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Absolute bond dissociation energies (BDESs) of glycylglycine (GG) and glycylglycylglycine (GGG) to sodium
and potassium cations and sequential bond energies of glycine (G) ®,Maere determined experimentally

by threshold collision-induced dissociation (TCID) in a guided ion beam tandem mass spectrometer.
Experimental results showed that the binding energies follow the order'oPN&" and MtFGGG > MTGG

> M*G. Theoretical calculations at the B3LYP/6-31G&(d) level show that all complexes had charge-solvated
structures (nonzwitterionic) with either [CO,CO] bidentate or [N,CO,CQO] tridentate coordination*fGiGvi
complexes, [CO,CO,CO] tridentate or [N,CO,CO,CQ] tetradentate coordinationfGG& complexes, and
[N,CO,N,CQ] tetradentate coordination for N&. Ab initio calculations at three different levels of theory
(B3LYP, B3P86, and MP2(full) using the 6-31G(2d,2p) basis set with geometries and zero-point energies
calculated at the B3LYP/6-3#1G(d) level) show good agreement with the experimental bond energies. This
study demonstrates for the first time that TCID measurements of absolute BDEs can be successfully extended
to biological molecules as complex as a tripeptide.

1. Introduction kinetic method was again used by Wesdemiotis and co-workers
) ) ] ) in the most recent measurements oftNanding affinities at
Alkali metal cations, in particular, Naand K", play an 298 K of GG4 and GGG Here, amino acids and GG were
important role in many biological systerhdFor example, recent  sed as reference bases, respectively, with values of2683

molecular dynamics (MD) simulations of sodium cation per- znq 237+ 9 kJ/mol obtained, respectively, the former being
meation across the gramicidin A channel showed that the sodiumpg kJ/mol higher than their earlier measurements. This ap-

cation interacts with at least three and at most four backbone preciable change was justified by good agreement of the
carbonyl oxygen atoms and two water molecules, forming a experimental binding affinities of the sodium cation to the
pseudo-trigonal bipyramidal or pseudo-octahedral coordination reference amino acids (measured by several different experi-
of Na" in the channet. Therefore, thermochemical and structural  mental method§-19 and high-level theoretical valués:1®

investigation of the intrinsic properties of the pairwise interac-  ap initio calculations of such systems also have been
tions of alkali metal cations with amino acids and small peptldt_es performed for GG920GGG 152022 i+GG 23 NarGG 210.14.23,24
in the gas phase as simple model systems could providek+GG25 and NaGGG1524In all cases, the metal cation was
quantitative insight into the biological function of the alkali  found to prefer a multidentate coordination with the functional
metal cation in vivo. groups of the peptide, as is discussed further below.
Gas-phase studies of alkali metal cations binding to isolated The present study was designed to provide absolute M
amino acids have been abundant for several years. For examplebinding affinities for MMFGG and MFGGG (Mt = Na' and Kt)
it is known that the alkali metal binding affinity of the smallest measured by TCID methods using a guided ion beam tandem
and least polarizable amino acid, glycine (G), is the weakest of mass spectrometer. Complementary ab initio calculations on
all 20 amino acids® and that glycine binds to Nain a M+GG and MGGG (M+ = Li*+, Na", and K") were performed
[N,CO] bidentate configuratid and to K" in a [COOH] for low-lying structures of these complexes and the free GG
bidentate binding mode at the carboxyl grdup.a few cases,  and GGG ligands at the B3LYP, B3P86, and MP2(full) levels
this work has been expanded to small metalated peptides, suchusing the 6-313G(2d,2p) basis set with optimized structures
as glycylglycine (diglycine, GG) and glycylglycylglycine (trig-  and zero-point energies (ZPE) determined at the B3LYP/6-
lycine, GGG). For instance, Kebarle and co-worRezarried 311+G(d) level. Thus, the present efforts complement the
out a threshold collision-induced dissociation (TCID) study of previous experimental studies of NaG and N&GGG while
Na*GG and reported a bond dissociation energy (BDE) of 179.5 resolving the conflicting values from previous work for
+ 10 kJ/mol at 298 K. A similar value of 17F 10 kJ/mol was Na"GG and expanding their scope to a systematic evaluation
measured by Cerda et ®lusing Cook’s kinetic methdd?!? of the simplest di- and tripeptide binding to potassium cations.
when nucleobases (adenine, cytosine, and guanine) were used’he present theoretical efforts augment the experimental studies
as reference bases. Feng efaletermined the dissociation free by providing needed molecular parameters as well as visualiza-
energies of the Na&GG complex also using the kinetic method tion of the processes investigated experimentally and allow a
and reported aAG value of 143 kJ/mol at 350 K, which  systematic examination of all three metalated GG and GGG
corresponds to a metal cation binding affinity (enthalpy) of about systems. As compared to previous theoretical work, the present
186 kJ/mol at room temperature (calculated usix@so and study extends the systems examined t6G6GG and KGGG,
(AHs50 — AHagg) values determined in the present study). The while also performing a more comprehensive examination of
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the low-energy conformations of all systems. A key driving force into the ESI needle by a syringe pump at a rate of-2400

