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By successively replacing H* by Na* or K* in phosphopeptide anions and cations, we show that the
efficiency of fragmentation into ¢ and z* or ¢’ and z fragments from N-Ca backbone bond cleavage by
negative ion electron capture dissociation (nNiECD) and electron capture dissociation (ECD) substantially
decreases with increasing number of alkali ions attached. In proton-deficient phosphopeptide ions with
a net charge of 2—, we observed an exponential decrease in electron capture efficiency with increasing
number of Na* or K* ions attached, suggesting that electrons are preferentially captured at protonated
sites. In proton-abundant phosphopeptide ions with a net charge of 3+, the electron capture efficiency
was hot affected by replacing up to four H* ions with Na* or K* ions, but the yield of ¢, z* and ¢’, z
fragments from N-Ca backbone bond cleavage generally decreased next to Na* or K* binding sites. We

interpret the site-specific decrease in fragmentation efficiency as Na* or K* binding to backbone amide
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Accepted 7th July 2018 oxygen in competition with interactions of protonated sites that would otherwise lead to backbone

cleavage into ¢, z° or ¢, z fragments. Our findings seriously challenge the hypothesis that the positive

DOI: 10.1039/cB5c02470g charge responsible for ECD into ¢, z* or ¢’, z fragments can generally be a sodium or other metal ion

rsc.li/chemical-science instead of a proton.

Introduction

Radical ion chemistry plays an increasingly important role in
biomolecular mass spectrometry (MS).** A mechanistic under-
standing of the various types of unimolecular ion dissociation
reactions that are utilized in different MS dissociation tech-
niques is highly critical to evaluating the potential of a tech-
nique for any given purpose. For example, insight into the
mechanisms of collisionally activated dissociation (CAD) and
electron detachment dissociation (EDD) of ribonucleic acids
(RNA) provided a rationale for why CAD but not EDD can be
used for the site-specific, relative quantitation of RNA nucleo-
base methylations,® and why the extent of sequence information
from EDD of proteins depends on the number of acidic resi-
dues.” Moreover, for each mechanism, it is important to
consider the type of ion that undergoes dissociation, e.g., (M +
H)" versus (M + Na)" or (M — H)~ versus (M — 2H + Na)~ ions, as
their reactivity can be significantly different depending on
whether or not and how the charged sites are involved in the
dissociation reaction.
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For the characterization of peptides and proteins and their
posttranslational modifications, electron capture dissociation
(ECD)® or electron transfer dissociation (ETD)® of (M + nH)""
ions is now routinely used.'®"* Alternatively, (M — nH)"~ ions
can be studied by EDD,”"> negative electron transfer dissocia-
tion (nETD),"*** ultraviolet photodissociation (UVPD) at
193 nm,* or activated electron photodetachment dissociation
(EPD) at 260 nm,*® all of which produce complementary a’ and x
fragments from peptide Ca-C backbone bond cleavage
(Scheme 1).” The major fragmentation channel in ECD and
ETD of (M + nH)"" peptide and protein ions is N-Ca backbone
bond cleavage into complementary ¢ and z* or ¢* and z frag-
ments (Scheme 1) that can provide extensive sequence infor-
mation."* As the names suggest, electron capture and transfer
dissociation involve capture (ECD) or transfer (ETD) of an
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Scheme 1 Complementary c and z° fragments from N-Ca backbone
bond cleavage between residues nand n + 1in ECD, niECD, or ETD; z*
fragment structures were confirmed by infrared ion spectroscopy,? ¢
fragments with imidic acid structure can tautomerize to the amide
form,?® and H* transferring from a c to its complementary z* fragment
can produce a pair of complementary ¢* and z fragments.2425
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electron by or to a (M + nH)"" ion, respectively, and subsequent
unimolecular dissociation of the radical (M + nH)" V" ions
formed. In 2011, Hakansson and co-workers have discovered
that (M — nH)"™ peptide anions can also capture electrons to
form (M — nH)"™Y~" ions that dissociate into ¢ and z° frag-
ments, and termed this previously unknown phenomenon
negative ion electron capture dissociation, niECD.*® They have
proposed a zwitterionic peptide anion structure as a require-
ment for niECD, ie., that a protonated, basic site or a fixed
positive charge in the form of a quaternary amine must be
present in the (M — nH)"™ peptide anions.>*

Two general mechanisms for N-Ca backbone bond cleavage
into ¢ and z" fragments by ECD have been discussed in the
literature, the ‘Cornell mechanism’ and the ‘Utah-Washington
model’.' The major difference between them is that the Cornell
mechanism assumes ionic hydrogen bonding between a back-
bone amide oxygen and a protonated site such as a lysine
sidechain, and electron attachment to this positively charged
entity,”® whereas the Utah-Washington model proposes elec-
tron attachment to a neutral backbone amide in the presence of
a remote positive charge.* With the Cornell mechanism, the
minor ECD pathway leading to dissociation into a¢" and y frag-
ments can be rationalized by ionic hydrogen bonding between
the protonated site and a backbone amide nitrogen.”® Both
mechanisms agree in that they assume initial capture of the
electron in a Rydberg state,***® but the former model is based on
direct charge recombination whereas the Ilatter involves
formation of an enol-imidate anion radical in the presence of
a positive charge that can be up to 10 A away from the electron
capture site, and can be Na' or another metal ion instead of
a proton.”®

Mechanistic aspects of both ECD and ETD are still under
investigation,' and most studies to date have used peptide ions
that carry a net positive charge. However, experiments with
peptide cations, especially when the net charge is high, can be
difficult to interpret because salt bridge structures and internal
charge solvation can introduce ambiguity in the assignment of
possible protonation sites. Our strategy here was to study both
peptide anions and cations by niECD and ECD, respectively,
and to successively replace protons by alkali metal ions to test
the hypothesis that a charge other than H' can effect N-Co.
backbone bond cleavage into ¢ and z* fragments.

The question that we address specifically is whether or not
the charge carrier that is involved in N-Ca backbone cleavage
into ¢ and z* fragments in ECD or ETD can be a Na® or K' ion
instead of a H' ion. To this end, we have studied both the
electron capture efficiency and the efficiency of fragmentation
into ¢, z* or ¢’ z fragments by N-Ca backbone bond cleavage of
peptide cations (2+, 3+) and anions (2—) with up to four Na* or
K" ions attached. As the model peptide, we used bovine B-casein
peptide F48-K63 (FQpSEEQQQTEDELQDK, 16 residues,
referred to hereafter by their indices 1-16) that was previously
shown to undergo dissociation into c, z* or ¢’, z fragments by
ECD,**" ETD,* and niECD.” This peptide is phosphorylated
(pS3) and has two basic (N terminus and K16) and eight acidic
(pS3, E4, E5, E10, D11, E12, D15, and the C terminus) sites. As
cations for successive replacement of H', we chose Na* and K*
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because they can form salt bridges with phosphates and
carboxylates, and have high preference for the formation of
ionic hydrogen bonds with backbone amide oxygen*® rather
than nitrogen (by replacement of the amide proton) as can be
observed with divalent and trivalent metal ions.***® Moreover,
previous studies indicated that Na' and K' attachment may
interfere with peptide ion dissociation into ¢, z* or ¢, z frag-
ments by both ECD and ETD.?"3*

Na"and K' bind to carboxylates and backbone amide oxygen
of peptides and proteins both in solution and in the gas
phase,**>%***! and thus can interfere with the formation of salt
bridges between protonated basic and deprotonated acidic
residues, and ionic hydrogen bonds between protonated sites
and backbone amide oxygen, in gaseous peptide and protein
ions.*>**® Deprotonation of acidic sites by Na' and K is,
however, thermodynamically unfavorable as proton affinities
(PA) of anions are generally far higher than their sodium
affinities, which in turn generally exceed their potassium
affinities. For example, the calculated affinities of methanide
(CH;7) for H', Na*, and K" are 1732, 633, and 541 k] mol ",
respectively.* Likewise, acetate (CH;COO™) as a model for E4,
E5, E10, D11, E12, D15, and the C terminus has a proton affinity
of 1453 k] mol %, and its calculated affinities for Na* and K" are
608 and 534 k] mol ", respectively.*® The PA of dihydrogen
phosphate (H,PO, ) as a model for the phosphate group of pS3
is lower than that of acetate by 70 k] mol %, 1383 kJ mol ", and
its calculated Na* and K" affinities, 551 and 454 kJ mol™ ", are
lower by 82 and 87 kJ mol ', respectively.™

