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Abstract

The gas-phase structures of a series of monomeric, homo- and heterodimeric sodium adduct ions of structurally related synthetic compounds
M, [Guat—NH—(CH,),—COO ] with n=1, 2, 3, 5 and Gua = guanidiniocarbonyl pyrrole were investigated by various MS techniques. The
compounds M are zwitterions in solution and have a strong tendency to aggregate in polar solvents.

First, quadrupole ion trap (QIT) collision induced dissociation (CID) product ion experiments wjth [NB]" ions (=1, 2, 3, 5) and
[arginine + Na} were conducted. The fragmentation behavior of the sodium adduct ions provides indirect evidence for a change in structure
varying from predominantly charge-solvation of non-ionic molecules, (M, and arginine), to salt-bridge interactions of zwitterionic
structures of M for n= 3, 5.

Second, the sodium affinitie&\Hy,+) of the compounds lMwere related to the known literature value of arginine by examination of the
CID fragmentation behavior of heterodimer ions,[M arginine + Naj and [M, + M,, + Na]* (n # mandn, m= 2, 3, 5) in a QIT. The
relative ordering of sodium affinities\(Hna+): Ms > arginine > M; > M, can be deduced from the relative abundances qf [M NaJ™ and
[arg + Na]" product ions. The maximum sodium affinity ofs\elative to the reference value of arginine strongly supports the assumption of
a gas-phase zwitterionic structure.

Third, the dimeric sodium adduct ions [2M NaJ* of M, M3 and M dissociate upon IR activation in FT-ICR MS exclusively into the
respective monomeric sodium adduct ion,[M Na]". Hence, the establishment of a relative ordering of the gas-phase dissociation energy
barriersE3® for the disruption of the non-covalent bond of the complexes by IRMPD-FT-ICR MS was conducted. We find the dimeric
complex ion [2M; + NaJ™ more stable than the respective complexes pfld M. Hence, the stability of the examined complex ions [2M
+ Na]J" is obviously strongly determined by the various possible non-covalent interactions between the two respective mglsthiesMg
study supports the assumption that Molecules wittm > 3 are able to conserve zwitterionic structures in the gas phase.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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complexes, through the sensitive examination of conforma-  In principle, the stability of a zwitterion in the gas phase
tional changdd4—3]. The measurement of absolute and rel- is determined by the basicity and acidity of the functional
ative dissociation constaifis-7] and the determination of  groups involved: the more basic the base, and the more acidic
the accurate mass and the stoichiometry of labile complexesthe acid, the more stable the zwitterif8¥]. Consequently,

are also possibl§l,8,9] There are numerous examples of arginine with its extremely basic guanidine group should be
the successful ESI-MS examination of non-covalently bound the most likely amino acid to be able to generate zwitterionic
species. These range from low mass complexes comprisingstructures in the gas phase. Theoretical calculations and
small organic molecul¢$0,11], amino acids or peptid¢$2] experiments expect the arginine zwitterion in the gas phase to
to high mass supramolecular assembli£3-15] protein be intrinsically equal to or a little less stable than the neutral
complexes with inhibitors, cofactors, metal ions and other form [44,54,32] However, gas-phase zwitterions should be

peptides and enzyme—substrate pair{dgs-18] In addition, stabilized to some extent by the presence of an additional
the character and strength of the non-covalent interaction cancharge (e.g., an ion), thereby forming a salt bridge, or by spe-
be probed and quantified in the gas phfk#. However, cific non-covalent interactions with nearby molecugS].

