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Abstract

Simple glycine-based peptides containing acidic [aspartic (D) and glutamic acid (E)] and basic residues [arginine (R)] were
dissociated by surface-induced dissociation (SID) both in a tandem double quadrup@l® &Qd a hybrid sector/time-of-
flight (TOF) mass spectrometer, as well as by low-energy collision-induced dissociation in an ion trap mass spectrometer. Th
synthetic peptides investigated were GBGDG, GDGGGDGR, RGDGGGDG, RGDGGGDGR, GGGDGR, GGGEGR, and
GDGGGEGR. The mass spectral results obtained support and extend our previous findings that selective cleavages at tt
C—(0)-N bond adjacent to the acidic residues (C-side) predominate in the spectra when the number of ionizing protons eque
or is less than the number of arginine residues. They also support our conclusion that these cleavages are induced by t
side-chain acidic hydrogens of D or E residues. Stochastic molecular modeling procedures have been employed in this wo
to probe the gas-phase conformations for these protonated peptides. These searches have revealed possible conformer
singly protonated GGGOR, and RGIEGGDG peptide ions where the protonated arginine is solvated by nearby carboxylic
and carbonyl oxygens along with simultaneous intramolecular H bonding between the D side-chain acidic hydrogen(s) and th
adjacent C-side peptide bonds. Electrospray ionization/surface-induced dissociation fragmentation efficiency curves (perce
fragmentation versus SID laboratory collision energy) are also presented for some of these peptides. The relative position
these curves both with the ;Q, and sector/TOF instruments along with less pronounced selective cleavages for the
E-containing peptides support our previous conclusion that selective cleavage at E residues require longer time frames f
dissociation than for D-containing peptides. The total sum of these findings underscores the idea that gas-phase second:
structure (i.e. conformation) can have an influence in peptide fragmentation. (Int J Mass Spectrom 195/196 (2000) 467—47¢
© 2000 Elsevier Science B.V.
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1. Introduction that is now used routinely in analytical, biochemical,
immunochemical and medicinal research or service

Over the last two decades mass spectrometry hasfacilities [1]. This is largely due to the development of
grown from a relatively underutilized resource to one “soft” ionization methods such as matrix-assisted
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laser desorption ionization (MALDI) [2], and electro- trometer [47] and by low-energy collision-induced
spray ionization (ESI) [3-5], which allow formation dissociation (CID) [5,48] in an ion trap (IT) mass
of singly or multiply charged biomolecules such as spectrometer. In addition, stochastic molecular dy-
peptides and proteins. In fact, due to the recent namics calculations have been carried out on some of
increase in demand for sequencing of peptides as well these peptides to see if the singly protonated ions can
as identification of proteins by mass spectrometry, adopt conformations that can support our previous
several computer sequencing programs now exist model derived from experimental mass spectral data.
which rely on mass spectrometry and tandem mass
spectrometry (MS/MS) data [6-11].

Although MS/MS is an important tool for protein 2 Experimental
and peptide characterization, it has been found that
differences exist in fragmentation efficiencies and in 2-1. Peptide synthesis
specific fragmentation patterns for different peptides
which can often hinder characterization of a peptide’s ~ The synthetic peptides used were prepared using
complete structure. These differences are often con- Multiple solid-phase synthesis protocols outlined by
trolled by various structural parameters [12—-27] and Atherton and Sheppard [49]. 9-Fluoroenylmethoxy-
include the nature of the residues present (neutral carbonyl (Fmoc) derivatives of the various amino
versus acidic versus basic) [15,28—-31], the charge &cids required [Fmoc-arginine, 2,2,5,7,8-penta-
state of the precursor ion [16,17,23], the composition Methichroman-6-sulfonyl  (Pmc); Fmaeglutamic
of the peptide backbone (e.g. N-alkylated) [18], and acid, t-butyl; Fmoct-aspartic acidf-butyl; Fmoct-
the size [32,33]. The notion of protonated peptides in 9lycine] were purchased from Advanced Chemtech
the gas-phase adopting similar conformations that can (Louisville, KY). The C-terminal residues required
subsequently affect their dissociation behavior is yet for peptide synthesis were purchased already attached
another of these control factors currently being inves- t0 resins from Calbiochem/Novabiochem (San Diego,
tigated by various researchers [34—44]. CA). All other reagents required during synthesis