By successively replacing H" by Na* or K' ions in the phos-
phopeptide ions, we can not only test the hypothesis that
a protonated site in (M — nH)"~ or (M + nH)"" ions is required
for niECD or ECD into ¢, 2" or ¢’, z fragments, respectively, but
can also study how breaking up salt bridges between protonated
basic and deprotonated acidic residues and ionic hydrogen
bonds between protonated sites and backbone amide oxygen
affects niECD and ECD. Moreover, the relatively small number
of residues of the phosphopeptide studied limits the number of
possible intramolecular interactions that could potentially
prevent the separation of fragments from niECD or ECD.***33>-5¢

Experimental

Bovine B-casein peptide F48-K63 was purchased from Anas-
pec (San Jose, USA) and electrosprayed (1.5 uL min ') from 1
uM solutions in 1:1 H,O (18 MQ cm, Millipore, Vienna,
Austria) and CH;OH (HPLC-grade, Acros, Vienna, Austria) at
pH ~ 9.0 (adjusted by addition of 5 mM Z-2,6-dimethylpi-
peridine, 98%, Sigma-Aldrich, Vienna, Austria) for ESI in
negative ion mode®” or pH ~ 4.0 (adjusted by addition of
10 mM CH;COOH, LC/MS grade, Fisher Scientific, Vienna,
Austria) for ESI (electrospray ionization) in positive ion mode.
NaCl and KCl (Sigma-Aldrich, Vienna, Austria) concentrations
(150-600 uM) were adjusted for maximum abundance of the
ions of interest in each experiment, e.g. 150 uM for peptide
ions with one Na' or K" ion attached and 600 uM for peptide
ions with four Na* or three K" ions attached.
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Experiments were performed on a 7 T Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer (Bruker,
Vienna, Austria) equipped with an ESI source, and a hollow
dispenser cathode for ECD or niECD, and a CO, laser (10.6 um,
35 W at 100% power) for infrared multiple photon dissociation
(IRMPD). Phosphopeptide ions from ESI were accumulated in
a first hexapole for 0.35-3.0 s, isolated by m/z in a quadrupole,
accumulated in a second hexapole for 0.35-6.5 s (see ref. 58 for
a scheme of the experimental setup), and transferred into the
ICR cell for dissociation by ECD (electron energy 0.8-1.0 eV,
irradiation time 70-150 ms), niECD (electron energy 6.2 eV,
irradiation time 20 s), or IRMPD (laser power 25%, irradiation
time 180 ms), and ion detection. Within each series of experi-
ments in which the number of Na* or K' ions was increased
from 0 to up to 4 (niECD of 2— ions at 10 V and 80 V skimmer
potential, ECD of 2+ ions at 80 V skimmer potential, ECD of 3+
ions at 10 V skimmer potential), all experimental parameters
were kept the same except for the ion accumulation time, which
was adjusted such that the number of peptide ions varied by
less than ~25%. However, between the series of experiments
(2—, 2+, 3+ ions), different ECD/niECD parameters (electron
energy, irradiation time, and cathode current) were used and
thus electron capture efficiency values are not comparable. For
each series of experiments (2—, 2+, 3+ ions), ECD/niECD
parameters were adjusted for maximum electron capture of
the (M — 2H)*>", (M + 2H)**, or (M + 3H)*" ions while minimizing
the capture of a second electron. The largest source of error in
the determination of electron capture efficiency values was the
varying number of ions trapped in the ICR cell, and thus error
bars are given as the standard deviations of the relative number
of peptide ions within each series of experiments. Between 30
(niECD) and 100 (ECD and IRMPD) scans were summed for
each spectrum, and data reduction utilized the SNAP2 algo-
rithm (Bruker, Austria).

Yields of fragments from N-Co backbone bond cleavage
were calculated as percentage values relative to all ECD or
niECD products (excluding @ and y fragments), considering
that N-Ca backbone bond cleavage of a parent ion (with charge
+n) produces a pair of complementary ¢, 2° or ¢’, z fragments
(100% = 0.5 [c and ¢" with charge #(£n — 1)] + [c and ¢" with
charge (£n — 1)] + 0.5 [z and z with charge #(+n — 1)] + [z and
z with charge (xn — 1)] + [other products], in which other
products are reduced molecular ions and products from loss of
small neutral species from the latter).** Errors for yields of ¢, 2’
or ¢’, z fragments, reduced molecular ions, and products from
loss of small neutral species from reduced molecular ions were
calculated from standard deviations of residuals from non-
linear least square fitting (to quadratic polynomial functions,
flx) = A+ Bx*) as described in ref. 55. Because this method relies
on the number of data points being significantly larger than the
number of coefficients in the fit function, only data for Na* with
x = 0-4 were used. This conservative analysis provided upper
error limits of £5.6% and +1.5% for yields in niECD of 2— ions
and ECD of 3+ ions, respectively. Based on similar yields of ¢, z°
or ¢, z fragments, the error for yields in ECD of 2+ ions was
assumed to be similar to that in niECD of 2— ions. Electron
capture efficiency values were calculated as percentage values of
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all ECD or niECD products (excluding a" and y fragments)
relative to all ions (including molecular ions that did not
capture an electron), and the fragmentation efficiency into ¢, z°
or ¢’, z fragments was calculated as percentage values of ¢, z° or
¢’, z fragments relative to all ions,* again considering that N-Ca
backbone bond cleavage of a parent ion produces a pair of
complementary c, z° or ¢’, z fragments.

Results and discussion
niECD of phosphopeptide ions with a net charge of 2—

Fig. 1A shows a spectrum from niECD of (M — 2H)*~ ions of the
B-casein phosphopeptide studied, similar to that reported by
Hakansson and co-workers,?® with >98% c, z* and <2% c’, z
fragments (Scheme 1) from N-Ca backbone bond cleavage at
sites 1-3 and 7-15 along with a pair of a,> " and vy, fragments
from cleavage at site 12; fragments from cleavage at sites 4-6
were not observed. The fragmentation efficiency was compa-
rable for sites 1 and 7-15, and decreased nearly linearly from
sites 1 through 3 (Fig. 1C). This fragmentation pattern can be
rationalized by assuming that both the N terminus and K16 are
protonated.®® Protonation of the basic N-terminal amino group
(Table 1) is evident from the presence of abundant (M — 2H —
NH,)*"* ions formed by niECD (Fig. 1A),%° and protonation of
K16 is indicated by both high pK, and proton affinity values
(Tables 1 and 2). Accordingly, four out of the eight acidic sites
(pS3, E4, E5, E10, D11, E12, D15, and the C terminus) of the (M
— 2H)*>" ions should be deprotonated (Fig. 1E). A zwitterion
structure with two protonated and four deprotonated sites,
featuring salt bridges and ionic hydrogen bonds***® between the
protonated N terminus and the first three residues, and
between protonated K16 and residues 7-15, makes positive
charge available for niECD at sites that are up to nine residues
apart in sequence from the protonated sites. The wider reach of
K16 compared to that of the N terminus is consistent with its
long and flexible sidechain, although it is unlikely that a single
peptide ion structure can account for the observed fragmenta-
tion pattern as the simultaneous binding of nine residues to
K16 is geometrically infeasible. Instead, the niECD data indi-
cate multiple phosphopeptide ion structures that could either
be separated by high barriers® - or rapidly interconvert at room
temperature® depending on the stability of each structure and
thus the strength and number of intermolecular hydrogen bond
and salt bridge interactions.***>"%® However, the lack of ¢, z" or
¢’, z fragments from cleavage at sites 4-6 suggests that the (M —
2H)>~ zwitterion structures are similar in that the protonated N
terminus interacts only with the first three residues, and
protonated K16 interacts only with residues 7-15, thereby
forming two clusters of salt bridge and ionic hydrogen bond
networks around the positively charged sites (Scheme 2) that are
separated by at least residues 4-6. Similar structures have
previously been proposed for doubly charged peptide cations.*