for the present study was to evaluate whether TCID methods uL/h. The spraying needle was typically set at about 2 kV above
are capable of accurately measuring thermochemistry for ground, and the entrance to the ESI capillary was biased-at 20
biological molecules as large as a tripeptide. This is by no means50 V relative to ground. The resulting ions enter the source
clear given the large discrepancy between the TCID measure-chamber by passing throlag 5 in. long, 0.020 in. inner diameter
ment of Kebarle and co-workéren Na"GG and the most recent  capillary. The capillary tubing is heated to about°@for the

value from kinetic method studié$. purpose of drying the complexes, thereby removing solvent

molecules. Typical pressures in the source chamber during

2. Experimental and Computational Methods operation are about 0.3 Torr. lons exiting the capillary enter a
) ) i rf ion funnel32-33which collects the ions and focuses them. The

2.1. General Experimental Procedures.The guided ion  jong are then injected into a hexapole ion guide where they

beam tandem mass spectrometer (GIBMS) used to measure thggergo enough collisions to be thermalized to 300 K both
cross sections for TCID of the alkali metal cation GG and GGG jprationally and rotationally, as demonstrated previo@lgns
complexes has been described previously in détéilBriefly, exiting the hexapole are then extracted by dc ion optics and
ions are created in electrospray ionization (ESI) or dc discharge ocused into the guided ion beam mass spectrometer.

flow tube (DC/FT) sources (described next), extracted, focused, 5 3 (¢ Discharge Flow Tube lon SourceThe dc discharge

and accelerated through a magnetic momentum analyzer (g, type (DC/FT) source serves as an alternative source of
select ions of interest. The mass selected ions are decelerategh,s that has been used in this laboratory over the past 15 years
and injected into a radio frequency (rf) octopole ion beam guide, 44 has been demonstrated to produce thermalized complex
where ions are radially trapp&8The kinetic energy of the ions  5,58:31.34-40 pgr comparison purposes, TCID experiments of
in the guide is controlled by the dc voltage applied to th.e Na*G, and NaGG formed using the DC/FT source were
octopole. The octopole passes through a gas cell of effective yeformed. Briefly, sodium cations are generated at the head
length 8.6 cm that contains the neutral reactant (Xe in the presentys 5 1 mlong flow tube using a continuous dc discharge with
experiments). All product and residual reactant ions drift to the typical operating conditions of 1.0 kV and 15-25 mA.

end of the octopole where they are extracted and focused intoTne sodium cations are carried down the flow tube by a buffer
a quadrupole mass filter for mass analysis. The ions are detectecbas (ca. 10% argon in helium) at a flow rate of 560@00

by a 27 kV conversion dynode-secondary electron scintillation gccm  with normal operating pressures of-0034 Torr. About
detectof? interfaced with fast pulse counting electronics. The 54 c¢m downstream from the discharge, the neutral ligand is

raw ion intensities are converted to cross sections as describeqntroduced into the flow tube using a temperature controlled
6 ; i L
elsewhereé® The absolute cross sections are estimated to be probe, which is heated to about 17G for G and GG. The

accurate ta-20% with relative uncertainties af5%. Labora- complex ions of interest are formed via three-body associative

tory (lab) collision energies are converted to center-of-mass reactions of Na with the ligand in the flow of the He/Ar carrier
(CM) energies using the equati&w = EaM/(M + m), where ga5 The complex ions are thermalized to 300 K (the temperature
M andm are the reactant neutral and ion masses, respectively.of the flow tube) both vibrationally and rotationally by undergo-
All energies cited below are in the CM frame unless otherwise ing ~10° collisions with the buffer gases as they drift along
noted. The absolute energy scale and the corresponding fullihe 1 m jong flow tube:3L3440

width at half-maximum (fwhm) of the ion beam kinetic energy 3 4 Threshold Analysis. For endothermic reactions, the
distribution are determined by using the octopole as a retardinginreshold energies can be extracted by fitting the energy

energy analyzet The energy spread is nearly Gaussian and gependent cross sections in the threshold region using eq 1
has a typical fwhm of 0.20.2 eV (lab) for the ESI source and