Recently we have shown that collisional dissocia- Were from Aldrich (Milwaukee, WI). The following
tion of protonated peptide ions containing arginine (R) Peptides were synthesized: GGGR, GDGGGDGR,
and aspartic or glutamic acid (D/E) residues result in RGDGGGDG, RGDGGGDGR, GDGGGDG, GGGE
selective cleavages at the acidic residues if the numberGR, and GIEGGEGR.
of ionizing protons does not exceed the number of
arginine residues [44]. To rationalize these findings, a 2.2. Surface-induced dissociation in a quadrupole
model based on solvation of the “sequestered” charge ontandem mass spectrometer
the R side chain by nearby carboxylic acid groups and
preferential cleavage initiated by acidic hydrogens not ~ The instrument used for these experiments is a qua-
involved in the charge solvation was proposed. drupole tandem mass spectromete;(@g) specifically

In the work presented here, we extend our previous designed for low-energy ion-surface collisions and has
investigations by examining the dissociation behavior been previously described [16,27,46]. Peptide analytes
of simple glycine-rich peptides containing R, D, and E were dissolved in a 70/30% (v/v) mixture of methanol/
residues. This was done to eliminate any side-chain— H,O containing 1% acetic acid to give the appropriate
side-chain interactions between neighboring residues concentration{30-50 pmoliL), and sprayed at atmo-
which might be affecting fragmentation in the peptides spheric pressure from a syringe needle held at 4.2—4.7
investigated earlier [44]. The peptides have been disso-kV (flow rate of 2 uL/min), toward a metal capillary
ciated using surface-induced dissociation (SID) [45,46] (120 V). The temperature of the metal capillary was
in a tandem quadrupole mass spectrometeQand maintained at 120 °C to ensure proper desolvation of the
in a novel hybrid sector/time-of-flight (TOF) mass spec- ions. The desolvated ions were directed toward a skim-
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mer cone (90 V), after which they entered into the addition of a TOF set up with a quadratic acceler-
high-vacuum region of the mass spectrometer, where ator to perform SID experiments. The instrument
they were analyzed and detected. Fragmentation effi- design is described elsewhere [47]. Singly charged
ciency curves}, (fragment ion signal intensities)/[(par-  precursor ions were generated by the fast-atom bom-
ent ion signal intensity)- 2 (fragment ion signal inten-  bardment (FAB) source of the sector instrument (Xe
sities)] versus collision energy, were plotted by fitting a gun; glycerol:thioglycerol:meta-nitrobenzyl alcohel
logistic curve to the data points. The SID (laboratory) 2:1:1 matrix containing 1% trifluoroacetic acid). Col-

collision energy was controlled by the potential differ- lision energies ranged from 10 to 50 eV and dissoci-
ence between the ion source skimmer cone and theation times were on the order of 0.1-38.

surface [16]. SID mass spectra were obtained over a

range of collision energies, and the fragmentation effi-

ciency curves reported here represent the average of & 5 Molecular modeling

minimum of two data sets. The chemically modified

surface used in the SID experiments was a self-assem-  The peptides GGGOR, and RGIEGGDG were
bled monolayer film of octadecanethiol or 2-(perfluoro- it in MACROMODEL [51] (Version 6.0) by
decyl)ethanethiol on gold [50]. Gold surfaces (1000 A of using the program’s amino acid library. They were
vapor-deposited gold on silica) were obtained from then modified to carry one positive charge with the
Evaporated Metal Films (lthaca, NY) and cleaned by charge being placed on the arginine residue side
using a UV_cIeaner (U_V—Clean, Boekel,. Phllad(_elph|a, chain. The built-in protonated peptide structures
PA) before immersion into the alkanethiol solution (1 were first subjected to 500 optimization iterations

mM ethanol, 24 h) as previously described [16] in MACROMODEL resulting in an energetically
refined starting structure. Stochastic molecular dy-
namics using the AMBER forcefield [52] were then
performed on each of these structures using the
Batchmin program of Macromodel. AMBER force-
field default parameters were used for the electro-

make up a concentration of 20-30 pmdl/ The static and hydrogen bonding treatments during the