The spectrum from niECD of (M — 3H + Na)*~ ions in Fig. 1B
showed far fewer ¢, z° and ¢’, z fragments, and none from sites
3-7 and 10 (Fig. 1D). Whereas the fragmentation efficiency in
niECD of (M — 2H)* ions (Fig. 1C) was very similar for cleavage
sites 1 and 7-15, that in niECD of (M — 3H + Na)*~ ions was

n
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Fig.1 Spectra from niECD of (A) (M — 2H)?>~ and (B) (M — 3H + Na)?~ ions using a skimmer potential of 10 V (asterisks indicate harmonic signals)”
and (C, D) corresponding site-specific fragmentation efficiency (N-Ca backbone bond cleavage, >98% ¢, z* and <2% c’, z fragments); (E) primary
structure of the phosphopeptide with proposed protonation sites (N terminus and K16) and possible locations of the four negative charges (pS3,
E4, E5, E10, D11, E12, D15, and the C terminus) indicated below; highlighted in gray are sites from which no fragments were observed in niECD of
(M — 2H)?>~ ions, and in purple sites at which fragment ion formation was substantially reduced or prevented in niECD of (M — 3H + Na)>~ ions.

Table 1 pKj, values of protonated or neutral groups in proteins™ and
alanine pentapeptides”

Group PK, in protein/pentapeptide

Protonated N terminus
Protonated K sidechain
D sidechain
E sidechain
C terminus

7.7 £ 0.5/8.00 £ 0.03
10.5 £+ 1.1/10.40 £ 0.08
3.5+ 1.2/3.67 £ 0.04
4.2 £ 0.9/4.25 £ 0.05
3.3 +0.8/3.67 £ 0.03

highest at site 11 (Fig. 1D). This suggests preferential intra-
molecular bonding of K16 to the residues adjacent to this
cleavage site, D11 and/or E12, in the (M — 3H + Na)*>~ ions,
presumably by both salt bridge and ionic hydrogen bond
formation (Scheme 2). The location of Na* at E10 and/or D11, at
least in the majority of the (M — 3H + Na)*>~ ions, is indicated by
the observation of ¢z~ and c,>~ fragments without sodium, and

1>~ through ¢;5*>~ with sodium attached. Apparently, sodium
binding to E10 and/or D11 interferes with the formation of
intramolecular interactions of K16 and residues 7-10, thereby

This journal is © The Royal Society of Chemistry 2018

preventing - or at least substantially reducing - niECD back-
bone cleavage at sites 7-10 (Fig. 1D).

Is it possible that ¢, z" and ¢’, z fragments were formed by
niECD, but not separated because they were held together by
noncovalent bonds?** To test this hypothesis, we used colli-
sional activation in the source region of the mass spectrometer
to disrupt noncovalent bonds within the peptide anions prior to
niECD. Previous studies have shown that vibrational activation
of gaseous peptide and protein ions by collisions or absorption
of infrared photons can result in partial or full unfolding,*¢>#
and that the stability of intramolecular interactions generally
follows the order salt bridges > ionic hydrogen bonds > neutral
hydrogen bonds > hydrophobic bonds.***>***>%* Instead of the
10 V skimmer potential in the experiments for Fig. 1, a skimmer
potential of 80 V was applied to maximize vibrational activation
and ion unfolding while preventing covalent bond dissociation
that was observed at skimmer potentials above 80 V. Fig. 2A
shows the yields of different products from electron capture,
ie, ¢, 20 and ¢, z fragments, reduced molecular ions, and
products from loss of small molecules from reduced molecular
ions, calculated as percent values relative to all ions that

Chem. Sci,, 2018, 9, 7338-7353 | 7341
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Table 2 Proton and Na* affinities of models for neutral and deprotonated sites of the phosphopeptide studied

Compound (model for)

PA [k] mol ] Na" affinity [kJ mol "]

N-Methylacetamide, N-acetylated methyl ester of G (backbone amide)
F (N terminus)

N-Acetylated methyl ester of T (T residue)

N-Acetylated methyl ester of Q (Q residue)

N-Methyl K (K residue)

Deprotonated phosphoserine acid amide (deprotonated pS residue)
Deprotonated glutamic acid amide (deprotonated E residue)
Deprotonated aspartic acid amide (deprotonated D residue)
Deprotonated K (C terminus)

underwent electron capture (see the Experimental section for
details). The electron capture efficiency values in Fig. 2B were
calculated as percent values of all products from electron
capture relative to all ions (including molecular ions that did
not undergo electron capture). For example, at 10 V skimmer
potential, the yields of ¢, z° and ¢’, z fragments, reduced
molecular ions, and products from loss of small molecules from
niECD of (M — 2H)>~ ions were 28%, 4%, and 68%, respectively,
and the electron capture efficiency was 4.7%. In other words,
only 4.7% of the (M — 2H)*™ ions did capture an electron, and
out of these 4.7%, only 28% underwent dissociation into c, 2’
and c¢’, z fragments.

The fragmentation patterns (Fig. S1t) and yields of ¢, z" and
¢, z fragments (Fig. 2A) from niECD of (M — 2H)*>~ ions at 10
and 80 V skimmer potential were virtually the same, and only
a few additional fragments of relatively low abundance were
found in the spectra from niECD of (M — 3H + Na)*>~ ions at 80 V
(Fig. S1T). However, the electron capture efficiency was some-
what higher at 80 V compared to that at 10 V for both (M —
2H)>” and (M — 3H + Na)*~ ions (Fig. 2B), and the fragmenta-
tion efficiency (Fig. S17), i.e., the number of ¢, z* and ¢’, z frag-
ments relative to all ions (including molecular ions that did not
undergo electron capture), was increased accordingly. We
attribute the higher electron capture efficiency at 80 V skimmer
potential compared to that at 10 V to an increased spatial

C terminus

Scheme 2 Possible salt bridge (SB) and ionic hydrogen bond (IHB)
network illustrated for K16, D11, and E12 that accounts for the
formation of ¢;; and complementary zs* fragments from cleavage of
the N-Ca backbone bond 11 in niECD of phosphopeptide anions.
Similar structures that involve other residues, e.g., the protonated N
terminus and the phosphate of pS3, could account for backbone
cleavage at other sites.

7342 | Chem. Sci,, 2018, 9, 7338-7353

889 (ref. 73), 905 =+ 3 (ref. 74)
923 (ref. 73)

165 (ref. 75)

198 =+ 8 (ref. 75), 206 + 7 (ref. 76),
198 + 12 (ref. 77)

197 + 8 (ref. 75), 203 + 10 (ref. 78) (T)
212 =+ 8 (ref. 75), 211 + 6 (ref. 79) (Q)
>213 (K)”°

551 (dihydrogen phosphate)”

611 (acetate)®

935 + 3 (ref. 74)

948 + 12 (ref. 74)

~1000 (ref. 80)

1341 (ref. 81)

1388 (ref. 81)

1393 (ref. 81)

1410 (ref. 81), 1414 + 10 (ref. 73)

separation of the N-terminal residues from the C-terminal
residues by breaking of the weaker hydrophobic and neutral
hydrogen bonds without significantly disrupting the salt bridge
and ionic hydrogen bond networks of K16 (Scheme 2) and the N-
terminus. This partial elongation of the peptide structures
should decrease the overall negative charge density and thus
increase the probability for electron capture.