~0.3 eV (lab) for the DC/FT source. _ ‘ D
It has been shown previoudhthat the pressure of the neutral o(B) =% IZ G(E+E ~EJIE @
reactant can influence the shape and onset of TCID cross-
sections because of the effects of multiple collisions. To obtain whereoy is an adjustable parameter that is energy independent,
data free from pressure effects (i.e., at rigorously single-collision nis an adjustable parameter that describes the energy deposition
conditions), data are collected at about 0.04, 0.08, and 0.15efficiency during collisior?” E is the relative kinetic energy,
mTorr, and the cross sections are extrapolated to zero reactanand E, represents the CID threshold energy at OBare the
pressure prior to threshold analysis. A complete set of pressureinternal energies of the rovibrational states the reactant ion
measurements was reproduced at least twice for each systemwith populationsy;, whereSg; = 1, such thaE + E; is the total
In the Na"GGG system, we observed a noticeable Xe pressure energy available to the colliding reactants. Vibrational frequen-
dependence (where the apparent threshold shifts loweithg cies and rotational constants used to calcuBtand g are
eV as the pressure is increased). For all other primary crossobtained from the calculations outlined in the next section. The
sections, little pressure dependence is observed; howeverBeyer—Swinehart algorithift is used to evaluate the density
secondary dissociation processes (e.g., elimination of the seconaf the rovibrational states, and the relative populatignare
ligand from Na G,) exhibit a larger pressure dependence. This calculated for a Maxwelt Boltzmann distribution at 300 K.
is mainly because of multiple energizing collisions that greatly =~ Because the metaligand complexes investigated here are
enhance the dissociation probability especially near the thresholdrelatively large (10 heavy atoms forN&G and 14 heavy atoms
of these higher energy processes. for MTGGG), it is critical to include unimolecular dissociation
2.2. Electrospray lonization Source. The M*GG and kinetics in the analysis of the CID cross sections. The time
MTGGG complex ions of interest are formed by ESI in a source available for dissociation in the instrument used here%sx
detailed elsewher&. Briefly, ~10~4 M solutions were made 107 s (as previously measured by time-of-flight studi€sl.
by dissolving GG or GGG and MCI salt (M Na or K) in this is insufficient for the complex ions to dissociate, then
pure HPLC grade water supplied by Mallinckrodt Chemicals. products will not be observed until a higher energy than the
The MCI salt, GG, and GGG were purchased from Aldrich or true CID threshold, leading to a kinetic shift. These kinetic shifts
Sigma and used as received. These solutions were introducedire estimated by the incorporation of RRKM theory into eq 1,
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as described in detail elsewhéfe3which transforms eq 1 into  Given the relatively long experimental time frame availab!é (

eq 2 x 1074 s), we assume that the dissociating products are able to
. rearrange to their ground state conformations upon dissociation.

0.(E) = (no,,/E)=g, [K(E*)/ k(E*)] x The appropriateness of this assumption for the complicated GG
. o "[E"J -6 5 kmi and GGG ligands is essentially verified by the good agreement
{1- g HolE )’} (E— e)”fld(e) (2) between our experimental results with both theoretical and

literature values.

2.5. Computational Details.A simulated annealing proce-
dure® using the AMBER forcefield based on molecular mechan-
ics®> was used to search for possible stable structures in each
system’s conformational space. All possible structures identified
in this way were further optimized using NWChehat the HF/
3-21G leveR”58Unique structures for each system within about
50 kJ/mol of the lowest energy structure (about 50 for each
complex) were further optimized using Gaussiat°G& the
B3LYP/6-31G(d) level®-62 with the “loose” keyword (maxi-

_ _ + mum step size of 0.01 au and an rms force of 0.0017 au) to
ko E) = Z‘%(E*) - zdiNJ'-‘" Gl EOJ)/h'OW(E*) ) facilitate rgpid convergence. The-105 lowest energy structurei
whered is the reaction degeneracy for channdl is Planck’s obtained from this procedure were then chosen for higher level

' €9 y anpe geometry optimizations and frequency calculations using density
constant, (E* — Eqy) is the sum of rovibrational states of  functional theory (DFT) at the B3LYP/6-331G(d) level53.64
the transition state (TS.) at an gnergy — Ea, for channel, This level of theory has been shown to be adequate for accurate
and p‘”(E*) is the density of roylpratlonal states of the EM at structural descriptions of comparable metigand system&32
the available energye™. In the limit thatko(E*) is faster than  gjnaie noint energy calculations were carried out for the lowest
the time-of-flight of the ions, the integration in eq 2 recovers six to 15 optimized structures at the B3LYP, B3P86, and MP2-
eq 1. . S ._(full) levels using the 6-31xG(2d,2p) basis set. ZPE corrections

To eva!uate the rate constants in eq 3, vibrational frequepmeswere determined using vibrational frequencies calculated at the
and rotational constants for the EM and all TSs are required. B3LYP/6-31HG(d) level after scaling by 0.980% Basis set
Because the metaligand interactions in the complexes studied superposition errors (BSSE) in all bond dissociation energy
here are mainly long-range electrostatic interactions-{ipole, calculations were estimated using the full counterpoise mé&##éd.
ion—quadrupole, and ion-induced dipole interactions), the most pg,/i 5 work#49.676tas indicated that BSSE corrections on
appropriate mode for th? TS is generally a loose association alkali metal systems are generally small for DFT calculations,
of the ion and neutral ligand fragmerit$?"474% even for and we found this to be true here as well. Both B3LYP and

multidentate ligand&¥-52 This assumption was tested further B3P86 calculations have BSSE corrections ef31kJ/mol,
In the present work. Therefore, .the TSs are treated as pro.dUCt'Whereas the MP2(full) values have BSSE corrections-014}
like, such that the TS frequencies are those of the dlssomateko/moI

products. The transitional frequencies are treated as rotors, a '

treatment that corresponds to a phase space limit (PSL), as

described in detail elsewhef?3 For M*L complexes dis-  3- Results

sociafing to M + L, the three transitional mode rotors have 3.1. Cross Sections for Collision-Induced Dissociation.
;?gtg)ggiﬁgnfgﬁfgniqgfel ttcr)e;htce)zeac()jfi;Egt:::%?ﬁ;dbz;ov?/ﬁﬁtczz-e Experimental+cross sections We+re obtai+ned for the interaction
trifugal effects included® In the present work, the adiabatic of Xe with M*L, where M = Na" and K" and L= GG and
2-D rotational energy is treated using a statistical distribution
with an explicit summation over all possible values of the
rotational quantum numbét.

