Interactions

Decre.slng
Secondary
Interaction

Stability

Neutral
Linear
Peptide

94

R'

+ NH=¢-'i~
@ 0

R'

+ N",,--CH-C~

@)~
A'

H-C-t-lH-tH~

®A

............HN-C-C-o

I.. ®
o
I__C-N=CH

h'e:>

HomOlytic Cleavage..:

?
--.-I-IN-CH-C..

I.®
?

---.CH--C-NH-

I.' ®
?

........-..c-NI-l-Cl-l·

It'(£)

, ,2.Ellmlnatlon:
o

--HN-cH--!-H
~. '8

Scheme IV. Thermal degradation pathways for peptides (estimated energies in kilocalories/mole),
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dation product is formed, a Y-type species is formed.
However, the peaks representing the ts, - H + K]+
ions are less intense than those for the corresponding
[Y, + H + K)+ ions. For example, the thermal degra
dation of the pentapeptide H-YGGFL-OH will pro
duce (Y3 + H) and (B z - H) in a 1:1 ratio. In the
spectrum of H-YGGFL-OH, however, the abundance
of [Y3 + H + K]+ is 30 times as great as that of [62 

H + K]+. Why?
For ion formation in K+IDS, three processes are

involved-degradation, desorption, and sampling (ad
duct formation with K+ ions). We have investigated
the latter as the most likely source, that is, that some
discrimination exists in the adduct formation process.
The nature of interactions between K+ ions and neu
tral molecules is electrostatic, and should be sensitive
to molecular size and structure, local dipole moments
within the molecule, and polarizability. The binding
energies are relatively small, 20-40 kcal /mcl [17], and
adduct ions are presumably stabilized by emission of
an infrared photon or dissociate after some time pe
riod.

If small compounds such as amino acids are ana
lyzed by K+IDS, desorption can be made to dominate.
Thus, equimolar amounts of two amino acids (A and
B) will yield equal numbers of desorbed molecules for
subsequent attachment to available K+ ions. If the
peaks representing [A + K]+ and [6 + K)+ are of dif
fering intensities, this would indicate a response dis
crimination. For amino acids, it was found that the
responses were highly dependent on the size of indi
vidual amino acid and on the presence/absence of an
aromatic side chain, as shown in Table 1. In the table,
the response for Alanine is given a value of 1. Gener
ally the greater the size (and polartzability), the greater
the response. Dipeptides usually have greater re
sponses than amino acids; tripeptides usually have
greater responses than dipeptides. As the size contin
ues to increase, however, the response differences
gradually level off. The results for a series of small
peptides are also listed in Table 1.
. Since cyclic degradation products are formed in
K+U)S experiments, the relative responses for cyclic
compounds were also tested. If equirnolar amounts of
H-GP-OH and cyclo-GP are analyzed by K+Il)S, the
resulting spectra only contain the [M + K)+ species of
each. If the intensity of these two peaks is monitored,
the results shown in Figure 8 are obtained. The time
dependent response reflects the desorption of the two

Table 1. Relative Response Factors, R"l

Alaline

(Cyclo-GP+K)+

m/z 193

(H-PG-OH+K)+

mlz 211

7192100%=

~ 100%~

ji-------~~---'---,-------==_----,.--__,_--,-.-.-......,..._J

10 20 30 40 50 eo 70 eo
Scan Number

Figure 8. Mass chxonograms showing the relative responses for
the molecules H-GP-OH and cyc1o-GP in the K+IDS experiment.

Conclusions

species, and the relative responses clearly show that
the linear form is sampled much more efficiently than
the cyclic form by K+ ions-the response is six times
larger for the linear form. It is reasonable to believe
that a linear molecule can form a more stable multi
dentate complex with K+ than can a constrained cyclic
molecule; thus, the results of these response studies
are not unexpected.

Based on the cyclization mechanism for thermal
degradation and the subsequent discrimination in the
K+ adduct formation step against small molecules and
against cyclic molecules, interpretation of K+IDS spec
tra of peptides becomes straightforward. Since amide
bonds cleave most frequently and there is a sampling
discrimination against (cyclo-Bi.-H), [Yn + H + K]+
ions dominate K+IDS spectra while their correspond
ing [B, - H + K)+ ions are formed in smaller abun
dance.

K+IDS is shown here to be a useful technique for the
mass spectrometral characterization of the thermal
degradation chemistry of small peptides. The spectra
obtained provide both molecular weight and sequence
information. In this work, two basic questions relevant
to the technique have been answered, which allow
spectra to be related to underlying thermal degrada
tion processes.