The similarity of the spectra from niECD of (M — 2H)*~ ions
at 10 and 80 V skimmer potential (Fig. S11) and the similar
yields of ¢, z° and ¢’, z fragments (Fig. 2) indicate little non-
covalent bonding between complementary fragments that is
strong enough to prevent their separation. The strongest
interactions within the (M — 2H)*>" ions should be the salt
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Fig. 2 (A) Percentage stacked area plots illustrating the yield of ¢, z*
and c’, z fragments (filled circles), products from loss of small mole-
cules (>70% NHs; <30% CO, CONHsz, C,HgO, CoH40,) from reduced
molecular ions (open circles), and reduced molecular ions (triangles) of
which ~20% showed loss of H* but not Na®, from niECD of phos-
phopeptide anions with a net charge of 2— at 10 V (left) and 80 V (right)
skimmer potential, and (B) corresponding electron capture efficiency
versus the number of Na* ions attached:; solid lines in (A) are quadratic
polynomial functions used for error analysis and dashed lines in (B) are
exponential fit functions.
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bridges and ionic hydrogen bonds between the protonated sites
(N terminus and K16) and deprotonated and neutral residues
(Scheme 2), respectively, but the strength of these interactions
predominantly relies on attractive electrostatic energy® that is
lost upon positive charge neutralization by electron capture.
Thus the limiting factor in producing ¢, z°" and c¢’, z fragments by
niECD of (M — 2H)*~ ions of the small (16 amino acid residues)
phosphopeptide studied here must be the availability of
protons next to the cleavage sites rather than separation of ¢, z°
and ¢’, z fragments. By contrast, in larger peptide and protein
ions in which numerous interactions can stabilize a fold after
transfer into the gas phase, noncovalent bonding between ¢ and
z" or ¢’ and z fragments can prevent their separation.**>>5%8¢87
The ¢y;,°>” and z;~* fragments from cleavage at site 11 were
dominant in the spectra from niECD of (M — 3H + Na)*~ ions at
both 10 and 80 V, but did not stand out in the spectra from
niECD of (M — 4H + 2Na)*~ ions (Fig. S1f). This relative
decrease in fragments from cleavage at site 11 is consistent with
binding of the second Na" to D11 and/or E12 in the majority of
(M — 4H + 2Na)*~ ions (Fig. S17), on account of which the SB
and IHB network of K16, D11, and E12 that would otherwise
facilitate the formation of fragments from cleavage at site 11
(Scheme 2) cannot be formed. Further increasing the number of
Na' ions attached to the peptide ions without changing the net
charge of 2— further decreased the fragmentation efficiency
(Fig. 2B) until only z,,°"", 214> ", and z;5> " fragments were
observed in niECD of (M — 6H + 4Na)*~ ions (Fig. S11). In
agreement with the order of Na' affinities (Table 2), this
suggests that the H" on K16 was replaced by Na* before that on
the N terminus. Remarkably, the efficiency of electron capture
decreased exponentially with the number of Na" ions attached
to the phosphopeptide anions whereas the yield of ¢, z" and ¢’, z
fragments was largely unaffected (Fig. 2B). In other words,
replacing H' with Na' decreased the probability of electron
capture, but the fraction of ions that had captured an electron
underwent dissociation into ¢, z* and c¢’, z fragments to nearly
the same extent. The slight (~10%) decrease in ¢, z" and ¢’, z
fragment yield with increasing number of Na' ions attached
(Fig. 2A, 80 V) can be attributed to decreased signal-to-noise (S/
N) ratios of the fragments at lower electron capture efficiency
values. Moreover, dissociation into ¢, z* and ¢’ z fragments was
generally limited to regions without Na* attached, i.e., residues
1-2 and 12-16 in the (M — 3H + Na)*~ ions, and residues 1-2 in
the (M — 6H + 4Na)”~ ions (Fig. 1D and S1t). These observations
indicate strongly preferred electron capture at or near proton-
ated over sodiated sites, and suggest that dissociation into c, z°
and ¢, z fragments involves ionic hydrogen bond and salt
bridge networks such as that shown in Scheme 2. In support of
this hypothesis, Hakansson and co-workers found that neither
Na*, Cs, nor Ca®** attachment to DYMGWMDF-NH, peptide
anions enabled electron capture in niECD.** Instead, the
introduction of an N-terminal, trimethyl ammonium group,
(CH3)sN'-CH,CO-, effected electron capture and N-Ca. back-
bone bond cleavage in niECD of DYMGWMDF-NH, peptide
anions.”® This is consistent with the trimethyl ammonium
group forming both salt bridges with deprotonated sites and
relatively strong ionic hydrogen bonds with O acceptors such as

This journal is © The Royal Society of Chemistry 2018
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amide oxygen in the gaseous peptide anions.*® In peptide
cations, the introduction of a trimethyl ammonium group,
(CH3);N"-, can in like manner increase the extent of N-Ca
backbone bond cleavage,* whereas a decrease was observed
upon introduction of a 2,4,6-trimethylpyridinium group whose
positively charged nitrogen does not carry any methyl groups
that could act as hydrogen bond donors.*

ESI of phosphopeptide solutions at pH ~ 9.0 with KCl
instead of NaCl produced yields of phosphopeptide anions with
K" attached that were lower by a factor of ~4 compared to those
with Na* attached, consistent with the higher affinity of aspar-
tate and glutamate in peptides and proteins for Na* compared
to K'.°* Increasing the KCI concentration above 600 uM did not
increase the yield of phosphopeptide anions with K" attached
but instead resulted in spectra dominated by cluster ions
composed of KCl. The spectra from niECD of phosphopeptide
ions with a net charge of 2— and 1-3 K" attached showed
correspondingly smaller S/N ratios that can account for the
slightly decreasing yields of ¢, z° and ¢’, z fragments with
increasing number of K* ions attached (Fig. S31). Nevertheless,
¢, 2z’ and ¢’, z fragments from backbone cleavage were generally
from the same sites as for Na* (Fig. 1A-D, S1 and S27), and the
electron capture efficiency also decreased exponentially with
increasing number of K* ions attached to the phosphopeptide
anions (Fig. S37).

ECD of phosphopeptide ions with a net charge of 2+

Evidence for salt bridge and ionic hydrogen bond networks that
involve protonated residues has also been reported for protein
and peptide (M + nH)"" ions, 24446485392 and we were interested
if we could find similar effects of Na” and K" attachment in ECD
of phosphopeptide cations. ECD of (M + 2H)*" ions from ESI of
solutions at pH ~ 4.0 using a 10 V skimmer potential produced
¢, ' and ¢, z fragments from backbone cleavage at sites 1-4
(215", 20", zis™, 7™, 1112 (251, 24*7), and 14-15 (¢4,
c15'"); a similar spectrum was reported by Creese and Cooper.?®
This fragmentation pattern (Fig. S4At) and the presence of
abundant (M + 2H — NH;)*" ions® are consistent with
protonation of both the N-terminal amino group and K16 in the
(M + 2H)*" ions, and salt bridge and ionic hydrogen bond
networks (Scheme 2) between the protonated N terminus and
protonated K16 with residues next to cleavage sites 1-4 (Q2, pS3,
E4, and E5), 11-12 (D11, E12, and L13), and 14-15 (Q14 and
D15). However, the relatively low abundance of z;'** and z,'*"
ions (Fig. S4AT) suggests that interactions with D11, E12, and
L13 were present in only a relatively small population of the (M
+ 2H)** ions. ECD of the (M + 2H)*" ions at 80 V skimmer
potential also produced ¢ and z' fragments from backbone
cleavage at sites 1-2 (245", 214" ") and 14-15 (cy4'", ¢15'") but
none from sites 3-4 and 11-12 (Fig. S4B-Et), which suggests
that the interactions with residues 4-5 and 11-13 were dis-
rupted by collisional activation in the skimmer region. This
indicates an overall extension of the (M + 2H)*" ion structures
upon collisional activation while retaining only the interactions
between protonated and directly adjacent (Q2, pS3, Q14, D15)
residues.
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Interestingly, Creese and Cooper found that ECD of the (M +
2H)** phosphopeptide ions produced c, z* and ¢’, z fragments
(Scheme 1) from backbone cleavage at all except sites 1-2 when
an elevated electron energy, ~10 eV above the <1 eV for regular
ECD, was used. They postulated that the deposition of addi-
tional energy on electron capture results in cleavage of non-
covalent interactions associated with hydrogen
rearrangements.” Although the processes involved in this ‘hot-
electron’ capture dissociation (HECD)**** at electron energies
that are comparable to the ionization energies of (M + 2H)*"
peptide ions® require further study, we also found evidence for
H' transfer at elevated energy. Infrared multiphoton dissocia-
tion (IRMPD, 25% laser power, 180 ms irradiation time) of (M +
2H)" ions from ECD of phosphopeptide (M + 2H)*" ions
produced spectra similar to those from HECD (Fig. S5t), with
fragments from backbone cleavage at sites 3-14. The latter were
predominantly ¢’, z instead of ¢, z° fragments, suggesting that
their formation involved H" transfer prior to backbone
cleavage.*