Before being compared to the experimental data, the calcu-
lated cross section is convoluted over the kinetic energy
distribution of the ion beam and thermal energy distribution of N n
the neutral collision gas (Doppler broadening), as described ML +Xe—M"+L +Xe 4)
elsewheréS A nonlinear least-squares analysis is used to provide _ _ )
optimized values fooo;, Eoj, andn. The uncertainty associated ~ The magnitudes of the cross sections for losing GG and GGG
with Eo; is estimated from the range of threshold values from ML are comparable to one another in all cases:-30
determined from different data sets with variations of vibrational x 107'® cn¥ at high energies. The magnitudes of the étoss
frequencies £10% for most vibrations and a factor of 2 for sections are larger than those forNavhich reflect the fact

Here, ¢ is the energy transferred from translation into internal
energy of the complex during the collisianis the experimental
time available for dissociation, arf is the internal energy of
the energized molecule (EM) after the collision (i*,= ¢ +

Ei, with n, g;, E;, andE defined previously). The teri(E*) is

the unimolecular rate constant for dissociation of the EM to
channej with threshold energ¥o; and scaling factoso;. The
rate constants are defined by RigRamspergerKasset-
Marcus (RRKM) theor§#4¢in eq 3

GGG, as a function of collision energy. Figures 1 and 2 show
representative data for CID of MGG and M"\GGG complexes,
respectively, formed in the ESI source. Over the energy ranges
examined, the loss of the intact peptide, eq 4, is seen in all four
M*L systems

the M* — L modes) and the parameter variations int by a that the K'L complexes have thresholds that ai& eV smaller
factor of 2, and the uncertainty in the absolute energy scale, than those of NaL. This is consistent with previous threshold
0.05 eV (lab). CID bond dissociation energy measurements of metallized

In deriving the final optimized BDEs at 0 K, two assumptions amino acid$®19%% and many other ligand$. Finally, the
are made. First, there is no activation barrier in excess of the apparent thresholds of M6GG for each metal are clearly larger
endothermicity for the loss of ligands, which is generally true than those of MGG, demonstrating that the extra glycyl group
for ion—molecule reactions, especially the heterolytic nonco- iN GGG does bond to the metal cation. In no system was a
valent bond cleavages considered Hégecond, the measured ligand exchange process forming an ion containing Xe observed.
threshold is assumed to correspond to dissociation of the ground CID of Na"GGG, Figure 2b, shows an additional fragmenta-
state reactant to ground state ion and neutral ligand products.tion process in which a peptide bond is broken with a hydrogen
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Figure 1. Zero pressure extrapolated cross sections for CID of
K*GG (a) formed in the electrospray ionization (ESI) source and
Na"GG (b) formed in the ESI (open symbols) and dc discharge flow
tube (DC/FT, solid symbols) sources with Xe as a function of kinetic (lower x-axis) and laboratory (upperaxis) frames. The solid lines

energy in the center-of-mass (loweaxis) and laboratory (upp@raxis) show the model cross sections of eq 2 convoluted over the neutral and
frames. The solid lines show the model cross sections of eq 2 convolutedio kinetic and internal energies. The dashed lines show the model

over the neutral and ion kinetic and internal energies. The dashed lines;ross sections in the absence of experimental energy broadening for
show the model cross sections in the absence of experimental energyesctants with an internal energy of 0 K.

broadening for reactants with an internal energy of 0 K.

Energy (eV, CM)

Figure 2. Zero pressure extrapolated cross section for CID of
K*GGG (a) and N&GGG (b) formed in the electrospray ionization
source with Xe as a function of kinetic energy in the center-of-mass

. : . for the bis-ligated N&G, complex formed in the DC/FT source.
belng_transferred internally to produce theion and neutral In contrast to NAGG, Figure 1b, this complex easily loses G
[GG — Hx0], eq 5 . . . .

at low energies, eq 6, consistent with two ligands both

Na' GGG+ Xe — Na'G + [GG — H,0] + Xe (5) coordinated to the sodium cation
+ +

Formation of product ions from alternate decomposition path- Na'G, +Xe—Na'G+ G+ Xe (6)

ways, such as N&G and Nd[GG — H,Q], were not observed

in a mass scan of potential products and therefore must haveSubsequent loss of the second ligand to fornt Maalso seen

magnitudes below-10-17 cm?. The fragmentation process (eq ~2 €V higher in energy. In this system, the magnitude of the

5) presumably involves passing over one or more transition total cross section is larger than the*®G and M'GGG

states. The requisite computations involved in properly analyzing Systems. This is consistent with the fact that the apparent

the threshold for this process are sufficiently complicated that threshold for losing G from N&G; is much smaller (by at least

this line of research is pursued elsewh&r@he cross section 1 eV) than that for losing the peptide from Na where L=

for eq 4 is over 1 order of magnitude larger than that for eq 5, GG and GGG.