peptide solutions were then sprayed into the Finnigan molecular dynamlcs.. Moreover, large distance cut
LCQ mass spectrometer (San Jose, CA) at a rate of 3off values were asagned_tg ensure_ smoother qon—
uL/min. The applied needle voltage used was 4.8 kV vergence and the Polak-Riviere Conjugate Gradient
and the capillary temperature was maintained at (RPCG) [53] was used for the program’s energy
200 °C for all samples. Unit mass selection of the minimization routines. In all, 10 000 structures

precursor ion was performed in order to avoid ambi- Were sampled during the stochastic dynamics run (1
guities from isotope contributions. The excitation fS time step; 10 000 ps total time; 800 K initial and

energy (indicated as % collision energy by the man- final temperature; 0.5 ps bath time). Our choice of
ufacturer), was incremented in small steps to selec- témperature for the molecular dynamics was based

tively monitor low energy fragmentation processes for On previous analysis of kinetic energy transfer into
the precursor ions selected. internal energy for singly protonated YGGFL using

thermal decomposition kinetics methods [54].
2.4. Surface-induced dissociation in a hybrid sector/ Those results showed that applying the thermal
time-of-flight mass spectrometer kinetic parameters to the dissociation rate constant
for singly protonated YGGFL at the inflection point
A JEOL HX 110A sector (E/B) instrument of the SID fragmentation efficiency curve yields an
(JEOL, U.S.A.)) was modified by the “in-line” effective temperature of 796 K.

2.3. Collision-induced dissociation in an ion trap
(LCQ) mass spectrometer

The peptides were dissolved in a solution of
H,0:MeOH (1:1; v/v) containing 1% acetic acid to
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Fig. 1. ESI/SID spectra of (A) singly protonated GBGDG at a collision energy of 17.5 eV, (B) singly protonated GBGDGR at a
collision energy of 32.5 eV, and (C) singly protonated REBGDG at a collision energy of 35 eV. In all cases a 2-(perfluorodecyl)ethane-
thiolate (CK(CF,)oCH,CH,SAu) monolayer surface was used in thgQQ mass spectrometer.

3. Results and discussion tandem quadrupole instrument. The spectrum is rich
in sequence information as evidenced by abundant
and y,, ions indicative of indiscriminant cleavage
along the peptide backbone. Introduction of an R
residue on the C- or N-terminal end of this simple
Fig. 1(A) shows the product ion mass spectrum of peptide to generate GBGGDGR [Fig. 1(B)] and
singly protonated GBGGDG obtained by SID ina  RGDGGGDG [Fig. 1(C)], respectively, results in

3.1. Selective cleavage at acidic residues when the
number of ionizing protons does not exceed the
number of arginine residues
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Fig. 2. Low-energy ESI/CID spectra of (A) singly protonated GBGDG at a 13.5% relative collision energy, (B) singly protonated
GDGGGDGR at a 20% relative collision energy, and (C) singly protonated BRGBDG at a 19.5% relative collision energy in the Finnigan
IT mass spectrometer; collision gas is He. Dominant, fragment ions s in singly protonated GBGGDG) are relatively common in
nonbasic peptides [58].

significant changes to the product ion mass spectra of (C-side) are observed across the whole range of
the singly protonated precursor ions, [MH]". Se collision energies investigated (25—-45 eV). Specifi-
lective and enhanced cleavages adjacent to D residuescally, predominanty, and yg product ions are ob
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Fig. 3. ESI/CID spectra of doubly protonated RGBGDGR at a 11% relative collision energy. IT mass spectrometer; collision gas is He.

served for GIBGGDGR, whereas stronb,; and b, presence of R residues highlights the need for a very

product ions are seen for R@&WGDG [Fig. 1(B) and basic residue (i.e. arginine) or a strongly held charge

(C), respectively). These predomindmt and y-type [55].

ions are due to cleavages at the second and sixth Fig. 3 shows the product ion spectrum of [

residues (D) in GIBGGDGR, and the third and 2H]*" ions of RGDGGGDGR obtained by low-

seventh residues (D) in RGBGGDG. Very similar energy ESI/CID (11% relative collision energy) in the

results were obtained using low energy ESI/CID in IT instrument. The striking similarity between this

the IT (Fig. 2). spectrum and those previously reported for the{M
These results mirror our previous observations 2H]?* ions of RLDIFSDFR by using SID and sus-

where we found enhanced cleavages at the C-terminaltained off-resonance irradiation (SORI) CID [44],

C—(0O)-N bond adjacent to D residues dominating the showing selective cleavage at the D in the seventh

MS/MS spectra of [M+ H]* ions of LDIFSDFR and position, indicate side-chain—side-chain interactions

RLDIFSDF irrespective of the activation method (otherthan R—D) do not play a role in the dissociation.