The niECD and ECD data indicate that the N terminus and
K16 are protonated in both the (M + 2H)*" and (M — 2H)*~ ions.
Moreover, from the fragmentation patterns in ECD of (M +
2H)*" and niECD of (M — 2H)*~ phosphopeptide ions and the
effect of collisional activation (Fig. S2A, F and S4t), it is evident
that the interactions between the protonated (N terminus and
K16) and other sites that are more than two residues apart in
sequence are either not formed in the (M + 2H)*" ions, or far less
stable than in the (M — 2H)*~ ions. Both the (M + 2H)*" and (M
— 2H)*" ions were electrosprayed from denaturing solutions
with a high methanol content, but according to pK, values
(Table 1), deprotonation of D and E sidechains is much more
likely at the higher pH of ~9.0 used for ESI of (M — nH)"™ ions
than at the pH of ~4.0 used for ESI of (M + nH)"" ions. Changes
in pH of the evaporating droplets from ESI, operated in either
positive or negative ion mode, are relatively small, on the order
of half a pH unit.®**” Thus in a pH ~ 9.0 solution, and also in
the evaporating droplets from ESI of that solution, the phos-
phopeptide can form a variety of salt bridges between the
protonated sites and even remote (in sequence) deprotonated D
and E sidechains (or the C terminus) that should be preserved
in the (M — 2H)*>  ions because of the high stability of salt
bridge interactions in the gas phase.**** Moreover, these salt
bridges can constitute the basis of networks of electrostatic
interactions that include ionic hydrogen bonds between
protonated sites and backbone amide oxygen such as that in
Scheme 2. Fewer salt bridges can form in a pH ~ 4.0 solution
because fewer carboxylic acid sites are deprotonated, and any
ionic hydrogen bonds that may be formed in the gaseous (M +
2H)** ions between protonated sites and neutral residues are -
in the absence of further stabilization by a salt bridge - not only
weaker®® but should also span fewer residues because they
generally form in the gas phase instead of in solution.*>**%
However, the pK, of phosphoserine is 2.19,°® and that calculated
for phosphoserine amide is 2.65,*" so the pS3 sidechain should
be deprotonated and available for salt bridge formation with the
protonated N terminus at either pH. This is consistent with
a smaller (by ~3%) collision cross-section of the (M + 2H)**
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phosphopeptide ions compared to that of the (M + 2H)*" ions of
the unphosphorylated peptide,” and the observation of frag-
ments from cleavage at sites 1-4 in ECD of (M + 2H)>" phos-
phopeptide ions at 10 V skimmer potential (Fig. S4A1) and sites
1-3 in niECD of (M — 2H)>" ions at both 10 and 80 V (Fig. 1C).
For the (M + 2H)*" ions, deprotonation of the pS3 sidechain
would require that in addition to the N terminus and K16,
another site close to either termini must be protonated, for
example, Q2 or Q14. Moreover, unlike the carboxylate side-
chains, a singly deprotonated pS3 sidechain still has a proton
that could become available for N-Ca backbone bond cleavage
in resonance-stabilized networks of electrostatic interactions
such as that in Scheme 3.

At 80 V skimmer potential, ECD of phosphopeptide ions with
a net charge of 2+ and 1-3 Na" attached produced spectra very
similar to those of the (M + 2H)*" ions (Fig. S41). The fragments
from ECD of (M + H + Na)**, (M + 2Na)** and (M — H + 3Na)**
ions were ¢,,'", c15'", z1a'", and z;5*" with one, two, and three
Na" ions attached, respectively, consistent with Na" attachment
to the deprotonated sidechains of pS3, E4, E5, E10, D11, and/or
E12 but not D15 and the C terminus (Fig. S41).

ECD of phosphopeptide ions with a net charge of 3+

To further investigate the effect of Na* and K' binding, we
studied phosphopeptide ions with a net charge of 3+. In these
experiments, a skimmer potential of 10 V was used as potentials
above 50 V dissociated the 3+ phosphopeptide ions into » and y
fragments typical for CAD, and no effect on the ECD fragmen-
tation pattern was found by changing the potential from 10 to
50 V (Fig. S6, S7A and Bt). ECD of the (M + 3H)*" ions produced
¢, 2" and ¢’, z fragments from backbone cleavage at all sites
(Fig. 3A, S7A and Bf), which indicates that each backbone
amide oxygen interacted with a protonated residue in at least
one of the possible (M + 3H)>* ion structures. The site-specific
fragmentation efficiency varied between 0.44% for site 2 and
2.13% for site 11, with an average of 1.02% and a standard
deviation of 0.46% (Fig. S8AT). Preferred cleavage at site 11
(Fig. S7A and Bt) was also observed in niECD of (M — 3H + Na)>~

N terminus

r1]

Scheme 3 Possible salt bridge (SB) and ionic hydrogen bond (IHB)
network involving pS3 and the N terminus that accounts for the
formation of z;3" fragments from cleavage of the N-Ca bond 3 in
niECD of phosphopeptide (M — 2H)?~ ions.

n
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(A) Site-specific fragmentation efficiency (c, z" and c’, z fragments) from ECD of phosphopeptide ions with a net charge of 3+ and 0-4

Na™ ions attached, with the color scale ranging from red (zero fragmentation) to yellow to green to blue (maximum fragmentation; detailed
fragmentation efficiency values can be found in Fig. S7A and B+); (B) percentage stacked area plots illustrating the yield of ¢, z* and ¢’, z fragments,
products from loss of small molecules (s.m.) from reduced molecular ions, and reduced molecular ions (including loss of H*; loss of Na® was not
observed) from ECD of phosphopeptide ions with a net charge of 3+ at 10 V skimmer potential, and (C) corresponding electron capture effi-
ciency versus the number of Na* ions attached:; solid lines in (B) are quadratic polynomial functions used for error analysis and that in (C) is meant

to guide the eye.

ions (Fig. 1), suggesting similar electrostatic interactions
between K16 and D11 and/or E12 in the (M — 3H + Na)*~ and (M
+ 3H)*" ions. Out of all products from ECD of the (M + 3H)*"
ions, 61.0% were c, z° or ¢’, z fragments, 5.9% reduced molec-
ular ions (of which 87% showed H' loss, totaling to 5.1% of all
ECD products), and 33.1% products from loss of small mole-
cules from reduced molecular ions (Fig. 3B). Thus ECD of (M +
3H)*" ions at both 10 and 50 V skimmer potential produced only
0.8% (M + 3H)**" ions that could be interpreted as unseparated ¢
and z° or ¢” and z fragments® as discussed in more detail below.
Products from loss of small molecules from reduced molecular
ions were predominantly (M + 3H — NH;CO)*" and (M + 3H —
NH;)*" ions (Fig. S7A and Bf), indicating protonation of
glutamine Q2, Q6, Q7, Q8, or Q14 and the N terminus,*
respectively. Further, the relatively high basicity of lysine
(Tables 1 and 2) suggests that K16 is also protonated in the (M +
3H)’" ions. Assuming that Coulombic repulsion between
neighboring residues plays a role in the distribution of charges
in the (M + 3H)** ions, the most likely protonation site in
addition to the N terminus and K16 would be Q6, Q7, or Q8; if
pS3 were deprotonated, an additional proton could be located at
Q2 or Q14.