indicating that the effect of competition on the threshold foreq  3.2. Threshold Analysis and ResultsPeptide and glycine

4 is small and can therefore be ignored in the modeling of the losses in eqs 4 and 6 were modeled using eq 2. Formation of

primary decomposition reaction, as confirmed by an analysis Na* from Na'G; (sequential loss of glycine ligands) was also

that does include competitive modeling of both reactitins. modeled using a recent extension of eq 2 that uses statistical
Figure 1b shows that the experimental cross sections for CID methods to predict the kinetic shifts inherent in such a sequential

of Na"GG formed using the DC/FT and ESI ion sources have procesg?Figures -3 show that the experimental cross sections

the same energy dependence and differ only in magnitude byare reproduced well by eq 2 over extended energy and

~10%, well within the 20% absolute uncertainty of these magnitude ranges. The optimized parameters of eq 2 for all

measurements. This demonstrates that both sources producsystems using molecular parameters for the ground state

thermalized complexes. Figure 3 shows the CID cross sectionscomplexes and PSL transition states calculated at the B3LYP/
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the long-range interaction between Nand GG is attractive;
however, the empirical approach used by the previous workers

102 leads to a substantially tighter TS as compared to the PSL TS,
the loosest possible TS. Comparison of these disparate threshold
“‘E values with previous experiments and theory will be used to
@0101 | determine the most accurate approach.
5 Table 1 also includesASfigg values, which reflect the
= looseness of the transition states. In all casesAffevalues
£ for losing intact ligands are 3660 J/mol K, which is consistent
B10° - with the assumption of loose transition states for theG\G,
2 MTGGG, and N&G; systems. It is noteworthy that taeSf;9g0
&) value is negative for NaGG using the molecular parameters
of Klassen et al. that produced their best results, which reflects
107 : the tighter TS assumption for dissociation.

3.3. Theoretical ResultsOur detailed theoretical results for

conformations of GG, GGG, and their metalated complexes can
> : C —o be found in the Supporting Information. Relative energies of

_formed in the flow tube source W|_th Xe as a function of kinetic energy o GG and GGG ligands are included in Table S1, and those
in the center-of-mass (lowex-axis) and laboratory (uppex-axis) . . !
frames. The solid line shows the model cross sections convoluted over{Or their metalated complexes are found in Table S2 of the
the neutral and ion kinetic and internal energies. The dashed line showsSupporting Information. Some useful geometric parameters of
the model cross sections in the absence of experimental energythese species are included in Table S3. Detailed structural
broadening for reactants with an internal energy of 0 K. information for G, NaG, and K'G can be found else-
where8873.74 Qur current exploration of the GG and GGG
conformational spaces using the protocol outlined previously
reproduces results of previous wétk>2%-22.25pt also identifies
more low-energy conformations than earlier studies. We find
that N-ctt is predicted to be the ground state (GS) structure at
the B3LYP level of theory, whereas N-cgg is the GS conformer
calculated by B3P86, and MP2(full) finds these conformers to
be isoenergetic (Table S1). At all levels of theory, both structures
lie within 3 kJ/mol of one another, as does N-cgt, which is

Energy (eV, CM)
Figure 3. Zero pressure extrapolated cross sections for CID di®da

6-311+G(d) level (see next section) are reported in Table 1,
including threshold values with and without RRKM lifetime
analysis.

The kinetic shifts for MGG and MGGG are 0.44 and 1.18
eV in the case of Naand 0.21 and 0.81 eV in the case of K
respectively. The kinetic shift for losing glycine from Na,
is smaller, 0.14 eV. Kinetic shifts for CID of N& and K'G

were previously found to be only 0.04 and 0.01 eV, respec-
tively.88 The size of the kinetic shift varies such that higker
values and larger neutral fragments yield larger kinetic shifts.
The relatively large kinetic shift values found here indicate the
importance of incorporating RRKM theory into the threshold

almost identical to N-ctt except that the carbonyl carbons are
gauche instead of trans to each othgs ifh Table S3). N-ctt
was found to be the GS structure at the HF/6-31G(d) level by
Cerda et al. (who did not consider N-cgg or N-c§tyvhereas
Shoeib et af° found that N-cgg is the most stable structure at