the question on the comparability of solution- and gas-phaseTheory and QIT experiments suggest that arginine dimers
properties of non-covalent complexes is still an issue of con- and oligomers are held together by salt bridges between the
stant scientific debat0—-22] Still unclear is the extent of  guanidinium and carboxylate groups of arginine zwitterions
structural changes as a result of solvent removal and the in-[52,51]. The protonated arginine dimer [(arginipe) H]™
teractions that govern stability of the desolvated species inis proposed to comprise a zwitterion and a neutral arginine
the gas phasi21,23] Correct predictions or a quantification molecule[44,50] Even the exceptional stability of the pro-
of the magnitude of the changes are difficult or impossible. tonated serine octamer [(serige) H]* gas-phase cluster,
What is known is that hydrophobic interactions in contrastto discussed in the context of homochirality, was explained
van der Waals interactions, that are identical in solution and by electrostatic interactions of eight serine zwitterifsi3)].
the gas phase, can be strong in the solution-phase but seeritheoretical calculations suggest that the stabilizing contri-
to play a minor role in the gas phase, since such interactionsbution of only two water molecules is sufficient to make
are mainly attributed to the role of solvel4,25] Conse- the zwitterionic structure of glycine more favorable than
quently, hydrophobic interactions are rarely considered to beits nonionic form in the respective gaseous glycine cluster
responsible for non-covalent complex stabilizationin vacuum [56]. In another study on cationized hydrated valine adduct
[26,1]. Contrarily, electrostatic forces (ion—ion, ion—dipole, ions, experimental and theoretical results led to a similar
dipole—dipole interactions), decreased in solution by the di- conclusion that valine in [valine + Li + (}0)3]™ is best
electric constant of the solvent, are greatly strengthened inrepresented by a zwitterionic fori7]. Also, intramolecular
a solvent-free environment. Hence, complexes held togethercharge solvation in proteins and peptides has been shown to
by electrostatic interactions are extremely tightly bound in provide enough stabilization for gas-phase salt-bridge struc-
the gas phase after loss of the solvate sfg8+29] Con- tures[58,50,34,59,6Q]Further studies indicated that the size
sequently, the nature of interaction stabilizing non-covalent of the additional iorf37,38,61,40hs well as the character of
complexes can differ substantially in the gas and solution the functionalized amino acid side chain strongly influence
phases. the gas-phase structure of the amino acid in the respective
In this context, the obvious question arises whether cationized adductiof89,48,49,42]It was shown that charge
compounds (e.g., peptides @ramino acids) that are pre-  stabilization of nonionic amino acid molecules predominates
dominantly zwitterions in aqueous solution (at least at their in protonated and sodiated adduct ions, whereas salt-bridged
isoelectric points) can conserve salt-bridge structures in thestructures of amino acid zwitterions are postulated for
gas phase. The solution-phase preference of amino acidsadducts with alkali ions such as potassium, rubidium and
for zwitterionic structures is mainly the result of signifi- cesium. These conclusions were deduced from cation affinity
cant solvation effects of polar or protic media that are able studies by Cooks’ kinetic methqd2—64] DFT calculations
to stabilize charges. The lack of this stabilization by sol- [40], low-energy CID and BIRD experimenf&1].
vent in the vacuum supports the common assumption that We present data from the investigation of a series of struc-
zwitterions, or salt-bridge structures are rarely found in the turally related synthetic carboxylate receptor moleculgs M
gas phase where the corresponding nonionic, neutral struc{Gua"—NH—(CH,),—COO ] with n=1, 2, 3, 5 and Gua =

tures should be predominantly pres¢d®-32] However, guanidinio-carbonyl pyrrole (sd€ig. 1). These compounds
this issue has been addressed recently by different experi-

mental strategies, such as H/D exchaf&#:-36] ion mobil- 0

ity [37,38], the kinetic method39-41] high-pressure mass 'OJ\ H /\ H NH,
spectrometry42], BIRD [43—-47]and theoretical approaches (CH2)w” N

with density functional theory (DFT}48-53] and ab ini- 0 O NHz

tio calculations[42,54] The results of these studies have
sometimes been contradictory, and remain the subject 0Ofrig. 1. solution-phase zwitterionic structures of the compounglgriv 1,
debate. 2,3,5).
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are zwitterions in solution and have a strong tendency to ag-2. Methods
gregate in polar solvents. The stability, and even more impor-
tant, the structure of these aggregates depends upon the length.1. Experimental
and therefore flexibility of the spacer connecting the two com-
plementary binding groups. We have shown by NMR dilution 10~4M solutions (DMSO/methanol) of the compounds
experiments and ESI-MS studies in combination with molec- M,, [Gua"™-NH—(CH,),—COO™] with n =1, 2, 3, 5 and
ular modeling that M forms highly stable helical aggregates Gua = guanidinio-carbonyl pyrrole were used for all MS
with nanometer sized dimensions. For the more flexible sys- experiment65]. ESI-MS' measurements were performed
tems of Mz and Ms, the aggregation is much weaker leading in the quadrupole ion trap (QIT) of a Finnigan MAT 900S
also to linear oligomers. In contrast, the zwitterion fdrms double-focusing sector field mass spectrometer with an EB-
discrete 1:1 head to tail dimers and no oligomés]. It is QIT configuration (Thermo Finnigan, Bremen, Germany). A
now interesting to investigate the extent to which these differ- conventional electrospray ion source was used with a flow
ences in solution-phase aggregation are reflected by the corrate of 3uL/min and +3.7 kV voltage applied to the stainless
responding gas-phase behavior of the different zwitterions. steel tip of the ESI capillary.
Indeed, protonated and sodiated dimeric and also oligomeric  All FT-ICR experiments were conducted with a homebuilt,
complex ions can easily be generated and examined in thepassively shielded, 9.4 T ESI Q FT-ICR instrum§rt,72]
gas phase by electrospray MS, showing that this class ofconfigured for mass selective external ion accumulation. The
zwitterions also aggregates in the gas phase. The questiorsamples were infused at a flow rate of 300 nL/min through
was whether these aggregates are equivalent to those found 50um i.d. fused-silica microelectrospray emitter which
in solution, and therefore also formed by the self-association had been mechanically ground to a uniform thin-walled tip
of the charged zwitterions, or if within these aggregates in the [73]. The electrosprayed ions were transferred into the mass
gas-phase the molecules tend to exist in their neutral form?spectrometer through a Chait-style atmosphere-to-vacuum
Furthermore, we wanted to find out whether the relative sta- interface[74]. lons were externally accumulated in a linear
bility of these aggregates also depends upon the flexibility rf-only octopole ion trap for 1-30[85]. After accumulation,
of the molecules. We therefore investigated the monomerions were transferred through multipole ion guides and cap-
sodium adduct ions [+ NaJ" by low-energy CID in a tured by gated trapping in an open cylindrical ¢&b]. The
QIT to find evidence for either one of the possible isomeric isotopic distribution for the dimeric non-covalent complexes,
structures (zwitterionic or non-ionic structures) of b the [2M,, + NaJ*, was isolated by a combination of mass-
basis of characteristic fragmentation pathways and variationsselective external ion accumulation and stored waveform
of fragment abundanc¢61,66—68] inverse Fourier transform (SWIFT) excitati¢ni7,78] The

