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Abstract: We report on the characteris-
tics of the radical-ion-driven dissocia-
tion of a diverse array of [3-amino acids
incorporated into a-peptides, as probed
by tandem electron-capture and elec-
tron-transfer dissociation (ECD/ETD)
mass spectrometry. The reported re-
sults demonstrate a stronger ECD/
ETD dependence on the nature of the

to N—Cy bond cleavage in the corre-
sponding fB-amino acids. We conclude
that radical stabilization must be pro-
vided by the side chain to enable the
radical-driven fragmentation from the
nearby backbone carbonyl carbon to
proceed. In contrast with the cleavage
of backbones derived from o-amino

mainly of B-amino acids reveals a shift
in cleavage priority from the N-C; to
the C,—C bond. The incorporation of
CH, groups into the peptide backbone
may thus drastically influence the back-
bone charge solvation preference. The
characteristics of radical-driven f3-
amino acid dissociation described

amino acid side chain for f-amino
acids than for their a-form counter-
parts. In particular, only aromatic (e.g.,
B-Phe), and to a substantially lower
extent, carbonyl-containing (e.g., p-Glu
and B-Gln) amino acid side chains, lead

capture -

stability

Introduction

Deciphering the relationship between the structure and ac-
tivity of peptides and proteins is a topic of primary impor-
tance in life science research.! To develop more potent
drugs more quickly and with better rationale, insights into
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acids, ECD of peptides composed herein are of particular importance to
methods development, applications in
Keywords: amino acids - electron peptide sequencing, and peptide and

protein modification (e.g., deamidation
and isomerization) analysis in life sci-
ence research.

mass

the biomolecular conformational landscape and an im-
proved understanding of inter- and intramolecular energy
relaxation pathways are needed. Introduced several decades
ago, B-amino acids and B-peptides® were intended to gener-
ate a new class of drugs that would be small but structurally
rich, functionally active, and more resistant to degradation
in the blood stream than a-amino acids and peptides.” Di-
verse forms of f-amino acids have been synthesized,'** as
shown in Scheme 1, for use as building blocks to produce
B-peptides ranging in size from short but structured pep-
tides™ to imitations of the highly-structured large peptides
and small proteins based on a-amino acids.”) Despite sub-
stantial progress in understanding the structure/activity rela-
tionship of various P-peptides, their practical use as drugs
has not yet been achieved. Scheme 1 implies that f*Ala and
B*-Ala residues should have the same structure, and thus
will be noted below as 3-Ala.

Although B-peptides rarely occur naturally, f-amino acids
are known to be formed as reaction products in biological
systems."”) An important example is the formation of an iso-
aspartyl residue by isomerization of an aspartyl residue in
vivo. The resulting isoaspartic acid belongs to a class of
B*-amino acids in which the side-chain B-carbon is incorpo-
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Scheme 1. Structures of f-amino acids of different types compared to an
o-amino acid.

rated into the peptide backbone, resulting in increased flexi-
bility and reduced side-chain size, as shown in Scheme 1.
Distinguishing aspartyl from isoaspartyl residues is analyti-
cally challenging. Recently, O’Connor and co-workers intro-
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duced a new tandem mass-spectrometry-based method for
the identification of isoaspartyl residues by a signature side-
chain loss.'""""! This method successfully employed electron-
mediated tandem mass spectrometry (MS/MS) techniques,
electron-capture dissociation (ECD),™ and electron-trans-
fer dissociation (ETD),™ but not the commonly used slow
heating techniques (e.g., collision-induced dissociation
(CID) and infrared multiphoton dissociation (IRMPD)).!"”!
As previously reported, application of CID to various
B-peptides primarily results in the preferential cleavage of
the peptide bonds in the backbone, and formation of b and
y ions, as observed for CID of a-peptides.®! The principal
difference between ECD/ETD and CID/IRMPD is in the
types of sequence-specific product ions formed. In contrast
to the peptide bond rupture in CID/IRMPD, the N—C,
bond ruptures preferentially in ECD/ETD of a-peptides.l”]
The most commonly accepted possible mechanism of the
N—C, bond rupture in ECD/ETD of a-peptides, projected
to B-amino acid templates, is shown in Scheme 2.

The second most abundant fragmentation pathway in
ECD/ETD of a-peptides is the rupture of the C,—C back-
bone bonds, with direct formation of radical a ions and sub-
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Scheme 2. A possible B-peptide fragmentation following a McLafferty (Cornell)-type fragmentation pathway, leading to c¢- and z-ion formation, shown

for the p*-template (left), and the B*-template (right) of a peptide backbone.
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sequent formation of even-electron y ions, following C=0O
group release from x ions. Because it is the minor fragmen-
tation channel, a/y-ion formation in ECD/ETD of a-pep-
tides has received less attention. The most commonly in-
voked mechanism follows that originally suggested by
McLafferty and co-workers: a process mediated by charge
solvation at the backbone amide nitrogen.'!¥! As projected
to P-amino acid templates, this pathway is presented in
Scheme 3.