analysis when dealing with such complex systems. the B3LYP/DZVP level (but did not consider N-ctt or N-cgt).
Table 1 also includes the analysis of our'®&G data using ~ For GGG, our calculations at three different levels predict
molecular parameters taken from Klassen étas.calculated ~ N-cgggt to be the GS structure, as previously reported by Shoeib
using AM1 semiempirical methods. They used a similar TCID et al.?° Strittmatter and William&! Zhang et al?? and Wang
approach to measure this threshold but analyzed the data usingt al.}5 although these reports did not elucidate all the alternate
a tighter TS assumption to account for the kinetic shift, which conformations presented in the Supporting Information.
differs from the loose PSL TS assumption used in the present Results of the present calculations for metalated peptides
studies. Their protocol for estimating the molecular parameters along with those found in the literature are detailed in the
of the TS was to drop one of the three lowest vibrational Supporting Information. As described above, calculations for
frequencies and to set the other two to either 10 tftheir M* = Li* are included for comparison purposes and allow a
preferred approach) or 30 cth These tighter TS parameters more systematic study of the periodic trends in these systems.
lead to a much larger kinetic shift and lower threshold (by 0.33 Our independent conformational searches using the protocol
eV) than the loose PSL TS parameters. Both Kebarle and co-mentioned previously for MGG and M-GGG systems repro-
workers and we agree that there is no reason why dissociation duce most of the findings in the literature for'®G and
of the Na"GG complex should require a truly tight TS because Na'GGG (as indicated by similar relative energies in Table

TABLE 1: Fitting Parameters for Eq 2 and Entropies of Activation at 1000 K2

reactant (ion source) ionic product oe® nP Eq (eV) E (PSL) (eV) AS'1000 (J/mol K)
Na*GG (ESI) Na 22 (5) 1.0(0.2) 2.61(0.14) 2.17 (0.14) 50 (14)
Na*GG (FT) Na 22 (5) 1.1(0.2) 2.60 (0.14) 2.17 (0.14) 50 (14)
Na*GG (ESI) Nae 23 (5) 1.1(0.2) 2.64 (0.15) 1.84 (0.14) -3 (6)
Na*GGG (ESI) Na 17 (4) 1.5(0.2) 3.67(0.17) 2.49 (0.18) 49 (23)
Na*G, (FT) Na'G 104 (4) 0.8 (0.1) 1.44 (0.09) 1.30 (0.10) 34(2)

Na'f 28 (6) 0.8 (0.1) 2.90 (0.10)
K*GG (ESI) K 41 (16) 1.1(0.2) 1.75 (0.08) 1.54 (0.08) 38 (13)
K+*GGG (ESI) K+ 54 (20) 0.9 (0.1) 2.71(0.14) 1.90 (0.16) 43 (22)

aUncertainties are in parenthesé¥alues obtained including lifetime effects. Similar values were obtained when lifetime effects were excluded.
¢ No lifetime effect.d With lifetime effects included using a phase space limit (PSL) transition stBi&a modeled using the TS molecular parameters
from ref 9.7 Sequential channel fitting results.
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interconversion between these conformers (relative to cgggt)

O 5:3322 were calculated to be 311, 1721, and 22-28 kJ/mol for
2.348 Lit, Na", and K, respectively.

'Q .- = 3.4. Na'G,. The lowest energy conformer for N&; has a
tetradentate binding configuration in which both glycine mol-
ecules bind to Na with configurations similar to the

2,075 < 4 M1[N,CO] conformation of NaG.6 The glycine ligands are
g-?gg distributed on opposite sides of Navith the backbone planes
' Li 0 Li 12 of glycine almost perpendicular to each other. Thé N&® and
CS[CO,COJcgg Na 0 CS[N,CO,COl-ggt Na 5 Na"—N distances are 2.30 and 2.50 A, respectively, slightly
K larger than the corresponding distances of 2.26 and 2.44 A for
NarG.s

4. Discussion

4.1. Conversion from 0 to 298 K.Conversion from 0 K

§;3;$ 9 BDEs to 298 K bond enthalpies and free energies is ac-
2,106 complished using rigid rotor/harmonic oscillator approximations
T Li 4 and frequencies calculated at the B3LYP/6-3G(d) level.
CS[CO,CO,COJ-cgtgt Na 0 CS[CO,CO,COJ-cgggt Na 4 TheseAH;g5 andAGygg values along with the conversion factors
K 1 K 0 and 0 K enthalpies measured here are reported in Table 2. The
Figure 4. Two lowest energy structures of NGG and NdGGG uncertainties listed are determined by scaling all of the

calculated at the B3LYP/6-3#1G(d) level of theory. Relative energies  vibrational frequencies by-10% except for the metaligand
(kJ/mol) of M'GG and MGGG (M" = Li*, Na’, and K') calculated  frequencies, where 2-fold variations are applied, and by using
at the B3LYP/6-313G(2d,2p) level of theory including ZPE correc- 41405 sets of frequencies from any conformer that is within 5
tions also are indicated. Dashed lines show hydrogen bonds with thelrkJ/ | of the GS struct RelativeH dAG |
bond lengths in angstroms for all three metal ions. mol or the structure. Relaliverizes an 298 ValUes

are similar to tle 0 K values becaustH»9s — AHg values are

$2)91014152325 |n addition, we located several alternative Small and allTASg values are similar.

conformations in all cases and examined&GG and KKGGG 4.2. Trends in Experimental BDEs. Our results for the
for the first time. The lowest two energy structures for GG energies required to remove the intact ligand fromLMwhere
and MFGGG are shown in Figure 4. M* = Na' and K" and L= GG and GGG, are listed in Table