To determine arelative ordering of sodium affinities of the selected ions were then heated by infrared irradiation with a
compounds M related to the known affinity of arginine (arg), Synrad (Model 48-2, Mukilteo, WA) 40 W continuous-wave
we examined low energy collisionally induced dissociation COlaser ¢ =108 um)for 1-120 s. The factory-determined
(CID) behavior of heterodimer ions of the general structure laser beam diameter is 3.5mm. A 2.%eam expander (to

[arg + M, + NaJ" and [M, + M,, + NaJ* (n # mandn, yield a beam diameter 6¥9 mm) was installed to ensure that
m =2, 3, 5) in a QIT[69,39,40] The relative ordering of  the IR beam intercepted all of the stored ions in the ICR cell.
sodium affinity (A\Hng+) can be deduced from the relative lons were frequency-sweep (“chirp’79,80] excited
abundances of the respective product ions, fVNaJ*+ and (72—720 kHz at 150 Hgés) and detected in direct mode (512
[arg + NaJ" [62—64] kword time-domain data). Five time-domain data sets were

Finally, the dimeric complexes [2M+ Na]" were selected  co-added, Hanning apodized, zero-filled once and subjected
as precursor ions for IRMPD tandem FT-ICR MS/MS exper- to fast Fourier transform followed by magnitude calculation.
iments to determine the stability of these aggregates. The se-The experimental event sequence was controlled by a mod-
lected non-covalent complexes dissociate exclusively to yield ular ICR data acquisition system (MIDAf1]. Because an
the respective monomeric sodium adduct ion, [MNa]™. indirectly-heated electron emitter for electron capture dis-
The analogous IRMPD behavior of the structurally closely sociation (ECD) is aligned along the central magnetic field
related complexes establishes a relative ordering of the gas-axis of the FT-ICR spectrometer, the glaser is angled 25
phase dissociation energy barriéi8s®'for the disruption of  off-axis through a Bagwindow.
the respective non-covalent interactidi®’is determined
by measurement of first order dissociation rate constants as £.2. Kinetic method
function of infrared CQ laser power density{y0]. The pre-
requisites for the application of IRMPD for the determination The kinetic method is an approximate procedure for the
of relative stability ordering are assumed to be fulfilled determination of thermochemical properties such as sodium
when closely related ions of moderate size5560Da) affinities (AHNg+) based on the rates of competitive disso-
are activated, and the observed analogous fragmentatiorciations of mass-selected cluster id682,82,63] It should
reactions are governed by energy exchange of comparablébe noted that kinetic methods provide information about the
oscillators. transition state of the activated precursor species. However,
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transition states often (but not necessarily) mirror equilib- method, an increase of the collision energy leads only to a
rium structures of the ground std88]. To determine sodium  change in the effective temperaturg£) of the activated
affinities of the molecules lrelative to arginine, we selected  ions, and should not influence the sodium affinityHya+)
the sodium-bound clusters M M,,, + Na]™ and [M, + arg order (data not showrj$9].
+ NaJt with n # mandn, m= 2, 3, 5 for kinetic analysis.
In general, affinities are much less dependent on temperature.3. IRMPD
than free energies (i.e., gas-phase basicities) and are therefore
more suitable for establishing correlations between intrinsic ~ The current models used to describe ion activation by
thermochemistry and specific structural features. This point IRMPD [84,85]are inadequate for the calculatioredfsolute
is especially important in kinetic method studies in which the activation energy values because of inaccurate estimation of
actual temperaturd@§s) of the activated ions is often poorly  the number and the character of the oscillators involved in en-
defined[39]. ergy exchang§r0,86,85] Nevertheless, IRMPD has proven