(SID or CID) employed [44]. In contrast, the MS/MS

spectra [ESI/SID or ESI/CID; Figs. 1(A) and 2(A), 3.2. Kinetic control of diagnostic cleavages at

respectively] of D-containing peptides devoid of any aspartic versus glutamic acid residues

R residues (e.g. GBGGGDG), do not show any

selective or enhanced cleavages. This lack of en- Fig. 4 shows the ESI/SID fragmentation effi-

hanced cleavage at D residues when the protonated Rciency curves of the [+ H] ™ ions of GGGIGR,

is absent is similar to reports for the [M H] ™" ions GGGEGR, GDGGGDGR and GIGGEGR on the

of LDIFSDF. Such reproducibility in results reported Q,;Q, mass spectrometer. Similar SID fragmentation

on the selective cleavage at D residues only in the efficiency curves were obtained for the singly proto-
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Fig. 4. ESI/SID fragmentation efficiency curves of the [MH] ™" ions of GGGEGR (circle), GGGIBR (diamond), GBEGGDGR (square)
and GOGGGEGR (triangle) obtained with the , mass spectrometer. Tlgeaxis represents the ratio Bf(fragment ion signal abundancg)/
(parent ion signal abundance) > (fragment ion signal abundance) and thexis represents the SID (laboratory) collision energy (eV). The
ESI/SID spectra used to prepare the fragmentation efficiency curves were obtained by collision of#h][Mions with a surface prepared
from 2-(perfluorodecyl)ethanethiolate [EF.)sCH,CH,SAu] on vapor deposited gold.

nated precursors of GGGER and GGGER on the
hybrid sector-TOF instrument (data not shown). A
decrease in the fragmentation efficiency (curves
shifted to higher SID energies) is observed for the
peptides incorporating an E residue. This shift in
energy is similar to, although not as large, as that
reported earlier for the [M+ 2H]*" ion species of
RLDIFSDFR and RLEFSEFR [44]. Moreover, this
clear trend is reproducible within sample sets (i.e.
GGGDGR and GGGBR or GDGGGDGR and
GDGGGEGR), and between instrumental setups im-
plying that more energy is required for efficient
dissociation of the E-containing peptides. The
MS/MS spectral data for the [M H]" ions of
GGGEGR following SID show that the selective

SID spectra of singly protonated GESGDGR [Fig.
1(B)] are different from those obtained for @&GE

GR with respect to the dominance of cleavage at the
second acidic residue site (D or E at position six). The
y, product ion corresponding to cleavage of the EG
amide bond of GIBGGESR (spectra not shown) is
consistently less abundant than that for GBGGDGR

by SID. No great distinction in intensities, however,
between peptides (GGGER/GGGEsR  or
GDGGGDGR/GDGGGEGR) is observed for thg,
product ions following dissociation by low-energy
CID in the IT [the former set of peptides is shown in
Fig. 5(E) and (F)]. We have previously observed
dominant and preferred cleavage adjacent to the E
residue at position seven in doubly protonated

cleavage at E residues is less pronounced at any oneRLEIFSE-R by IT and SORI-CID but not by SID

given energy than that for GGGER [3% of total

relative abundance versus 13%, respectively; Fig.