The three levels of theory used in the present calculations 3, along with TCID values from our laboratory for £ G.68
predict that the most favorable sites to bind a metal cation to The BDEs decrease from Ndo K* because the electrostatic
GG are the two carbonyl oxygen atoms without, CS[CO,CO]- interaction decreases with the increasing bond distances resulting
cgg, or with, CS[N,CO,CO]-ggt, the amino nitrogen (Figure 4). from the increasing size of the metal cation (0.98 and 1.33 A,
Previous work on the N&GG complex also has located the respectively?). A similar trend is found for the MG systems,
bidentat@1023.24r tridentate structutéas the GS. Additionally,  as well as other ligand®:’° The BDEs follow the order G<
the bidentate CS[CO,CO]J-cgg structure was found to be the mostGG < GGG for both alkali metal cations investigated here,
stable structure for LIGG by Benzakour et &F and for consistent with the increasing number of carbonyls in the
K*GG by Wong et a5 Our work shows that DFT calculations  ligands. The BDEs for Naand K" increase by 45 and 28 kJ/
prefer the bidentate CS[CO,CO]J-cgg structure, whereas MP2 mol as the number of residues increases from G to GG and 31
calculations find that the CS[N,CO,CO]-ggt structure is rela- and 34 kJ/mol from GG to GGG, respectively. Note that these
tively more stable. changes are much less than half those for binding G (82 and

For MtGGG, all levels of theory examined here indicate that 60 kJ/mol for Na and K, respectively) or even half the second
the GS structure for LiGGG is CS[CO,CO,CO]-cgtgt and that G ligand (62 kJ/mol for N&). These differences can be
for KtGGG is CS[CO,CO,CO]-cgggt. For N&GG, the former attributed to the steric constraints and increased electron
conformer is favored by the DFT calculations and the latter by delocalization associated with binding the longer peptide chains

MP2(full). These results reproduce those for &&G of to the metal cations.
Wyttenbach et al® at the B3LYP/6-31G level (no ZPE Previous TCID experiments of metalated amino acids suggest
corrections) and Wang et #.at the MP2(full)/6-31%G(2d,- that the BDEs of amino acids to alkali metal cations can be

2p)/IHF/6-31G(d) level (Table S2). The levels of theory correlated with the polarizabilities of the neutral liga®g?
considered here show that the two CS[CO,CO,CO] tridentate This is found to be the case for these small peptides as well.
structures are within 6 kJ/mol of each other, consistent with The BDEs of the current systems combined with previous
their very similar structures (Figure 4) differing primarily in  experimental values for the NG system%2 are plotted against
they, angle (Table S3). Activation energies including ZPE for the polarizabilities of G, GG, and GGG in Figure 5. Isotropic

TABLE 2: Enthalpies and Free Energies of GG and GGG Binding (kJ/mol) to Na and K* at 0 and 298 K

complex ionic product AHg? AHzgs— AH? AHaog TASod AGgog
Na'GG Na' 209 (13) 2.5(1.7) 211 (13) 36.9 (5.5) 176 (14)
Na‘*GGG Na 240 (17) 1.0 (1.5) 241 (17) 33.3(4.8) 208 (18)
K+*GG K+ 149 (7) 1.8 (1.0) 150 (7) 35.3 (5.0) 115 (9)
K+*GGG K+ 183 (15) 0.5 (3.4) 183 (16) 33.6 (13.8) 150 (21)
Na'G, Na'G 125 (10) -1.5(0.6) 124 (10) 38.3(7.4) 86 (12)

aExperimental values from this work (Table ?)Values were computed using standard formulas and molecular constants calculated at the
B3LYP/6-31H-G(d) level.
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TABLE 3: G, GG, and GGG Binding Energies (kJ/mol) to Na™ and K* at 0 K

experiment theory
bond TCID! literature? B3LYP¢ B3P86 MP2(full)e MP2(full)d literature
Na"—G 164 (6} 151 (10§ 163.1 158.1 151.1 160.1
166 (25Y
Nat—GG 209 (13) 179 (10) 201.8 195.9 188.5 198.6 208.5
175 (10) 190.0
184 (165 199.8
201 (8y"
Nat—GGG 240 (17) 236 (9) 248.6 237.9 224.3 238.7 292
247.8 237.8 224.6 238.9
250.9 240.1 228.4 243.00
GNa'—G 125 (10) 116.5 1131 1131 125.7
Kt—G 121 (4) 125 (10§ 115.9 118.6 1135 117.3
Kt—GG 149 (7) 143.1 141.6 139.5 145.2 151.8
K*—GGG 183 (15) 182.8 181.0 178.0 186.2
MAD! 5(3) 6 (5) 12 (5) 4(3)