. . its applicability to arrange closely related ions in relative sta-
[M,, + NaJ* < [M,, + M,, + NaJ* == [M,, + NaJ* (1a) bility order provided that structurally related ions of mod-

y B erate molecular size-650 Da) are activated and analogous
[M, 4+ NaJt <= [M,, + arg+ Na]* —> [arg+ Na]" (1b) fragmentation channels are examir{8d@—90] To identify

relativeactivation energieg 2" of first order gas-phase dis-

Here, ki, K'1, k2 andks are the rate constants for the com-  gqcjation reactions by IRMPD, the corresponding rate con-
petitive dissociations of a chosen precursor cluster ion 10 gants of the fragmentation reactions have to be determined.
yield [M,, + NaJ*, [M,, + NaJ" and [arg + Naf, respec-  Tpg rate constantsgs9 and laser power densitie®|4sey)

tively. The experimental protocol is in accordance with the 4. applied to Eq. (3) as proposed by Duniga.
prerequisites for application of the simplest form of the ki-

netic method, because we compare competitive dissociationglaser_ dInkgiss 3
. : a  =qhv ®3)
reactions of weakly bound complexes having no other de- dIn Piaser

composition channels. Hence, it is reasonable to assume that

there i tivation barrier to the di o tion | In Eq. (3), E2¢" is the activation energy (in eV) of the
€re 1S no reverse activation barrier to Ihe dissociation in- gas-phase dissociation reactigis the partition function for
volved. Second, we observe and examine dissociations of

) o ) . ; the vibrational mode that absorbs the incoming radiation,
chemically very similar species so that the differences in the is Planck’s constant; is the laser frequenciissis the first-
entropy requirements for the competing channels are negli-Order dissociation rz;te constant, dPgkeris the laser power
gible [83,82] Consequently, the experimentally determined density (W cnT2). Becausey vari,es slightly with tempera-
ratio of fragmention abundances is directly related to the Na

Hinity (AN i fthe t d molecul ture between 1.01 and 1.1, an average value of 1.05 was cho-
affinity (AHng) difference of the two compared molecules sen for the maximum expected range of internal temperature
(see Eqg. (1a) and (1b)).

(280-580K)[84,86,87]
k1 [M,, + Na'] The rate constants <_)f the unimolecul.ar dissor_:iation of
| E = —[M t Nat] [2M,, + Na]™ precursor ions were determined for five laser
" power densities in the range between 4.5 and 10.3 Wecm
~ AHNa (My) — AHna+(Mom) ) The measurement of the relative precursor-to-product ion
RTeff

Table 1
The heterodimer cluster ions M+ M,, + NaJ* and Low energy QIT CID l\_/I@ experiments for [M + NaJ* (n=1, 2, 3, 5) and
[M, + arg + Na]" were mass selected and isolated with (89 *Nal" precursorions

an isolation window width sufficiently narrow to exclude all ~ Precursorion MSproduct ion experiments: characteristic
but the monoisotopic (i.e., alkC) ion. Following isolation, neutral loss reactions (% relative abundance)
the precursor ions were subjected to very low energy colli- [arg + Nal" —H20 (100)
sional activation in the QIT¢; = 0.250, activation time = —NHs (10)
30ms) by choosing a very weak resonant excitation ampli- [M1 + NaJ* —HO,CCHNH; = 75u (100)
tude (0.2-0.5V). The MSexperiments for the [M + arg ~HN=C(NH)2 = 59 u (20)
+ NaJ* precursor ions suffered from medium to low signal [M2 + NaJ" —HO,C(CH,)2NH, = 89 u (60)
to noise ratios of the product ions. All experiments were re- —HN=C(NH,); = 59 u (100)
peated three to five times. —NH (10)
By comparing the respective abundances of the product[Ms + NaJ* —HO,C(CHz)sNH; = 103 u (10)
ions (M, + NaJt, [M,, + NaJ* and [arg + Na}), we de- ~HN=C(NH), = 59 u (100)
duced the relative ordering of sodium affinitieAHyq+) ~NHs (10)
(seeFig. 6). The validity of the sodium affinity comparisons ~ [Ms * NaJ* —HO,C(CHp)sNH2 = 131 u (5)

—HN=C(NHy) = 59 u (100)

was verified by performing analogous CID measurements un- _NHs (5)

der variable excitation conditions. According to the kinetic
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size of the complexes be considef&tl,91,92] The complex

to seven times after each of four to six irradiation periods of Ms has more atoms, and thus more degrees of freedom

ranging from 150 ms to 60 s.