ECD- and ETD-based tandem mass spectrometry tech-
niques are a relatively recent addition to the arsenal of
methods for peptide and protein structure analysis based on
mass spectrometry.l””! Nevertheless, they have captured the
attention of research communities that use MS/MS for life-
science-oriented research, as well as those that study funda-
mental effects in gas-phase radical-ion chemistry. A number
of ECD/ETD-specific features make these fragmentation
techniques complementary to CID.”*?!! In particular, biolog-
ical application-oriented research benefits from using ECD/
ETD for in-depth analysis of labile post-translational modi-
fications located on peptides and proteins on a chromato-
graphic timescale.’”l Distinguishing leucine from isoleu-
cine™ and, as discussed above, aspartyl from isoaspartyl by
ECD/ETD are important steps toward complete de novo
peptide sequencing.

Fundamental research-oriented attempts to describe the
underlying, rich radical-ion chemistry aim to further im-
prove the efficiency of these MS/MS techniques. The field
has a number of open questions, including those related to
quantifying the cleavage propensities of a peptide backbone,
understanding the role of amino acid side-chain properties
in the ECD/ETD process, understanding the pathways lead-
ing to the formation of radical ions, and the dynamics of hy-
drogen rearrangement between reaction products. Probing
unnatural forms of amino acids and peptides by ECD/ETD
is also one of the many objectives that need to be addressed
to complete our understanding of these complex process-
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es.?l Interest in the structure of f-amino acids for funda-
mental ECD/ETD research is not based solely on the prop-
erties of the side chain, but also on the structural changes in
the backbone. The influence of an additional CH, group in
the peptide backbone on the cleavage propensities and for-
mation of radical ions is not easily predictable for either
ECD or ETD. Although ECD and ETD produce practically
identical fragmentation patterns for a-peptides, differences
in the extent of radical ion formation have been reported.!
These differences were attributed to nonequivalent experi-
mental conditions involving high vacuum ECD in Fourier
transform ion cyclotron resonance mass spectrometry, (FT-
ICR MS) compared to the low-to-medium vacuum ETD in
ion trap mass spectrometry (ITMS).

Thus, the characterization of ECD and ETD techniques
applied to a broad range of B-amino acids and [-peptides is
of interest both for biological application-driven research
and for the field of radical-ion chemistry. Here we aimed
first to reveal the response of ECD and ETD to diverse
(-amino acid substitutions in peptides. We selected (-var-
iants of a neuropeptide substance P as the starting model
systems, based on previous studies conducted on the struc-
tural and biological effects of f*> and B*-amino acid insertion
into that neuropeptide.”) We then attempted to determine
the influence of various -amino acid side chains on the in-
herent radical stabilization occurring in ECD/ETD to com-
plement the general understanding of the electron-induced
fragmentation of a-peptides.

Results

ECD/ETD of single -amino acid substituted peptides: Fig-
ures 1 and 2 demonstrate the ECD fragmentation pattern
response to [-amino acid substitution for various single-
point B-variants of substance P. ETD fragmentation patterns
obtained for these samples are similar to the ECD ones
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Scheme 3. A possible -peptide fragmentation process, presumably mediated by charge solvation at the backbone amide nitrogen in $-amino acids, lead-
ing to y- and a-ion formation, shown for the f*-template (left), and the f*-template (right) of a peptide backbone.
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Figure 1. ECD FT-ICR MS of doubly-charged B-variants of substance P,
including B*-Pheg (top), f*-Gln, (middle), and B*-Leu,, (bottom), demon-
strates the effect of single 3-amino acid substitution on the N-terminal
product ions. ETD performed in ion trap MS produces similar effects
(see Supporting Information, Figure S1).
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Figure 2. ECD FT-ICR MS of doubly-charged B-variants of substance P,
including P*“homoLeuy, (top), P*homoAla, (middle), and f-Ala,
(bottom), demonstrates the effect of single f-amino acid substitution on
the N-terminal product ions. Similarly to Figure 1, suppression of cleav-
age inside the f-amino acid is observed. ETD performed in ion trap MS
produces similar effects (see Supporting Information, Figure S2).
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(Figures S1 and S2, Supporting Information). ECD/ETD
mass spectra of substance P variants with the single 3-amino
acid substitution reported here can be compared to the typi-
cal ECD/ETD mass spectra of the wild-type substance P
published elsewhere.”® Interestingly, suppression of the
fragmentation inside of the B-amino acid is observed for
or Bf*homo leucine and alanine substitutions at the 9- and
10-positions, respectively (Figure 1, bottom, and Figure 2).
However, for the substance P (’-Glng variant (Figure 1,
middle panel) the cs product ion corresponding to this cleav-
age is still observed, but with drastically reduced intensity,
whereas in the case of substance P p*-Pheg (Figure 1, top
panel) the cleavage efficiency is retained, and the corre-
sponding ¢, product ion intensity is comparable to the ECD
of the wild-type peptide. Figures 1 and 2 demonstrate only
the case of the N-terminal product ions, for example, ¢ ions,
modulation by 3-amino acid insertion.