The dominant skeletal bond cleavages in the ther
mal degradation of peptides occur most frequently at
amide bonds. Cyclo-degradation was found to be the
major process for thermal degradation of peptides. The
formation of a cyclic product is favored because it is
the lowest energy process; the dominant cyclization
process is the one with the most stable transition state.
For underivatized peptides, cyclization involves the
N-terminus; the shifting H that accompanies skel
etal bond cleavage is from the N-terminus. For N
terminally blocked peptides, cyclization from the N
terminus is hindered, and cyclization involving the
C-terminus can occur. In this case, the shifting H or
OH is from the C-terminus.
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H-A-A-A-A-OH

200

Leu lie

18 22

Small Peptides
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10 100
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the resulting ion cleave in FAB-MS upon collisional
activation-that is, by charge-remote mechanisms.
Consider the hexapeptide H-VGVAPG-OH, and cleav
age of a specific internal amide linkage. We have
reported here that two products are formed by thermal
processes:

If an ethyl TPP group is attached to the C-terminus
of H-VGVAPG-OH and the same bond cleaves, the
N-terminal fragment is charged, and appears as a
(Bz-H) product-that is, when the skeletal bond
cleaves, an H shifts off the N-terminal fragment [19,
201. What is the other product? To determine this,
consider cleavage of the same bond when the TPP
group (as the aminoethyl TPP derivative) is attached
to the C-terminus. The product is not a (Y4 - H) prod
uct, but a (Y4 - H) species. Thus, data from two
charge-remote cases suggest that the charge-remote
chemistry involving cleavage of this skeletal bond
yields three products as shown in Scheme V, not
unlike previously reported mechanisms [7].

Thus, for cleavage of this amide bond in this particu
lar hexapeptide, pure thermal reactions and charge
remote processes yield different products, and the H
shifts are the signature of each.

Two conclusions can be drawn from this example.
First, based on the data presented here, one should not
expect all charge-remote chemistry to parallel charge
free chemistry because the latter relies heavily on sec
ondary interactions which would be dramatically al
tered in situations such as that given here, where a

(B2- H) ions (Y4-H) ions

Scheme V. The formation of (B" - H) and (Y" - H) ions from
N-terminal or C-terminal TPP-derivatives.

-- 4% -- (Cyda-FCC) + Phenylalanine

H-FGGF-OH --90%-- (Cyda-FC) + H-CF-OH

-- 6% -- "Cyclo-F"} H-GGP-OH

The weak interactions between a K+ ion and a
neutral molecule leads to a finite lifetime for the
nascent K+ adducts. The limited lifetime is reflected in
the response discriminations against smaller molecules
and cyclic molecules, which give much weaker signals.
The discrimination in K+IDS results in simple, easy
to-interpret spectra of underivatized peptides, which
are dominated by [Yn + H + K]+ ions. The determina
tion of the relative responses of amino acids and small
peptides makes it much easier to interpret K+IDS
spectra, and information regarding the probabilities of
bond cleavages at different sites along a peptide back
bone can be evaluated more accurately. For example,
in Figure I, the [Yz + H + K]+ peak is about five
times as intense as the {Y3 + H + K]+ peak, but this
does not mean that the rate of bond cleavage at the
second amide bond from the N-terminus is five times
that for the third amide bond since there is a response
discrimination against (Y, + H). Since the response for
(Y3 + H) is about five times that for (Yz + H), the
cleavage at the second amide bond is estimated to
occur at a rate 25 times that for the third amide bond.
For [Y, + H + KI+, the peak is 80 times less intense
than that for [Yz + H + K]+, but cleavage of the third
amide bond from the N-terminus is only 16 times that
of the second amide bond since the response favors
(Yz + H). Thus, relative response studies suggest that
the data in Figure 1 reflect the following distribution of
primary, low-energy thermal degradation products, as
an example:

It should be stated that we certainly have not dis
covered here, for the first time, the importance of
secondary structure in peptides! However, it is intrigu
ing to realize that secondary interactions dominate the
unimolecular thermal degradation chemistry of small
peptides. There appears to be a total lack of chemistry
that occurs via a linear form of these molecules. Sec
ondary interactions not only determine the overall
shape of the molecule, but create situations that lead to
the lowest energy fragments.

Future publications will compare and contrast re
suits presented here with those from FAB experiments,
to discuss charge-induced versus charge-remote chem
istry in peptides; however, a simple example will be
gin to provide some insights into the utility of the data
presented here. It was suggested in the Introduction
that the fragmentation chemistry that occurs in the
K+IDS experiment, since it does not involve a charge,
could be a model for charge-remote chemistry. The use
of triphenylphosphonium (TPP) derivatives of pep
tides has been demonstrated in the literature [18]. The
charged TPP group can be placed at either the C- or
N-terminus of peptides, and skeletal bonds throughout
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fixed charge is appended to a peptide terminus. Thus,
one would certainly not expect the TPP+-VGVAPG
OH to yield similar products as H-VGVAPG-OH
upon activation since the former does not have the
N-terminal Hs which play such an important role in
the degradation of the latter. If H-shifts were from sites
local to skeletal bond cleavage in thermal processes,
than more- correlations would be expected.

Second, if secondary interactions occur in peptides
when no charge is present, some must surely occur
when a charge is present in protonated or charge-local
ized species. Thus, there may be some charge-stimu
lated processes occurring, which would seem to be
charge-remote, depending on whether secondary
structures are contributing factors.
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