N with which to distribute energy relative to the complexes

Comparison of energies required for fragmentation of pre- of M3 and of My, meaning it requires more energy to break

cursor ions such as [2M+ NaJ* complexes, requires that the
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Fig. 2. (a) QIT MS spectra of the precursor ion M NaJt (m/z290). (b) QIT MS spectra of the precursor ion B Na]t (m/z332).
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for the equivalent non-covalent bond in the latter complexes, anism based on non-ionic structures of M [M,, + NaJ*

within the same time frame. ions. A feature of this mechanism is that the sodium ion is
lase aser [ Nreference associated with the amide carbonyl having a very high cation
(E5**)corrected= Ea (m) (4) affinity [67,93] The attachment of the sodium cation (Lewis

acid) to the amide carbonyl leads to a significant withdrawal
This kinetic shift problem is compensated by correcting the of electron density at the respective carbon supporting the
relative activation energy barriers for the number of degrees shift of the free electron pair of the amide nitrogen and estab-
of freedom (= 3n, — 6) in the complexes (see Eq. (4)1]. lishing an increase in double bond character of the respective
The number of degrees of freedom of the complex42M  amide bond. The subsequent proton transfer sets the stage for
Na]* was chosen aSreferencfor the scaling of the other two  the separation of the neutral aminocarbonic acid side chain
complexes (se@able 1 Supplementary material (NH2(CH,),COOH: Amfor M1 = 75u, Mp = 89u, Mz =

103 u and M = 131 u) by cleaving the adjacent amide bond.
The high abundance of the product ions resulting from the

3. Results and discussion side chain loss (75 u for Mand 89 u for M) points strongly
toward non-ionic structures of these Merivatives with short

3.1. Quadrupole ion trap low energy CID of M- side chains (se€able J).

Na]* and [arg + Na]* precursor ions The precursor ions Mand M, show an abundant neu-

tral loss of 59u, i.e., guanidine, HKC(NH,),. Because

In Table 1and Flg 2, three characteristic fragmentation M1 and My have side chains of limited |ength we assume
reactions of [M + NaJ* precursor ions in the QIT MSex- that intramolecular salt-bridge interactions of zwitterionic
periments are documented. All sodium adduct ions gf M structures should be substantially hindered and are there-
derivatives lose guanidine (59 U), aminoalkylcarboxylic acid fore un|ike|y_ Thus, we propose a fragmentation mecha-
NH2(CHz),COOH, or ammonia (17 u). The production sig- njsm for My and M, featuring non-ionic structures shown in
nals for these three fragmentation reactions vary in abundancerig. 4a.
and are sensitive indicators for the structures gfivthe pre- Fig. 4b shows a mechanism for the characteristic neutral
cursor ions. loss of guanidine, HRC(NH,), (59 u), based on zwitteri-

The neutral loss of the aminoalkylcarboxylic acid side onjc structures of the respective,NMholecules with longer
chain (see~ig. 3) can be reasonably explained by a mech- side chainsi{ = 3, 5). The alkali metal cation is coordinated

0
HO
m/z 276
0
75U
HO NH,
/ \ N NH,
m/z 201 I ‘ N Z \{
8 0 NH
S
Na
®

Fig. 3. . Fragmentation mechanism for the neutral loss 0f(0H,), COOH in QIT M experiments for [M + NaJt (n= 1, 2, 3, 5): [M + NaJ" precursor
ion atm/z 276 loses NHHCH,COOH (Am= 75u).
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Fig. 4. (a) Fragmentation mechanism for the neutral loss of guanidine in QPTeM®riments for [M + Na]™ (n = 1, 2): [M; + Na]* precursor ion atvz
276 loses guanidine (HN=C(N#; Am= 59u). (b) Fragmentation mechanism for the neutral loss of guanidine in QPleM&eriments for [M + Nal* (n
=3, 5). The formation of an intramolecular salt bridge (i.e., Coulombic interaction of the sodium ion with the carboxylate and the guanidinamalftycti
stabilizing the zwitterionic structure is not depicted for reasons of clarity:fNNa]*" precursor ion aivz 332 loses guanidine (HN=C(Nfb; Am= 59 u).
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to the carboxylate at the end of the aliphatic side chainand aNa o
positive charge (i.e., the proton) is located at the basic guani- ® / \
dinium group of the molecule. The zwitterionic structures § N
of M,, rely on the ability of the acylguanidinium function- N \( ‘)
ality to deprotonate the carbonic acid side chain, the stabi- —~
lization of the gas-phase structures by intramolecular salt- /®
bridge interactions and the stabilizing contribution arising

from the presence of the sodium cation. Peptide structures of

this type have been implicated recently in other fragmenta-

tion processef57,94,95] Numerous tandem MS studies of Na ©
arginine-containing peptides have shown that arginine is pref- N
erentially protonated due to its high basicity, and that these 5 N f@\
protons are nearly immobil®6,66,94] However, once the N \( H
positively charged acylguanidinium group is formed, a cleav- o o NH

age of the adjacent amide bond is facilitated, and neutral

guanidine (59 u) is expelled (s&&y. 4b). The loss of guani- -NH; (17 u)

dine gains importance with increasing length of the aliphatic

side-chain of the MmoleculesTable J). We assume that the

increased flexibility of the side-chain of vand Mg enables Na O

intramolecular salt-bridge interactions with substantial stabi- @ / \ H\

lization of zwitterionic structures. Consequently, fog shd © N@’\
Ms we favor a mechanism for the neutral loss of guanidine N e
involving zwitterionic structures for the prominent fragmen-
tation reaction.