Our previous results demonstrate abundant C-terminal
product ions, or z ions, in ECD/ETD of a LLLLALLLK-
NH, peptide.” Thus, we submitted the P-variants of this
peptide to ETD ITMS to probe the influence of -amino
acid substitution on the formation of z ions (Figure 3). In
particular, f*-Leu, substitution (Figure 3, bottom) shows a
clear reduction of zg relative intensity as compared to the
previously reported ECD/ETD fragmentation pattern of the
wild-type peptide.”” Similarly, in the B’-Leu, substituted
peptide ETD mass spectrum (Figure 3, middle panel), the
B-amino acid produced z, fragment ion intensity is reduced
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Figure 3. ETD ITMS of doubly-charged B-variants of LLLLALLLK—
NH,, including incorporation of B*-Leu, and B*-Leug (top), B*-Leu,
(middle), and B>-Leus (bottom), demonstrates the effect of single and
double B-amino acid substitution on C-terminal product ions. ECD per-
formed in FT-ICR MS produces similar effects (see Supporting Informa-
tion, Figure S3).
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to such a degree that this product ion is no longer observed.
Comparable results were obtained with ECD FT-ICR MS
for the same samples (Figure S3 Supporting Information).

Surprisingly, ECD/ETD of the p*-Leu, substituted peptide
(Figure S4, Supporting Information) also shows a significant
drop in z, ion abundance (the product ion is not observed
under the employed experimental parameters). In this case,
the reduction in N—C;; bond cleavage efficiency is observed
one amino acid away from the substitution site. ETD ITMS
of the doubly p-amino acid substituted peptide,
LLLLALLLK-NH,, demonstrates both effects observed
previously for single amino acid substitutions in this peptide
(Figure 3, top panel, and Figure S4 in the Supporting Infor-
mation, top panel). In other words, the intensity of the zg
ion is reduced and the z, ion is not present.

ECD/ETD of f-amino acid multiply-substituted peptides:
ECD and ETD mass spectra of a set of peptides comprising
11 amino acids, of which nine are B*-amino acids, are shown
in Figure 4, and Figures S5 and S6 of the Supporting Infor-
mation. The peptide set is comprised of peptides with the
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Figure 4. ECD FT-ICR MS of doubly-protonated (-peptides H-R-fA-
BA-BA-BA-X-BA-BA-BA-BA-K-OH, in which X is f*-Phe (top), f*-Glu
(middle), and B-Ala (bottom). The classical ECD/ETD fragmentation
pathway, producing c- and z-type ions for the a-analogues of these pep-
tides, does not occur; instead a complete series of a ions is present. Nev-
ertheless, several c ions are observed for specific cases, which presumably
relate to the side-chain properties, in accordance with Figures 1-3.
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following general sequence: H-R-BA-BA-BA-PA-X-BA-BA-
BA-BA-K-OH, in which X is either B-Ala, B*-Leu, B’-Phe,
B*-Glu or B*-Gln. Therefore, only N-terminal Arg and C-ter-
minal Lys are a-amino acids, whereas the rest of the amino
acids are in the p-form. The resulting ECD and ETD frag-
mentation patterns strongly differ from those reported for
the a-analogues of these model peptides.””) The extensive
c-ion series, as well as the high mass-to-charge ratio z ions,
are replaced by an almost complete radical a-ion series for
all variants. High mass-to-charge ratio y ions are observed
as well, and replace the corresponding z ions observed for
a-peptides. Nevertheless, specific ¢ ions are retained in
ECD/ETD of these pB-peptides. The ¢, ion is observed in
ECD/ETD of all the peptides, and is related to N-terminal
cleavage to lysine, which is an a-amino acid. However, the
¢s ion is observed only for specific middle amino acids:
when X is B-Ala (Figure 4, bottom) or B*-Leu (Figure S6,
Supporting Information), the cs ion is not produced, whereas
when X is B*-Glu (Figure 4, middle) or B*-Gln (Figure S6,
Supporting Information) a low intensity c¢s ion is produced.
Finally, a peptide variant with X=f*-Phe (Figure 4, top)
produces a significant ¢s ion (second most intense product
ion peak), highlighting the side-chain dependence of the
fragmentation mechanism in B-peptides. The modulation of
¢s ion formation for these peptides as a function of amino
acid side chain is in accordance with the ECD/ETD data re-
ported above for substance P substitutions (Figures 1 and 2).