ECD of 3+ ions with 1-4 Na' ions attached revealed binding
of the first Na* to pS3 (along with binding to E4 in <10% of the
ion population), and binding of the second Na" to E5 along with
binding to Q6, Q7, Q8, and T9 (Fig. S8t). The third and fourth
Na* ions were bound to E10, D11, E12, L13 and Q14, but not
D15, K16, and the C terminus (Fig. S87); similar data were ob-
tained for K' (Fig. S9t). Strikingly, dissociation into ¢, z* or ¢’, z
fragments generally decreased next to Na' or K' binding sites
and was absent or only marginal at sites 3-9 in the (M — H +
4Na)*" ions (Fig. 3A, S8 and S971). The only site that showed
a substantial increase in fragmentation efficiency by increasing
the number of Na* or K" ions from zero to one and above was
site 15 (Fig. 3A, S8 and S9+t). This can be rationalized by Na* or
K" binding to pS3 in the 3+ ions with 1-4 Na" ions attached that
competes with the formation of networks of electrostatic
interactions that involve pS3 and the protonated residues. Such
networks could be built around a direct salt bridge, e.g,

This journal is © The Royal Society of Chemistry 2018

between pS3 and K16, or around an extended network of salt
bridges**~*® with a —/+/—/+ motif, e.g., pS3/Q7/D11/K16. In either
case, Na' or K’ binding to pS3 would result in fewer interactions
of K16 with residues further away in sequence, and corre-
spondingly fewer backbone cleavages by ECD. Instead, K16
could form an ionic hydrogen bond with the amide oxygen at
site 15 that gives rise to increased backbone cleavage at site 15,
as observed by experiment (Fig. 3A, S8 and S9t). Thus a single
Na' or K" ion attached to pS3 in the 3+ phosphopeptide ions is
sufficient to substantially alter the ECD fragmentation pattern.
Further Na* or K" attachment resulted in an increased c, z" or ¢’,
z fragmentation efficiency at sites 2, 10, 14, and 15 (Fig. S10%),
but overall, the fragmentation efficiency decreased, by a factor
of ~2.4 upon increasing the number of Na" ions attached from
0 to 4 (Fig. 3).

The decrease in ¢, z° or ¢’, z fragments with increasing
number of Na’ ions attached coincided with a substantial
increase in the fraction of reduced molecular ions (Fig. 3B);
increasing the number from 0 to 4 Na' ions increased their
fraction from 5.9 to 46.9%. Similar data were obtained in ECD of
3+ ions with 1-3 K' ions attached (Fig. S9HT). Moreover, the
fraction of reduced molecular ions from ECD of (M — H + 4Na)**
ions that showed H' loss was only 7.7% (87% in ECD of (M +
3H)*" ions, see above), totaling to 3.6% of all ECD products.
Thus 43.3% of all products from ECD of (M — H + 4Na)** ions
were (M — H + 4Na)*"" ions that could be interpreted as
unseparated fragments, i.e., complementary pairs of ¢ and z* or
¢ and z fragments that are still held together by noncovalent
bonds.*** To test this hypothesis, we isolated the (M — H +
4Na)*** ions (along with the 7.7% (M — 2H + 4Na)*" ions from H"
loss) and subjected them to IRMPD, which is a slow heating
method'** that effects dissociation via the channels of lowest
energy. Thus IRMPD generally cleaves noncovalent before
covalent bonds,' unless the energy required for noncovalent
bond cleavage exceeds that for covalent bond cleavage.>*'*
Using energies (25% laser power, 180 ms irradiation time) that
were sufficient for covalent bond cleavage in 59% of the (M —
2H + 4Na)>" ions from ESI and 27% dissociation of the (M +
2H)"" ions from ECD of (M + 2H)>" ions resulted in only ~15%
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dissociation of the (M — H + 4Na)*""/(M — 2H + 4Na)*" ions. Out
of the ~15% dissociation products, 11.1% were losses of NH3,
H,0, and H3PO, from covalent bond cleavage in (M — H +
4Na)*"/(M — 2H + 4Na)*" ions, and only 3.9% were ¢, z’ or ¢’, 2
fragments (b and y fragments from dissociation of the 7.7%
nonradical (M — 2H + 4Na)*" ions were not observed). By
contrast, out of the 27% products from IRMPD of the (M + 2H)"*
ions, 19.3% were ¢, z* or ¢, z (losses of CO,, NH; and H3;PO,
accounted for the other products). Thus by using the exact same
laser power (25%) and irradiation time (180 ms), IRMPD of the
(M +2H)"" ions produced ~5 times more ¢, z° or ¢’ z fragments
(19.3%) than IRMPD of the more highly charged (M — H +
4Na)**" ions (3.9%). The marginal yield of 3.9% at energies that
were sufficiently high for covalent bond cleavage (losses of NH3,
H,0, and H;PO,) contrasts strongly with an earlier ECD study of
ubiquitin in which separation of ¢, z* or ¢’, z fragments required
only ~10% of the energy for covalent bond cleavage,*> and with
IRMPD experiments in which noncovalently bound ¢, z" and ¢, z
fragments of the far larger protein trypsin inhibitor (180 resi-
dues) were separated by using the same instrument and laser
energy as in the present study (25% power, 180 ms irradiation
time).** We conclude that the (M — H + 4Na)*** ions from ECD
of (M — H + 4Na)*" ions are highly stable radical species of as yet
unknown structure rather than complementary pairs of c, z° or
¢’, z fragments that are still held together by noncovalent bonds.

What limits dissociation next to Na" and K* binding sites?

So what is the reason that dissociation into ¢, z° or ¢, z frag-
ments generally decreases next to the sites of Na* or K binding?
To address this question, two different types of Na' or K"
binding must be considered, as discussed in the following for
Na'. In the first case (Scheme 4A), Na' is attached to one or more
uncharged sidechains in the binding region (residues 3-14) of
high Na" affinity, e.g., glutamines Q6, Q7, and Q8 (Table 2), and
could at the same time interact with backbone amide
oxygens.>>1195-17 Although the interactions of Na* in Scheme
4A are with the same sites as those expected for protonated
residues, replacing the H' that is bound to Q6, Q7, and/or Q8 in
the (M + 3H)*" ions (see above) by Na* substantially decreased
the number of ¢, z* or ¢’, z fragments from backbone cleavage
next to these sites (Fig. 3A and S8+).

In the second case, Na' is attached to a deprotonated side-
chain in the binding region (pS3, E4, E5, E10, D11, or E12) in
a salt bridge motif with a net charge of zero (Scheme 4B). If this

A) o
HoN__O
Q7 O
HoN™ ~0
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were the only binding motif in the 3+ ions with 1-4 Na' ions
attached, three residues were still protonated, and these should
still be the most basic sites (Tables 1 and 2): the N terminus, Q6,
Q7, or Q8, and K16 (with additional protonation of Q2 or Q14 if
pS3 is deprotonated). In other words, the second scenario would
neither affect the number of protonated sites nor the sites of
protonation within the phosphopeptide ions.

The Na' locations indicated by the ECD data (Fig. S4 and S87)
and the higher Na" affinity of deprotonated versus uncharged
residues (Table 2) suggest that the second scenario (Scheme 4B)
dominates in the 2+ and 3+ ions. Accordingly, the protonated
sites are the N terminus and K16 in the 2+ ions, and the N
terminus, Q6, Q7 or Q8, and K16 (with additional protonation of
Q2 or Q14 if pS3 is deprotonated), with or without up to four Na*
or K ions attached. Assuming that electrons are captured
preferentially at or near protonated sites as indicated by the
niECD data (Fig. 2B), this scenario provides a rationale for the
unchanging electron capture efficiency with increasing number
of Na* or K" ions attached (Fig. S41 and 3C), in agreement with
observations by Beauchamp, Loo, and coworkers.** The
decreased efficiency of fragmentation into c, z* or ¢’, z fragments
next to Na' or K binding sites can then be attributed to each
alkali metal ion binding to both a deprotonated sidechain and
an adjacent backbone amide oxygen,* thus preventing a direct
interaction of the protonated sites with the backbone amide
oxygen (Scheme 4C).