The sodium adduct ion of arginine [arg + Ndbses pre- Fig. 5. Fragmentation mechanism for the neutral loss of ammonigiNH
dominantly BO and with minor abundance ammonia (see QIT MS? experiments for [M + NaJ* (n= 2, 3, 5): [Ms + NaJ* precursor
Table 9. Jockusch et al. proposed fragmentation mechanismsion atm/z 304 loses NH (Am= 17 u)[61].
for both characteristic neutral losses®and NH;) and ex-
plained the high abundance of the [arg + NeH,0]T sig- ligand in the electrostatic coordination of the metal ion. For
nal as strong support for a non-ionic structure of arginine proline, the high Na affinity is attributed to the zwitterionic
in the respective sodium adduct ion. With increasing size character of the pro-Nabond. Besides the high proton affin-
of alkali ions, salt-bridged structures of zwitterionic arginine ity of the secondary amine in proline, the nearly linear geom-

ZT

ZT
\
/

ZT

\NH

o o]

were postulated for the alkaliion adducts [arg + AMalkali etry of the +— + charges of the salt bridge is assumed to be
metal cation AM: K, Rb", Cs") indicated by increasingim-  crucial[40,42] Hence, the sodium affinities of the molecules
portance of the loss of ammorj&il]. Except for [M, + NaJ* M, related to the respective value of arginine serve as a sen-
all examined precursor ions (i.e., sodium adduct ions gf M sitive measure of the electrostatic interactions in thg fiM

M3 and M) loose ammonia in QIT M3product ion experi- NaJ* ions.

ments but the respective product ions are of minor abundance Heterodimers of the compounds,Nn = 2, 3, 5) could be
(seeTable J). Although for arginine the low abundance ofthe prepared by ESI-MS from mixed solutions of the respective
product ion referring to the loss of ammonia is taken as a hint molecules M and arginine. The precursor ions [M M,

for a non-ionic gas-phase structure of the amino acid we favor + NaJ* and [M, + arg + Naj~ with n £ mandn, m = 2,
afragmentation mechanism involving zwitterionic gas-phase 3, 5 were subjected to MSow energy CID experiments
structures at least for the molecules with longer side chains

(i.e., Mz and M) to be more appropriate as a stabilization by

intramolecular salt bridges seems to be possiblefpeb). Table 2
Low energy CID M$ QIT experiments for sodium-bound cluster [M

. . . . L M,, + NaJ* and [M, + arg + NajJ" precursor ions witln ## mandn, m= 2,
3.2. Determination of relative sodium affinitieSKya+) ] [ g I a

3,5
he kinetic meth
by the etic method Precursor ion Abundances of ¥@roduct ions
Kish et al.[39] applied the kinetic method to determine [M2+arg+Nal [arg + Naj"

ion affinities ofa-amino acids and determined a maximum M3 +arg + NaJ [arg + NaJ” > [Mg + Nal*

lon amnities ofa-ami '1 rerml XIMUM v + arg + Nalr [arg + Na]" < [Ms + NaJ*
sodium affinity (>225kJmol) for arginine. In that exten- (v, + Mj + NaJ* [M2 + NaJ+ < [Ms + NaJ*

sive study, increased sodium affinities are founché@mino [M2 + Ms + NaJt [M2 + NaJ" « [Ms + NaJ*
acids with functionalized side chains, especially when amide [Ms + Ms +NaJ* [M3 + NaJ" < [Ms + NaJ*

and electron-rich aromatic groups are available. Obviously, The M product ion abundances are compared to establish a relative order
the side chain substituent participates as additional binding of sodium affinities {Hysat).
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[M, + M3 + Na]*

571
100

[M, + NaJ*
304

Relative Abundance
(4]
[$;]

35 [M, + NaJ*

Fig. 6. QIT M spectrum of the hetero-dimeric ion M- M3 + Na]*.

in a QIT and were systematically studied by measuring and A qualitative sodium affinity AHy4+) order for the

relating the abundances of the product iong fMNalt, [M,, molecules M may be inferred from the relative abundances
+ NaJ*t and [arg + Naf, respectively. The results of these (M, < M3 < arginine< Ms) of the product ions shown in
experiments are shown ifable 2(see alsd-ig. 6). Table 2 Because the sodium affinity of Mncreases with
[Ms + NaJ+
m/z 332
[2M; + Na]+
m/z 641
*
* * * %
' | . . r L ' L L . r
300 400 500 600 700 800 900
m/z