Figure 5 confirms the formation of a/y pairs in ETD of
B-amino acids, as suggested by Scheme 1. The peptide se-
quence, H-K-BA-BA-BA-BA-B°’F-BA-BA-BA-BA-R-OH, em-
ployed in Figure 5 differs from the peptides used in Figure 4
by a swap between the N-terminal Arg and C-terminal Lys
residues. As expected, the change in location of basic resi-
dues enhances charge neutralization at the N-terminal side
of the peptide, thus favoring formation of C-terminal prod-
uct ions. Therefore, an abundant z, ion is observed as a
result of the N—C; bond cleavage of f>-Phe, whereas in
Figure 4 (top) its complementary cs ion is detected. The for-
mation of a/x pairs, as seen in electron detachment dissocia-
tion (EDD) of multiply-deprotonated peptides, is not ob-
served. Increased ETD efficiency is clearly observed for the
triply-protonated precursors compared to the doubly-
charged species. Nevertheless, the backbone cleavage sites
remain, to follow the general trends described above for the
doubly-protonated precursors.

ETD of a short -peptide: ETD ITMS of the true B-peptide
Ac-B*hS-B*hW-p*hR-B*hY-NH, is shown in Figure 6 (top).
ETD ITMS of its a-analogue, Ac-SWRY-NH,, is shown in
Figure 6 (bottom) for comparison. A significant difference
in fragmentation patterns is observed. Classical ECD/ETD
product ions c¢; and z; obtained from an o-peptide are
absent or significantly reduced in the (-peptide fragmenta-
tion spectrum. Moreover, a greater extent of secondary frag-
mentation and side-chain losses is seen for the p-peptide.
The c; ions observed are due to N-terminal cleavage to Tyr,
which is an aromatic amino acid like Phe. Thus, the effect is

Chem. Eur. J. 2010, 16, 4612 —-4622
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similar to that reported above for f°-Phe substitution (Fig-
ures 1 and 4). Formation of y; ions is due to backbone N-ter-
minal cleavage to another aromatic amino acid, Trp. In con-
trast to the more easily accessible and thus more widely em-
ployed B*-amino acids, Trp in this peptide is in the f?*-homo
form (Scheme 1).

Discussion

ECD/ETD characteristics of f-amino acids and f-peptide
fragmentation: Peptide modification by replacement of an
a-amino acid with a f-amino acid, by direct substitution
with a % B°, p-homo or *-homo variant of the same or a
different amino acid, results in similar fragmentation pat-
terns for both ECD and ETD. Both fragmentation methods
show that cleavages of the N—C; backbone bonds belonging
to the B-amino acid moiety are typically reduced to an unde-
tectable level for all types of (-amino acid variants of Ala
and Leu inserted into the a-peptides, whereas the 3-variants
of Phe, Tyr, Trp, Glu, and Gln allow the corresponding N—
C; bond cleavage to occur. However, an exception was ob-
served for ECD/ETD of LLLLALLLK-NH, with B*-Leu,
substitution: the corresponding zg ion signal was reduced,
but not completely removed. Presumably, not only the
nature of the amino acid, but also its position in the se-
quence has an impact on the ECD/ETD fragmentation pat-
tern."? Other ECD/ETD product ions (from the peptides
substituted with a single f-amino acid, reported above) are
retained, and the overall distribution of product ion abun-
dance is preserved. An exception was observed for ECD/
ETD of LLLLALLLK-NH, with p*-Leu, substitution: the
signal of the z, product ion disappeared, although it requires
backbone cleavage one amino acid away from the substitu-
tion site. The corresponding z; ion is not observed in the
peptide for either B- or a-forms of leucine in the 7-position.
We shall note that a ion formation was not observed for the
peptides substituted with a single -amino acid employed
here. Finally, comparison of Figure 4 and Figure S5 (Sup-
porting Information) shows that ETD product ions may not
be as abundant as ECD product ions due to less energetic
fragmentation conditions in ion trap MS compared to FT-
ICR MS, especially for the doubly-charged precursor ions.

ECD and ETD of multiple B-amino acid substitutions
show two main trends. Firstly, the formation of abundant a
ions is observed along the whole peptide backbone for
every middle amino acid, X. Secondly, the formation of ¢
ions near the substituted middle amino acids as a function
of amino acid side chain follows the ECD/ETD fragmenta-
tion behavior reported above.

We explain the fragmentation characteristics summarized
above following the currently accepted models for ECD/
ETD and other radical-driven fragmentation processes for
a-peptides.”*>!! These models explain the backbone cleav-
age propensities either through specific conformations,
which determine the locations of the initial backbone radi-
cals followed by local backbone fragmentation, or through a
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distal radical migration to the cleavage site. Distinguishing
these two pathways is not yet feasible.