Structures such as that shown in Scheme 4C are highly
plausible because Na* binds to both deprotonated sidechains
and backbone amide oxygen already in solution'®® whereas
protonated sites form interactions with backbone amide oxygen
after transfer into the gas phase by ESL.**** Owing to the positive
charge of Na’, both electron capture into the * orbital of the
backbone amides next to the Na* binding site and subsequent
proton transfer from an adjacent Ca or a protonated sidechain
as proposed within the framework of the Utah-Washington
mechanism™*® should be highly favored in all structures in
Scheme 4, yet dissociation into ¢, z" or ¢*, z fragments next to Na*
or K' binding sites was highly disfavored in all experiments in
this study (Fig. 1, 3A, S8 and S97).

Finally, we noted that with increasing number of Na* or K"
ions attached to the 2+ and 3+ phosphopeptide ions, the frac-
tion of c and z' fragments generally decreased in favor of ¢" and z
fragments (Fig. S11}). Transfer of H' between c and z° fragments
is common in both ECD and ETD of peptides without Na* or K*

BATA

C)

e

O~ "OH

Scheme 4 Na* binding to (A) uncharged Q6, Q7, and Q8, and (B) deprotonated pS3 and uncharged E4 and E5 in phosphopeptide ions with a net
charge of 2+ or 3+; similar structures are possible for carboxylates instead of the phosphate and for protonated instead of sodiated residues, (C)
Na* binding that prevents interactions of protonated sites with backbone amide oxygen illustrated for Q8, T9, and E10.
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attached,'**'** and has been attributed to noncovalent
bonding between ¢ and z* fragments that extends the timescale
for fragment separation beyond that for backbone cleavage.>****
In ECD of the (M + 3H)*" ions, we observed H' transfer between ¢
and 2" fragments from cleavage at sites 2, 14, and 15 (Fig. S117)
at both 10 and 50 V skimmer potential, indicating noncovalent
interactions of the protonated N terminus and protonated K16
with adjacent residues in at least a fraction of the (M + 3H)*"
ions. Likewise, noncovalent interactions of Na* or K* (Scheme 4)
could delay fragment separation and thus enable H' transfer
between ¢ and z* fragments, as previously suggested by Wada
and co-workers for ETD of peptides with K" and Ca** attached.®®
However, virtually all (~99%) ¢, 2" and ¢, z fragments were
separated in ECD of the (M + 3H)>" ions, consistent with positive
charge neutralization by electron capture at the protonated sites
and a substantial weakening of their electrostatic interactions,
whereas ECD of the 3+ ions with 1-4 Na" or 1-3 K" ions attached
showed a decrease in ¢, z° and ¢, z fragment yield and a corre-
sponding increase in the fraction of reduced molecular ions
(Fig. 3B and S9HY). Thus Na' or K" attachment either interferes
with N-Co backbone bond cleavage, or it increases the strength
of noncovalent interactions between c, z" and ¢, z fragments to
the extent that they are not separated in the ECD experiments.

Two experimental observations argue strongly against the
possibility that ¢, z* or ¢, z fragment separation is limited by
noncovalent interactions of Na“ or K'. First, there is little
correlation between the extent of H' transfer and the decrease in
fragmentation efficiency (Fig. S11t). For example, H" transfer
between ¢ and z* fragments from cleavage at site 10 in ECD of
the 3+ ions increased steadily with increasing number of Na*
ions attached (0%, ~3%, ~46%, ~75%, ~78% for 0, 1, 2, 3, and
4 Na' ions attached, respectively), but the fragmentation effi-
ciency showed a significant decrease only for the (M — H +
4Na)*" ions (Fig. S111). Further, H' transfer between ¢ and z’
fragments from cleavage at site 15 even decreased with
increasing number of Na' ions attached, and site 12 showed
only small changes in fragmentation efficiency even though H"
transfer between ¢ and z° fragments increased from ~0% at
0 Na' to ~80% at 4 Na" ions (Fig. S111). Thus the noncovalent
bonding indicated by H" transfer between ¢ and z* fragments is
not a limiting factor for fragmentation efficiency. Second, the
IRMPD energy (25% laser power, 180 ms irradiation time)
required to dissociate ~15% of the reduced molecular ions
from ECD of (M — H + 4Na)*" ions into a mere 3.9% ¢, 2" or ¢’, z
fragments (Fig. S121) was sufficient to cause Na' scrambling
(i.e., migration of Na" away from the original binding site), as
indicated by the loss of H;PO, (but not NaH,PO,) discussed
above. Extensive loss of H3PO, (but not NaH,PO,) was also
observed in IRMPD (25%, 180 ms) of (M — 2H + 4Na)** (~70%)
and (M — H + 3Na)*" (~74%) ions from ESI. As further evidence
for Na" scrambling, IRMPD (25%, 180 ms) of the (M — H +
3Na)2+ ions produced ys, ys, ¥ and yq4 ions, of which 70, 51,
0 and 97% carried Na®, respectively; ECD of the (M + 3Na)**
produced zs°/zs, 26 /26, 25'/2g and 214"/214 ions of which 3, 24, 100
and 100% carried Na', respectively. Although Na® or K'
attachment affects both H" transfer and fragmentation effi-
ciency, it does so in different ways: in the first case by delaying
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fragment ion separation sufficiently long for H' transfer to
occur, and in the second case by blocking amide oxygen that
could otherwise bind to protonated sites.

The scrambling of Na* in both the reduced molecular ions
from ECD of (M — H + 4Na)*" jons and the (M — 2H + 4Na)** and
(M — H + 3Na)*" ions from ESI shows that the laser energy used
for IRMPD was sufficiently high to disrupt noncovalent inter-
actions of Na', including its strong salt bridge (Table 2) with the
phosphate group of pS3. Thus if the noncovalent interactions of
Na' were to prevent separation of ¢, z° and ¢, z fragments,
IRMPD at 25% laser power and 180 ms irradiation time should
efficiently dissociate the reduced molecular ions from ECD of
(M — H + 4Na)*" ions, yet only 3.9% c, z° or ¢’, z fragments were
observed. We conclude that instead of preventing their sepa-
ration, Na" binding interferes with the formation of ¢, z" or ¢’, z
fragments. In agreement with electron capture efficiency values
(Fig. 3C), the reduced molecular ions observed in ECD of 3+ ions
with up to four Na' ions attached (Fig. 3B) could then result
from electron capture at protonated sites that are not hydrogen
bonded to backbone amide oxygen. The high energy require-
ments and the very low yield of ¢, z° or ¢*, z fragments in IRMPD
of the reduced molecular ions from ECD of (M — H + 4Na)*" ions
(Fig. S12f) further suggest that they are formed by intra-
molecular H' transfer to backbone amide oxygen, similar to the
attachment of low-energy (~0.15 eV) hydrogen atoms to back-
bone amide oxygen of even-electron peptide ions that was
previously observed to initiate dissociation into ¢, z" and ¢’, z
fragments.**> Moreover, intramolecular H" transfer to backbone
amide oxygen is consistent with backbone cleavage at sites 5-10
(Fig. S121), around the postulated protonation site at Q6, Q7, or
Q8 in the (M — H + 4Na)*" ions. Strong evidence for intra-
molecular H' transfer within reduced molecular ions of bovine
B-casein peptide F48-K63 derivatives was also reported by Loo,
Beauchamp, and co-workers.**

H" versus metal cations: electron affinity limits electron
capture efficiency

The findings reported here seriously challenge the hypothesis
that the positive charge responsible for ECD into ¢, z" and ¢, z
fragments can generally be a sodium or other metal ion instead
of a proton.”® As a result of their different electronic structures,
protons and alkali cations differ in their electron affinity
(Table 3), which is equal to both the charge recombination
energy gained by electron attachment and the ionization energy

Table 3 Electron affinities of the proton and alkali metal cations from
ref. 113

Ion Electron affinity [eV]
H* 13.59844
Li* 5.39172
Na* 5.13908
K" 4.34066
Rb* 417713
Cs* 3.89390
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of the corresponding atoms, and in their ability to form inter-
actions with functional groups of the phosphopeptide as dis-
cussed above. The electron affinities of Na" and K" are a mere
38% and 32% of the electron affinity of H', respectively (Table
3), which suggests strongly favored electron capture at proton-
ated over sodiated or potassiated sites.*® The similar decrease in
electron capture efficiency of the phosphopeptide ions with
a net charge of 2— by successive replacement of H" by Na* or K*
(Fig. 2B and S3Bt), including that on K16 and lastly that on the
N-terminal F1 (Fig. S17), confirms this hypothesis. For the
phosphopeptide cations with net charges of 2+ or 3+, the elec-
tron capture efficiency was largely unaffected because the up to
four protons replaced by Na* or K" were bound to the phosphate
and carboxylate groups instead of the basic residues (N
terminus, Q6, Q7, or Q8, and K16). Our findings are corrobo-
rated by an ECD study of peptide ions in the Williams group
that showed preferred neutralization of H' over Li*, and of Li*
over Cs', during ECD.*