Fig. 7. IRMPD of the precursor ion [2§# Na]™ (m/z641) at 8.9 W cm? CO;, laser power, 1500ms irradiation period, detected by FT-ICR MS. lons marked
with an asterisk (*) probably result from IRMPD fragmentation reactions of high mass clusters that are not completely ejected by quadupole anasSWIFT m
selection; the signals are generally weak and do not affect the evaluation of precursor/product ion abundance ratios.
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increasing length of the side chain, it is reasonable to as-tion energyE!25®'for the dissociation of the three precursor

sume that at least with a sodium affinity in the range of
arginine is very likely able to establish zwitterionic structures
with electrostatic salt-bridge interactions to the sodiumionin
the complexion [M + NaJ™. Obviously, the length and flex-
ibility of the aliphatic side chain determines the conforma-
tional orientations possible, thereby limiting the magnitude
of stabilization of zwitterionic structures by intramolecular
salt bridges.

3.3. IRMPD of [2M, + Na]* precursor ions in an
FT-ICR mass spectrometer: determination of the relative
energy of activation

Dimeric sodium adduct ions [2)y#+ NaJ* were selected

ions was calculated from the slope of each lin€iig. 9. The
inherent kinetic shift, due to differing number of degrees of
freedom in the three activated complexes [2M NaJ" of
M2, M3 and Ms was corrected according to Eq. (4)L]. The
(E'3%8 o rrectedfor the dissociation of the [2M+ Na]* com-
plexes, calculated from Eq. (4), was 0.69 eV (67 kJmhplor

M5, 0.84 eV (81 kJ motl) for M3 and 0.49 eV (47 kJ mol)

for Ms.

The data fom = 3 and the corresponding linear fiR{ =
0.9628) inFig. 9require close and careful evaluation. Here,
the dissociation rate constantrof 3 at the laser power den-
sity of 4.5W cn1 2 is crucial because the fit is very much de-
termined by that data point. The profiles of natural logarithm
of the relative precursor ion abundances vs. time for the three

and their dissociation behavior upon infrared laser activation complexes at the same laser power density of 4.5 Waem
was examined. All of the precursor ion complexes dissociate are compared irFig. 10 Obviously, [2Ms + Na]* is sub-
exclusively into the respective monomeric sodium adduct ion stantially more stable than the respective complexes of M

[M,, + NaJ* (see, e.g.Fig. 7) and are therefore chosen for

and Mg, which is generally true for all laser power densities

comparative study. The homologous IRMPD behavior of the applied. Thus, the questioned linear fit for 3 in Fig. 9,
complexes allows the establishment of a relative ordering having an acceptable coefficient of determination of 0.9628,

of the gas-phase dissociation energy barrigf§®" for the

correctly reflects the experimentally determined superior sta-

specific disruption of the respective non-covalent interaction bility of the complex [2M; +Na]t because the steepest slope

[86,87,90,88]

of the fit consequently leads to the highest valu&8® for

Fig. 8 shows the plots of experimental data to determine M3 relative to My and Ms.

the rate constants for the dissociation of the precursor ion

[2M2 + NaJ*. Analogous figures for the precursor ions [2M
+NaJ* (n= 3, 5) are provided in the supplementary material.

Dunbar originally derived Eq. (3) to describe the pho-
todissociation of styrene ions of relatively low molecular
weight and demonstrated its successful applicgBdih For

The rate constants and laser power densities are substitutedbns containing relatively few atoms, it is reasonable to as-
into Eqg. (3) to determine the energy of activation. It should sume that only one vibrational mode is mainly responsible
be noted that th&'35¢'in Eq. (3) is not an absolute and must  for the energy exchange with the laser photons. Since large
be used only as a relative val{@0,88]. Fig. 9 shows a plot molecules provide many more oscillators it is very likely
of the natural log of the dissociation rate constias for that many available vibrational modes are involved in en-
each respective laser power density versus the natural log ofergy absorption at or near the applied laser frequency. Con-
the laser power density in watts per area. The relative activa-sequently, Eq. (3) tends to underestimate energy barriers for

Laser Irradiation Period (ms)

10000 15000 20000 25000 30000 35000

0 5000

-0,5 A IRMPD of [2M, + Na]+ (m/z 557)
-1 4
x
T 151
+
= 2]
*
2 25
+
=
8§ 31
£ 35 - 4.5 Wcm2
’ W57 Wem?2
4] A 7.4 Wcm2
- 08.9 Wem2
0 10.3 Wem2
-4.5 -

Fig. 8. Natural logarithm of the abundance of the precursor iom[2NNa]™ (m/z 557) relative to the abundance of the primary fragment fiMNa]™ (m/z
290), vs. laser irradiation period, for each of five indicated laser power densities.
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IN(Pjaser) [Wem-2]

0 0,5 1 15 2 2,5
0 1 1 1 1 ]

4

'
[}
1

In(kyiss) [s]