Side-chain-mediated radical stabilization in single amino
acid substituted peptides: Considering the degree of radical
stabilization required to explain the formation of ¢ and z
ions, B-amino acids can be classified by side chains in the
following manner (Scheme 4).*? Firstly, f-amino acid side
chains with little radical stabilization, such as f-Ala
(Scheme 4, bottom), demonstrate significant or complete
cleavage suppression. Secondly, moieties enabling strong
radical delocalization, and hence stability, such as *-Phe
(Scheme 4 top), show similar behavior to those of a-amino
acids in ECD/ETD. Finally, despite a decrease in product
ion intensities, N—C; bond cleavages are nevertheless ob-
served for f-amino acids containing a C=0O group, such as
B*-GlIn and B*-Glu (Scheme 4, middle), indicating local stabi-
lization of the intermediate carbonyl radical, provided by
electronic delocalization into this moiety and possible inter-
action with the charged sites. Radical stabilization provided
by the Glu residue has been reported previously, for exam-

A
|| 1,3H shif || B-Phe
HQB\ _AC \ Hcﬁ\c/ -
o
o}
! I
ho”” \CH2 o HO © CHs o
| |1 ,2-H shift | | 561y
HEs O > HyC) c ¥
\Hz/ \ 2 B\éa/ \
......... .;\i—Cg bond cleavage threshold
SC\E/CHB o 30\6/CH3 o
) | IC! 12Hshitt ﬂ §-Leu
Qﬁ\CQ/\H 25\&1/\
2
H 0 T ﬁ
1,2-H shif
Hgl\ /‘“l\ > TN e
H2

Scheme 4. The N—C;; bond cleavage efficiency is a function of the degree
of B-amino acid side-chain radical stabilization. Consistently, N—C; bond
cleavage and formation of the ¢/z product ions are not observed or are
very inefficient for amino acids that do not provide radical stabilization.
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ple, by Simons and co-workers."”? Amino acid side-chain
structure also suggests higher radical stabilization provided
by the Asp residue than by Glu, as reflected in the specific
fragmentation patterns obtained by O’Connor and co-work-
ers to distinguish between aspartic and isoaspartic acids.['""?!
Mentioned above as an exception, f*-Leu may also provide
radical stabilization, as recently confirmed for radical-driven
tandem mass spectrometry of peptides containing Leu by
Julian and Tsybin."*! Although Leu is similar to Ile, its
side chain provides a stronger radical stabilization, due to
the possible formation of a tertiary radical versus a secon-
dary radical for isoleucine.””! Nevertheless, the intrinsic radi-
cal stabilization of leucine (Scheme 4) does not seem to be
sufficient, as no N—Cg bond cleavage has been observed for
B or B*-homo leucine substitutions in substance P. However,
the case of the gzg product ion retention in the
LLLLALLLK-NH, peptide with B*-Leu, could indicate a
more complex combination of radical stabilization and
structural effects on ECD/ETD fragmentation inside
[-amino acids.

Our hypotheses for the absence of the z, ions in ECD/
ETD of the LLLLALLLK—NH, dications (presumably pro-
tonated at the N-terminal amide and C-terminal Lys side
chain) with either B*-Leu, or B*-Leu, substitution are based
on either conformation selectivity or radical-driven chemis-
try. A conformation-based ECD/ETD model assumes that
the N—Cg bond cleavage of the Leug leading to the forma-
tion of the z, ions is possible if the N-terminal proton is first
charge-solvated at the backbone carbonyl of Alas (i.e., the
C=0 group between Alas and Leu,). However, substitution
of B-amino acids for Leus and Leu, increases the flexibility
of the peptide backbone close to the C-terminus. Thus, the
C-terminal protonated Lys side chain can reach farther than
it does in the a-peptide, and can solvate more backbone car-
bonyls, thus probably preventing the formation of z, ions.
As the N-terminal protonated amine should be preferential-
ly neutralized compared to the protonated Lys, the radical
that may lead to the formation of z, ions never appears at
the backbone carbonyl. Similarly, the absence of z; ions in
the a-peptide LLLLALLLK—-NH, can be explained by the
same protective effect, with a decreased flexibility of the
C-terminal part of the peptide backbone. The feasibility of
the alternative pathway of z, ion formation from charge sol-
vation at the backbone carbonyl between Leuy and Leu, has
yet to be proved.*¥

From the perspective of the radical-driven fragmentation
process, the difference between retaining the zgz product ions
in the P’-Leu,-substituted peptide versus depleting the z,
product ions in the B*-Leug- and f*-Leu,-substituted peptides
may be energy-dependent. More energy for radical migra-
tion and backbone activation is provided by charge neutrali-
zation of the N-terminal proton to the closer amino acid
Leu, than to the distant Leug or Leu, residues. The data pre-
sented here is insufficient to distinguish between the confor-
mation-specific and radical-driven hypotheses, but it seems
reasonable to consider both the conformation and the elec-
tronic structure as contributing to the ECD/ETD fragmenta-
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tion. In the case of a double B-amino acid substitution
(Figure 3, top panel), the additivity of multiple 3-amino acid
substitution effects on ECD/ETD emphasizes the hypothesis
that electronic properties drive fragmentation, in which the
two -leucine amino acids could be seen as defects in the
peptide lattice, inducing a local damping of the cleavage
propensity.