Divalent (e.g., Ni**, Cu®*, and Zn”*) and trivalent (e.g., La>",
Yb**, and Tb*") metal ions can potentially increase the electron
capture efficiency of peptides when bound to either phosphate,
carboxylate, or uncharged sites. However, for model peptides
derived from bradykinin, Chan and co-workers observed
a decrease in electron capture efficiency for La**, In**, AI**, and
Ga®" attached to the peptide ions with a net charge of 3+
compared to that of the (M + 3H)*" ions, and an increase only for
Rh®".1 Again, the effect on electron capture efficiency is
consistent with the order of recombination energies of the
metal ions attached to the peptides, ie., ~8.0 eV for La*",
~9.2 eV for In*", ~9.6 eV for AI**, ~10.2 eV for Ga*", and a far
higher value of ~13.0 eV for Rh*' (Table 4). Strikingly, ECD of
the model peptides with Rh®" attached produced only a, b, and y
fragments whereas ECD of the model peptides with La**, In*",
AP’", or Ga®" attached produced almost exclusively ¢, z° or ¢’, z
fragments."* In a similar fashion, ECD of substance P ions with
Ba>", sr**, Ca®*, Mg**, Mn**, Fe**, or Zn*" attached (with charge
recombination energies ranging from ~4.8 to ~8.6 eV, Table 4)
and a net charge of 3+ produced c, z* or ¢’, z fragments similar to
those from ECD of (M + 3H)*" ions whereas attachment of Co>*
(~9.2 eV) and Ni** (~10.5 €V) led to the formation of fragments
from cleavage within and next to the C-terminal methionine
residue, and Cu®" (~12.6 eV) produced only b and y ions.'*?
Further, both ECD and ETD of 2+ ions of histidine peptides that
lacked both amino groups and acidic sites (acetylation of the N-
terminal amine and amidation of the C-terminal carboxylate),
with Zn*" (~8.6 eV), Ni** (~10.5 eV), or Cu*" (~12.6 eV)
attached, produced only @ and b but no ¢, z* or ¢’, z fragments.**®
In an ETD study of 15 different peptides, Vachet and Dong
observed ¢ and z* fragments with Cu®** instead of Cu™ attached,
consistent with electron transfer to protonated sites instead of
Cu”*. Moreover, they found a positive correlation between the
number of residues that strongly bind Cu®** (ie., histidine,
methionine, aspartic acid, and glutamic acid) and the yield of ¢
and z" versus a, b, and y fragments, which they rationalized by
a lowering of the Cu ion recombination energy relative to the
recombination energy of the protonated sites such that electron
transfer to protonated sites and dissociation into ¢ and z°

7348 | Chem. Sci., 2018, 9, 7338-7353

View Article Online

Edge Article

Table4 Third, second, and first ground state ionization energies (IE) of
metals X and the corresponding charge recombination energy (AE)
gained by electron attachment to X2* to form X*, or X>* to form X2,
from ref. 120

Metal 3.IE [eV] 2. IE [eV] 1. IE [eV] AE [eV]

Ba 10.00383 5.21166 4.79216
Sr 11.03028 5.69487 5.33541
Ca 11.87172 6.11316 5.75856
Mg 15.03527 7.64624 7.38904
Mn 15.63999 7.43404 8.20595
Fe 16.19920 7.90247 8.29673
Zn 17.96439 9.39420 8.57019
Co 17.08440 7.88101 9.20339
Ni 18.16884 7.63988 10.52896
Cu 20.29239 7.72638 12.56601
Lu 20.95940 14.13000 6.82940
La 19.17730 11.18496 7.99234
In 28.04415 18.87041 9.17374
Al 28.44764 18.82855 9.61909
Ga 30.72576 20.51514 10.21062
Tb 21.82000 11.51300 10.30700
Ho 22.79000 11.78100 11.00900
Pm 22.44000 10.93800 11.50200
Tm 23.66000 12.06500 11.59500
Sm 23.55000 11.07800 12.47200
Yb 25.05300 12.17919 12.87382
Rh 31.06000 18.08000 12.98000
Eu 24.84000 11.24000 13.60000

fragments become competitive."” Likewise, an ECD study of
various (~400 to ~1800 Da) peptide ions with a net charge of 3+
and trivalent metal ions attached to acidic sites in salt bridge
motifs revealed electron capture at the protonated site and
dissociation into predominantly c, z* or ¢’, z fragments for all of
the nine metals studied except Eu*", which instead gave rise to
dissociation into b and y fragments."*® Thus trivalent metal ion
attachment to highly acidic peptides that resist multiple
protonation in electrospray ionization can be exploited to make
them amenable to ECD or ETD,"*° but the formation of ¢, 2" or ¢’
z fragments still requires electron capture at protonated sites
whereas electron capture at metals leads to dissociation into a,
b, and y fragments.

In ECD of the phosphopeptide ions with a net charge of 3+,
the electron capture efficiency did not decrease with increasing
number of Na* or K’ ions attached (Fig. 3C, S4G and S9I7),
consistent with electron capture at the unchanging number of
protonated sites, but the yield of ¢, z* or ¢’, z fragments never-
theless decreased with increasing number of Na* or K* ions
attached (Fig. 3B and S97). In peptides and proteins in solution,
the alkali metal ions Na" and K" preferentially bind to negatively
charged sites,"" i.e., the carboxylates and phosphates, but at the
same time have an appreciable affinity and selectivity for
backbone amide oxygen.** Thus Na* or K* can simultaneously
bind to acidic residues and adjacent backbone amide oxygen
(Schemes 4B and C), thereby competing with both the forma-
tion of salt bridges between protonated and deprotonated
residues and interactions between protonated residues and
backbone amide oxygen, which explains the strong (from 61%

n
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to 26%) decrease in yield of ¢, z° or ¢, z fragments with
increasing number of Na* or K" ions attached in ECD of 3+ ions
(Fig. 3B). Depending on whether the peptide ions are proton-
deficient (2— ions) or proton-abundant (3+ ions), one of either
effects of replacing H' with Na* or K' dominates, that is, to
substantially reduce the electron capture efficiency and to
interfere with interactions of protonated sites that would
otherwise lead to backbone ECD cleavage into ¢, z" or ¢’, z
fragments. Taken together, the niECD and ECD data strongly
suggest that the formation of ¢, z* or ¢’, z fragments not only
requires electron capture at a protonated site, but also that the
protonated site must be bound to a backbone amide oxygen.

Conclusions

Our comprehensive niECD, ECD, IRMPD, and ECD/IRMPD
study shows that dissociation into ¢, z° or ¢’, z fragments
requires electron capture at a protonated site, and that this
protonated site must interact with backbone amide oxygen.
Replacing H" by Na" or K in proton-deficient peptide ions
decreases the electron capture efficiency whereas replacing H
by Na" or K at phosphate and carboxylate groups in proton-
abundant peptide ions prevents interactions of the protonated
sites with backbone amide oxygen because Na* or K* ions at the
same time bind to adjacent backbone amide oxygen. Vibra-
tional ion activation can scramble Na* or K' ions and mobilize
hydrogen atoms, formed by electron capture at protonated sites
that did not interact with backbone amide oxygen, such that the
latter can attach to backbone amide oxygen and effect dissoci-
ation into ¢, z* or ¢, z fragments. High sequence coverage in
ECD of peptides can be afforded by a high number of proton-
ated residues that bind to backbone amide oxygen, or by
multiple interactions of fewer protonated sites, which can be
stabilized by hydrogen bonding networks built around salt
bridge structures.
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