5(A) and (B)]. This holds true at all the collision

energies investigated and might explain the fragmen-

tation efficiency shifts seen in Fig. 4. Similarly, the

[44]. Our current observations on the dissociation of
singly protonated GGGGER in the IT mirrors these
findings. A similar argument based on kinetic control
can be made for the selective cleavages at D and E
residues observed for fibrinopeptide A (ADSGEGD
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Fig. 5. ESI/SID spectra of (A) singly protonated GGGR at a collision energy of 22.5 eV and (B) singly protonated GG&Eat a collision
energy of 22.5 eV on a 2-(perfluorodecyl)ethanethiolate;(CF,)sCH,CH,SAu) monolayer surface. Q, mass spectrometer. SID spectra
obtained in the hybrid sector/TOF mass spectrometer for (C) singly protonated GB@Bd (D) singly protonated GG&R. Low-energy

ESI/CID spectra of (E) singly protonated GGGR and (F) singly protonated GG@&R both at a 15% relative collision energy in the
Finnigan IT instrument.

FLAEGGGVR) by SORI-CID with the intensity ra-

tios (ys + y11) < (Vs + Y14) (Fig. 6). Note that by
SID, only predominant cleavages at D residues are
observed (data not shown).

3.3. Molecular modeling

Following the stochastic molecular dynamics rou-
tine, the 10 000 annealed structures of singly proto-
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Fig. 6. SORI mass spectrum in a Fourier tandem mass spectrometer of singly protonated fibrinopeptide A at an excitation energy of 45.7 e\
Bruker Fourier transform mass spectrometer;,€0llision gas; electrospray ionization.

nated GGGIBR and RGIIGGDG were put through ~ protonated R side chain (see Scheme 1 discussed
a filtering process to identify subsets of conformations later). With this in mind, several representative struc-
that contained hydrogen bonds (cutoff distance of 2.5 tures of RGEEGGDG which support this dissociation

A) between specific donor and acceptor groups. The model are shown in Fig. 7. Fig. 7(A) depicts a
groups considered included the protonated guanidino molecule where the two termini solvate each other
side chain of arginine, the peptide bond heteroatoms (i.e. N-terminal protonated R side chain H bonds to
as well as the carboxylate groups of the C-terminus the C-terminal carboxyl oxygen). In addition, the D
and aspartic acid side chain(s). It was found that in residue at position seven is within H-bonding distance
~5% of all structures of singly protonated to the seventh carbonyl oxygen. Subsequent forma-
RGDGGGDG, the protonated R side chain was sol- tion of a five-membered ring involving the carbonyl
vated by carboxylate groups and/or peptide carbonyls, carbon along with proton transfer to the amide nitro-
and simultaneously the free acidic hydrogens of D gen (which has been shown to weaken the amide
residues were within H-bonding distance to their bond), can lead to a fragmenting structure [see dashed
C-side amide bonds. Previously [44] we had proposed line in Fig. 7(A)]. Such a conformer can be used to
that the enhanced cleavages at the acidic residues inrationalize theb, product ion seen in the MS/MS
R-containing protonated peptides (in the cases where spectra of singly protonated R&WGDG [Figs. 1(C)

the number of ionizing protons does not exceed the and 2(C)]. Based on this structure, potential energy
number of R residues), are induced by the acidic surface calculations are planned to probe the interac-
carboxylate hydrogens not involved in solvating the tion of the peptide carbonyl oxygen and the acidic
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Fig. 7. Molecular dynamics simulation structures at 800 K of singly protonated&&BEDG showing (A) the interaction between protonated

R and C-terminus and the H-bonding between D7 and its C-terminal peptide bond, (B) the interaction between protonated R and D3 and tt
H-bonding between D7 and its C-terminal peptide bond, (C) the multiple interactions of protonated R to carbonyl oxygens and the H-bondinc
between D3 and its C-terminal peptide bond, and (D) the interaction between protonated R and the third carbonyl peptide oxygen as well ¢
the H-bonding between D3 and its C-terminal amide nitrogen. H-bonding interactions are represented by the dotted lines. The dashed line
(A) is meant to draw attention to the five-membered ring structure described in the text.