Side-chain-mediated radical stabilization in multiple amino
acid substituted peptides: ECD/ETD of H-R-BA-BA-BA-
BA-X-BA-BA-BA-BA-K-OH and H-K-BA-BA-BA-BA-B°F-
PA-BA-BA-BPA-R-OH peptides demonstrates not only
amino acid dependent cs-ion formation, but also a prefer-
ence toward a minor fragmentation channel present in
a-peptides (a/y-ion instead of c¢/z-ion formation, Scheme 3).
Important facts in revealing the mechanism of these B-pep-
tide fragmentations are the radical nature of the observed a
ions, and the presence of even-electron y ions rather than x
ions.

The most common consideration for explaining the for-
mation of radical a ions and even-electron y ions as the
minor channels in ECD/ETD, as manifested in -peptides, is
presented in Scheme 3.'"-3>%! Following this mechanism,
electron-capture events should induce a hydrogen atom
transfer, not to the backbone carbonyl oxygen, but to the
backbone amide nitrogen, with subsequent formation of a
nitrogen-centered radical. Consequently, a- and y-products
can be formed by radical rearrangement and subsequent
rupture of the C—C backbone bond adjacent to the C=0O
group toward the N-terminus from the initially charge-sol-
vated amide nitrogen. The reaction is accompanied by loss
of CO. ECD literature suggests that the formation of ¢/z
products following amide nitrogen radical formation is not
favored in a-amino acids. Scheme 3 implies that the incorpo-
ration of a CH, group into the peptide backbone, either to
the left of the backbone amide group (B*-amino acid based
peptide backbone) or to the right of it (f?-amino acid based
peptide backbone), may shift the preference for the charge
solvation site. In general, the main criterion for deciphering
oxygen protonation from nitrogen protonation in peptide
backbones is the strength of the resulting hydrogen bond or
the basicity of the hydrogen-bond acceptor group, CO
versus NH, because the donor group, R-NH;*, is the same
in both cases. The basicity of the carbonyl oxygen is greater
than that of the amide nitrogen, favoring charge solvation
on the carbonyl groups in regular a-amino acids and a-pep-
tides.””’ However, due to the reorganization of the peptidic
backbone and the incorporation of better electron-donating
groups (CH, vs. CO), the basicity of the amide nitrogen may
be enhanced in (3-peptides, thus leading to charge solvation
on the amide nitrogen and not on the amide oxygen.

However, we believe that charge solvation at the amide
nitrogen remains thermodynamically unfavorable compared
to solvation at the amide carbonyl oxygen, because the
higher electronegativity of oxygen makes it a better hydro-
gen-bond acceptor, especially from a strongly electrophilic
group such as R—NH;*. In the case where conformational
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constraints would account for the unavailability of a particu-
lar backbone carbonyl oxygen of number # to be solvated,
the protonated amine from either an Arg or a Lys side
chain would probably attempt to solvate the (n—1) or (n+
1) carbonyl oxygen rather than the neighboring amide nitro-
gen, to form the most stable hydrogen bonds. The presence
of an additional CH, group in the peptide backbone, as in
-amino acids and B-peptides, should not drastically increase
the proton affinity of the amide nitrogen, as it is not a good
electron-donating group, and therefore does not extensively
modify the proton-accepting character of that amide nitro-
gen. Thus, the backbone modification alone presumably
could not explain the increased probability of the charge
being solvated preferentially at this position. We believe
that charge solvation in -peptides does not significantly
differ from that observed in a-peptides; therefore amide ni-
trogen solvation should not prevail over carbonyl, despite
additional structural flexibility. However, this hypothesis
should be further investigated both experimentally and the-
oretically.

Therefore, the mechanism depicted in Scheme 3 may be
used to explain the results shown in Figure 4 (preferential
a-ion formation in multiply-substituted peptides), and it can
then be extrapolated to describe other findings (single
amino acid substitution-induced effects without a-ion forma-
tion). Interestingly, Figure 4 shows a possible competition in
the formation of as versus cs ions. Incorporation of B*-Phe
produces about 22 times more cs ions than as ions (Figure 4,
top). Substitution with f*-Glu and B*-Gln results in a sub-
stantial shift toward as ion formation and drops the cvas
ratio by two orders of magnitude for both amino acids
(Figure 4, middle, and Supporting Information Figure S6,
bottom, respectively). Furthermore, insertion of B*-Leu re-
duces the c¢5 ion abundance (Supporting Information, Fig-
ure S6, top) to yield a cyas ratio of only about 0.1. Finally,
B-Ala incorporation leads to the complete disappearance of
¢s ions, but retains the a5 ion relative abundance compared
to other amino acids (Figure 4, bottom). Following the
mechanism for a-ion formation depicted in Scheme 3, the
competition for ¢/z-" and a/y-ion formation would be attrib-
uted to radical formation either on the backbone amide ni-
trogen or on the backbone carbonyl carbon. The balance be-
tween these two pathways may thus account for the cyas
ratio described above as a function of amino acid side-chain
properties.