'
[ee]
1

5
-10 1 ° :3
2

12 °

14 -

Fig. 9. Natural logarithm of the first-order dissociation rate constapt,[s 1], for each respective laser power density vs. the natural logarithm of the laser
power density, Riaser) [Wcm~2] for the precursor ions [2M+ NaJt with n = 2, 3, 5. The slope of each line yields the relative activation energy for the
unimolecular dissociation of the respective dimeric sodium adduct ion (see Eq. (3)).

the photodissociation of larger molecu[8%,70] However, related to different conformations of the complexes limited
for a series of structurally related precursor ion derivatives or determined by the flexibility and the length of the side
with similar vibrational frequencies, it appears reasonable to chain. The short M side chain probably limits the variety
assume that the IRMPD-determinE@‘S”values provide a  of conformations able to stabilize the complex by hydrogen
reliable ladder ofrelative activation energies for a chosen bonds of non-ionic structures or by electrostatic interactions
fragmentation reactiof87]. The experimentally determined  of zwitterionic structures. For the complex ofsMa sub-
activation energy for the dissociation of the non-covalent in- stantial entropic contribution of the long and highly flexi-
teraction of the [2M + Na]™ precursor ion is substantially ~ ble side chain must be considered, possibly the reason for
higher than that of the respective complex ions of &hd the reduced complex stability of the [2M NaJ* ion. The

Ms. The molecules I, M3 and Ms have very closely re- maximum stability of the three examined complexes was
lated structures. Hence, the basicity of the guanidio-carbonyl found for the My complex. Here, the M molecules com-
pyrrole functionality is expected to be very similar. Obvi- bine the ability to generate zwitterionic structures with a
ously, the difference in relative activation energy observed sufficient flexibility and length of the side chain that pro-
for the dissociation of the cationized dimeric complexes is vides the conformational prerequisites for a strong stabi-

Laser Irradiation Period (ms)
0 10000 20000 30000 40000 50000 60000 70000

°7 0\3\;\'-‘% |
~ -0,5 1
+ N
‘T
z
+
s 14
% Laser power density 4.5 Wcm-2
z
+ -1,5 1
3 on=2
= 2 - en=3
n=5
-2,5 -

Fig. 10. Natural logarithm of the abundance for each of three precursor ions{2N&]" (n = 2, 3, 5) relative to the abundance of the respective primary
fragment [M, + NaJ*, vs. irradiation period of the laser at 4.5 W tfrpower density.
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lization of the [2Ms + NaJt complex by formation of salt
bridges.

4. Conclusion

The gas-phase structures of the structurally related com-

pounds M [Gua"—NH—(CH,),-COO ]withn=1, 2, 3,5

M. Scldfer et al. / International Journal of Mass Spectrometry 237 (2004) 33-45

Appendix A. Supplementary material

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.ijims.
2004.07.001.

and Gua = guanidiniocarbonyl pyrrole have been determinedAppendix B. Supplementary material

from a series of MS/MS experiments. The strong tendency

of these species to aggregate in polar solvents and the formaReferences

tion of zwitterionic structures was analogously found in the
gas phase, at least for the compoundsavid M. In partic-
ular, the QIT M$ fragmentation behavior of sodium adduct
ions [M, + NaJ" ions (0= 1, 2, 3, 5) provides evidence for
the change in structure varying from predominantly charge
solvation of non-ionic molecules (M M2 and arginine) to
salt-bridge interactions of zwitterionic structures of kihd
Ms. This assumption was additionally confirmed by the de-
termination of a maximum sodium affinity for dfelative to
the reference value of arginine.

Dimeric sodium adduct ions [2jy# Na]™ of M2, M3 and
M5 dissociate upon IR activation in an FT-ICR mass spec-
trometer exclusively into the respective monomeric sodium
adduct ion [M, + NaJ*. Hence, a relative ordering of the
gas-phase dissociation energy barrie'féerfor the selective
disruption of the non-covalent interaction in these complexes
could be established by IRMPD-FT-ICR MS/MS. We find the
complex ion [2M; + Na]™ to be more stable than the respec-
tive complexes of M and Ms. Obviously, the stability of
the examined complex ions [2M+ Na]™ seems to be con-
trolled more by various electrostatic interactions of the two
molecules M than by the sodium affinity of the monomer
compound M. Thus, the stability of the gas-phase complex
ions [2M, + NaJ* depends on the occurrence and the influ-
ence of steric hindrance, of Coulombic attraction in the case
of zwitterionic structures as well as the stabilization by mul-
tiple hydrogen bonds for non-ionic structures. Moreover, a
destabilizing contribution of entropy has to be considered,
especially for the complex [2+ Na]J* connected with the
high flexibility of the long side chain, making the formation
of a stable complex conformation energetically difficult. A
conformational analysis by molecular mechanics/dynamics
calculations of gas-phase [2M NaJ" ions with energy min-
imization of theoretically proposed structures is currently be-
ing attempted but will be protracted due to the complexity of
the problem.
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