hydrogen of the D residue similar to that shown in exist where both hydrogens on the nitrogen bearing
Fig. 7(A). the charge are solvated simultaneously. Based on colli-
In Fig. 7(B) we see a conformer where the proto- sion cross section measurement, a highly solvated sys-
nated R side chain is solvated by the D residue at tem for bradykinin (RPPGFSPFR) up to 600 K has been
position three. The D residue at position seven not proposed by Wyttenbach et al. and involves wrapping of
involved in any solvation processes can induce cleav- the molecule around the charge center(s) [36]. Fig. 7(C)
age C-terminal to it as described above. It should be shows a structure of RGBGGDG where the R side-
noted that solvation of the protonated R side chain by chain is solvated by the fifth and seventh peptide
the D residue at position three ties up the side chain of carbonyl oxygens allowing the D residue at position
R in this structure preempting other H-bonding inter- three to induce cleavagb,fragment ion in Figs. 1(C)
actions so cleavage at position three is less likely.  and 2(C)]. It is of interest that no structures were found
In many of the structures sampled, the protonated where both D residues are simultaneously within
guanidino side chain of R is H bonded to one or more H-bond distance to their respective amide bonds.
peptide carbonyl oxygens. In addition, conformers A rather interesting H-bonding trend is noted in
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Fig. 7(D) and involves the acidic residue side chain
carboxylate hydrogen and its C-side adjacent amide
nitrogen along with concomitant H bonding between
protonated R and the D backbone carbonyl oxygen. N
protonation of the amide nitrogen leading to weaken-
ing of the peptide bond has been previously reported
by Somogyi et al. [56] whereas H bonding to the
carbonyl oxygen strengthens it. The molecular dy-
namics results indicate that no one specific structure
for protonated RGBGGDG predominates and that
multiple conformers may exist. Similar results were
obtained for singly protonated GG&R with the
exception that a smaller percent of structured %)
contained similar interactions as those discussed for
RGDGGGDG above. This is not surprising since it
is expected that fragmenting structures (following
deposition of energy in a mass spectrometer), would
not represent the major population of stable struc-
tures. No interaction of the side-chain acidic hydrogen
to the C-terminal amide nitrogen, however, was found.
Scheme 1 illustrates a model (presented in our
previous publication [44] and essentially an extended
version of that of Yu et al. [57], for two of the

peptides investigated which rationalizes the enhanced
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Scheme 1. Model illustrating the intramolecular interactions lead-

cleavages at acidic residues. Scheme 1(A) shows theing to the specific cleavages at (A) the second and sixth D residue

interactions in singly protonated GEH5GDGR lead-
ing to the specific cleavages at the second and sixth
residue [i.ey, andyg in Figs. 1(B) and 2(B)]. Similar
intramolecular interactions can be envisioned for
singly protonated GBGGEGR, GGGDOGR, and
GGGEGR. We speculate that for the [M 2H]*"
ions of RGDGGGDGR (Fig. 3), one of the charges is
solvated between the guanidino side-chain of the
N-terminal R residue and the acidic side chain of the
D residue at the third position, respectively, whereas
the C-terminal protonated R residue is solvated by the
carboxy terminus [Scheme 1(B)]. This would allow
the acidic proton on the D at the seventh position to
intramolecularly induce fragmentation at its C-termi-

D

in singly protonated GBGGDGR and (B) the seventh D residue in
doubly protonated RGBGGDGR. Based on the modeling results,
simultaneous cleavage at both D residues in singly protonated GD
GGGDGR cannot occur. Moreover, the dashed lines are meant to
indicate that H-bonding can occur to either the amide oxygen or
nitrogen.

model to this peptide suggests that the selective
cleavages are induced by the acidic hydrogens not
solvating the protonated R residue in this peptide. Qin
and Chait have also observed similar fragmentation
(i.e. enhanced cleavage at each of the three D and
three of the four E residues) for [Glu-1] fibrinopeptide
B [30]. Recent data from our group on SID and CID
of fixed-charge derivatives of D-containing peptides

nal amide bond leading to an enhanced cleavage (e.g. LDIFSDF) lend further support that acidic hy-

[Scheme 1(B)y.,/b in Fig. 3]. This model can also
be used to rationalize the MS/MS results of fibrino-
peptide A (ADSGEGDFLAEGGGVR) by SORI-CID

drogen(s) on the side chain of D residues do initiate
the cleavages; in the absence of added protons the
selective cleavage adjacent to D residues still predom-

shown in Fig. 6 (enhanced cleavage is seen at each ofinates the fragmentation spectra ([55] and unpub-

the two D and two E residues). Application of our

lished results).
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