Application of the reaction pathway suggested in
Scheme 3 to explain the data in Figures 1-3 is less straight-
forward. In all the reported cases of single 3-amino acid sub-
stitution, a-type ions are absent. Formation of c-type ions, as
hypothesized above, is a function of the radical stabilization
provided by the neighboring amino acids. Therefore, charge
solvation on the backbone amide nitrogen of -amino acids
in singly-substituted peptides may not be as pronounced as
in the multiply-substituted peptides. Presumably, the overall
backbone influence may be required to induce the confor-
mational change required for a-type ion formation. The
backbone effects were considered to rationalize the en-
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hanced a- and y-type ion formation observed for free acid
peptides compared to amide peptides, as already described
above.”! Finally, formation of a-type ions implies rupture of
the C,—C backbone, which was demonstrated to be the
dominant fragmentation channel in electron detachment dis-
sociation (EDD) of peptide anions."!

Extension to true (-peptides reveals a higher extent of
secondary fragmentation and pronounced side-chain loss in
ECD/ETD as compared to that observed for a-peptides, as
seen in Figure 6.%**! We believe that the complex and ex-
tensive fragmentation observed is primarily due to the large
amount of energy available in the fragmentation of short
peptides.

Radical c-type ion formation in ECD/ETD of p-amino
acids: Comparative analysis of the isotopic distributions of
product ions formed in ECD/ETD of peptides containing
B-amino acids and their a-counterparts shows no significant
differences between radical and prime ion contributions
(data not shown). However, one exception was found, for ¢,
radical ion formation in ETD and ETD with collision-in-
duced dissociation of the charge-reduced species (ETD CR-
CID) of substance P-OH f*-Phe. Firstly, the observation of
¢, ions is due to the strong radical stabilization properties of
B’-Phe, as discussed above. Secondly, ETD and ETD CR-
CID of the B*-Pheg-substituted free-acid substance P show
no radical component in the isotopic cluster of ¢, ions,
whereas ETD, and especially ETD CRCID of its a-analogue
demonstrate an abundant radical component,”® as seen in
Figure S7 of the Supporting Information. According to the
current understanding of radical ion formation in ECD/
ETD, this effect is due to the shorter lifetime of the [c+2z’]
complex and thus the reduced extent of hydrogen atom rear-
rangement between the products in the f-amino acid substi-
tuted peptide. Therefore, either the incorporation of a CH,
group into the peptide backbone modifies the conformation-
al space of the peptide sufficiently to eliminate conforma-
tions that contributed to [c+2z’] complexes with long life-
times, or the fragmentation of this specific f-amino acid sub-
stituted peptide is more energetic.

Conclusion

ECD FT-ICR MS and ETD ITMS of B-peptides and regular
a-peptides containing a diverse array of B-amino acids show
a more distinct dependence on amino acid identity for
B-peptides than for a-peptides. Analysis of the experimental
data suggests that side-chain radical stabilization in f-amino
acids plays a defining role in the efficiency and balance of
N—C; and C,—C backbone bond cleavage. Although the rad-
ical stability of amino acids is known to direct ECD/ETD of
oa-amino acids and a-peptides, it is difficult to distinguish its
influence from other effects (e.g., hydrogen bonding).?"! In-
terestingly, multiple additions of CH, groups into the pep-
tide backbone shift the preferred product ion formation to
the minor fragmentation channel observed in a-peptides.
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Considering the commonly accepted mechanism of a-ion
formation through charge solvation on an amide nitrogen in
relation to this observation implies that multiple incorpora-
tions of CH, groups into the peptide backbone shift the
charge solvation preference in the peptide backbone. Never-
theless, the data shows that the radical stability of the amino
acid side chains still directs the probability toward rupture
of the C,—C or N—C; bond. From a practical point of view,
distinct differences in ECD/ETD of a- versus B-peptides,
e.g., a/y ions as opposed to ¢/z ions in ECD/ETD of poly-
Ala peptides, should aid in distinguishing between these
amino acids in peptide sequencing. The application of slow
heating fragmentation methods, e.g., CID and IRMPD,
would not allow this differentiation.

Although f-amino acids are known to influence substan-
tially the conformations of even short peptides in solution,
their influence on the electronic subsystem (molecular orbi-
tals) of the peptide is yet to be understood. Further studies
should address the characterization of ECD/ETD processes
in larger PB-peptides (comprising at least 10 amino acids)
containing both B> and B*-amino acids. Although large
B-peptides could be produced,*! their synthesis is challeng-
ing due to the strong tendency of these molecules to form
stable secondary structure elements. The synthesis of f*-ami-
no acids is also more challenging than that of B*-amino
acids,”! as reflected by the use of primarily B*-amino acid
based peptides in the current work. We believe that further
comparative analysis of the ECD/ETD of (- and a-peptides
may provide a better understanding of electron capture/
transfer dissociation of peptide polycations, and clarify the
currently debated mechanisms. In particular, as briefly dis-
cussed in this work, such a comparative approach could
allow a revisiting of the a-ion formation pathway.

Experimental Section

Peptide synthesis and sample preparation: A f-turn mimicking tetrapep-
tide and a library of single-point § variants of neuropeptide substance P,
using both p- and f-homo-amino acid incorporation, were designed, syn-
thesized, and purified by HPLC at the Laboratory of Biomolecules, Uni-
versité Pierre et Marie Curie (Paris, France). Commercially available
(*-alanine, B*-leucine, B*-glutamine, B’-glutamic acid, and B*-phenylala-
nine were purchased from Sigma Aldrich (Sigma Aldrich GmbH, Buchs,
Switzerland), and incorporated by solid phase Fmoc biochemistry into
the amide and free-acid substance P, LLLLALLLK—-NH, model peptide,
as well as into a series of poly-alanine peptides of the general sequence
RAAAAXAAAAK-OH and KAAAAXAAAAR-OH, in which X is
any o-amino acid or its f$-analogue. Synthesis was performed using a mi-
croscale peptide synthesizer (Intavis Bioanalytical Instruments AG, Koln,
Germany) at the Protein and Peptide Chemistry Facility (University of
Lausanne, Switzerland), and the crude peptides were used for mass spec-
trometric analysis without further purification. Samples were dissolved in
water to ~1 mm concentration and further diluted in a standard spraying
solution (H,O/CH;OH 50:50 volume ratio with 1% HCOOH) to a final
peptide concentration of ~1-10 pm.

Tandem mass spectrometry: ECD experiments were performed on a 7T
linear ion trap Fourier transform ion cyclotron resonance (LTQ FT-ICR)
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
equipped with a standard direct infusion electrospray ion source at a typ-
ical flow rate of 15 uLmin . Doubly-charged precursors were isolated in
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LTQ (isolation window of 4 Th) and transferred to the ICR ion trap for
subsequent tandem mass spectrometry, following standard procedures.'*
In summary, peptide dications were irradiated by a low-energy electron
beam for about 50 ms before product ion excitation and detection. Mag-
netron motion phase optimization was performed following standard au-
tomated procedure.*”) Data analysis was carried out using XCalibur 2.0.7
and Xtract 3.1 software (ThermoFischer Scientific, Bremen, Germany).

Low-resolution ETD experiments were performed on a Paul ion trap
mass spectrometer (HCTultra PTM discovery system, Bruker Daltonics
GmbH, Bremen, Germany).! A microfluidic chip-based ionization
source (Cube source, Agilent Technologies, Cheshire, UK) delivering a
flow rate of ~300nLmin~' was employed for electrospray ionization.
Peptide dications were isolated (isolation window of 4 Th) prior to ion—
ion reactions performed following standard MS/MS procedures. To sum-
marize, the ETD reaction time was 120 ms; a low mass cut-off was set at
210 m/z; and experiments were performed with and without supplemen-
tal activation of the charge-reduced species. Data analysis was carried
out using Bruker’s Data Analysis (version 3.4) software (Bruker Dalton-
ics GmbH, Bremen, Germany). High resolution ETD experiments on
B-peptide H-K-BA-BA-BA-BA-B’F-BA-BA-BA-BA-R-OH  were per-
formed on the LTQ Orbitrap Velos FTMS (Thermo Fisher Scientific)
using standard ETD experimental parameters.

f-Amino acid structures and [(-peptide fragmentation nomenclature:
Four major types of B-amino acids are shown in Scheme 1. Two criteria
must be taken into consideration for proper labeling. The first criterion
refers to the position of the f-carbon relative to the peptide termini: if
the carbon bound to the side chain is on the C-terminal side of the
amino acid, then it is labeled B?; it is labeled f* if the side chain is on the
N-terminal side. The second criterion is whether the additional methyl-
ene group incorporated into the backbone is the B-carbon from the side
chain or an additional CH, group that increases the mass of the amino
acid by 14.015 Da. In the latter case, the resulting nomenclature would
be a -homo (either type 2 or 3 depending on the side-chain position)
amino acid.

The basis for the nomenclature suggested here for the fragmentation of
B-peptides or peptides containing (3-amino acids was defined by Roep-
storff et al. for a-peptides.|’l The difference in the backbone motif of the
B-peptides in comparison to the a-peptides introduces additional possible
fragmentation channels and hence requires appropriate modification of
the product ion terminology to fit the specific case of peptides containing
B-amino acids (see Scheme S1, Supporting Information). For the B tem-
plate, the additional C;—C, backbone cleavage will produce ¢,*(c,4+CH,)
and z,_,*(2n_n-CH,) product ions, for which m is the total number of
residues in the peptide. The B° template cleaved at the same backbone
bonds gives rise to different fragments: a,*(a,—CH,) and x,,_,*(X(,_) +
CH,). The corresponding products for the -homo-amino acids are (c,+
CH,) and z,_, for f-homo-amino acids, and a, and (x,_,+CH,) for
B’-homo-amino acids. The nomenclature for B-peptide fragmentation in-
troduced here is a custom one, but may be considered as a suggestion for
future use as a conventional rule. However, additional notations will
need to be adopted to fully describe fragmentations of disubstituted as
well as cyclic beta amino acids.
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