aPresent results, threshold collision-induced dissociafidfalues at other temperatures were converte@ K using vibrational frequencies
calculated at the B3LYP/6-3#1G(d) level (Table 2)¢ Present values. Energies calculated at the corresponding6c32,2p)//B3LYP/6-311G(d)
level including ZPEs and BSSE correctiof$Same as footnote ¢ excluding BSSE correcti6isCID, ref 6.7 TCID, ref 9.9 Kinetic method, ref
81 as adjusted in ref 82.B3LYP/6-31++G(d,p) with ZPE corrections included, ref 2Xinetic method, ref 10. MP2(full)/6-3114-G(2d,2p)//
HF/6-31G(d) with BSSE correction, ref 10Kinetic method, ref 13! MP2(full)/6-311-G(2d,2p)//MP2(full)/6-31G(d) without BSSE correction,
ref 14.™Kinetic method, ref 14" Kinetic method relative to D (N&GG) = 201 kJ/mol, ref 15° MP2(full)/6-311+G(2d,2p)//HF/6-31G(d), ref 15.
P Structures and ZPE calculated at the B3LYP/6-8315(2d,2p) level. All single-point energies are calculated as in footnot&Sauctures and
ZPEcalculated at the MP2(full)/6-345(d) level. All single-point energies are calculated as in footnotd &ID, ref 8. S B3LYP/6-31H-G(3df,2p)//
B3LYP/6-31G(d) with a 0.8929 scaling factor used for ZPE corrections calculated at the HF/6-31G(d) level! Méab.absolute deviation from
the present experimental values.

300 : : the calculated dipole moments of the G, GG, and GGG ligands
in their ground state complexed geometries (3.15, 5.85, and 5.22
D for Na', respectively, and 6.20, 5.89, and 7.78 D for,K
Na* respectively). This simply demonstrates that the final bond
energies of molecules as complex as peptides are a superposition
-GGG of electrostatic and steric effects.

The 0 K BDEs for losing GG from KGG and NaGG are
slightly larger (by~5 and 10 kJ/mol, respectively) than those
of the corresponding serine (S) and threonine (T) systems also
investigated in our laB® This correspondence is consistent with
the observation that GG interacts with the metal cation in a

100 i : similar tridentate fashion as S and T. In addition, kinetic shifts
5 10 15 20 for KTGG and NaGG are slightly larger (by-10 kJ/mol) than
Polarizability of Ligand (A%) those in the corresponding ™M systems, consistent with the
Figure 5. ExperimentO K BDEs of ML vs the theoretical molecular fact thgt GG has one mqre heavy atom (and one less H atom)
polarizability of L, where L= G, GG, and GGG and M= Na* and slightly larger experiment&l, values than T.
and K. The BDE of a second G ligand to N&as not been measured
previously; however, it has been pointed out that the binding
molecular polarizabilities of 6.16, 11.30, and 16.28 Were energy of G to Na is comparable to the sum of the first and
calculated at the PBE0/6-3315(2d,2p) level of theory using ~ second water binding energies to'Nal64 + 6° k/mol versus
the B3LYP/6-313#G(d) optimized geometries (values for the 1774+ 10 kJ/mol® respectively. Here, we find that the second
free ligands and frozen structures from the metalated complexesG ligand has the same binding energy (12510 kJ/mol) to
were essentially identical, differing by less than 2%). This level Na* as the sum of the third and fourth water molecules bound
of theory has been shown to provide polarizabilities that are in to Na" in the Na'(H20)s complex: 125+ 9 kJ/mol° These
good agreement with measured valffesThe good linear  correspondences suggest that the first and second G both interact
relationship in Figure 5 suggests that the polarizabilities of the with Na* in a bidentate [N,CO] configuration, consistent with
neutrals play a key role in the binding strength of these systems,theory. In addition, statistical modeling of the sequential
although a similar correlation is obtained with the number of elimination of both G ligands from N&3; in the present work
carbonyl sites. It should be noted that neither correlation passesgives a threshold of 28& 10 kJ/mol (Table 1), which agrees
through zero and that the present polarizability correlation with very well with the summation (28% 12 kJ/mol) of the first
G, GG, and GGG differs from that obtained previously for G, (164 6 kJ/mol, ref 6) and second (12510 kJ/mol, Table 3)
P, M, F, Y, and W98 The theoretical study of the ¥GG BDEs between G and NaThis correspondence indicates that
system by Wong et &P finds that K" is closely aligned with the sequential dissociation of such a large molecular system
the molecular dipole vector of GG in every low-lying potassiated involving loose transition states can be modeled statisti€ally
diglycine structure. These authors conclude that the-@tipole to obtain accurate thermodynamic information.
interaction is important in the binding of the metal cation and  4.3. Comparison of Experimental BDEs with Literature
peptide. We also find that the dipole moments of the complexed Values. Previously measured BDEs for the*M complexes,
ligands are pointed toward the metal ion in these complexes, where M = Na" and K" and L= GG and GGG, are compared
although it is interesting that the BDEs do not correlate with to the present experimental values in Table 3. For accurate

200 A

0 K M*-Ligand BDE (kJ/mol)
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comparison with the present TCID results, all literature values was the free energy of Nabinding to dimethylacetamide
are converteda 0 K values using the needed molecular (DMA, CH3CONMe,), 126.8 kJ/mol, which was derived from
parameters calculated at the B3LYP/6-313(d) level (Table the TCID binding enthalpy measurement of NDdMA (156.9
2). kd/mol at 298 K) performed by Klassen et @ilwho used a
Using a TCID approach, Klassen etakported the BDE of relatively tight TS assumption to extract th& K threshold
the NaGG complex to be 179.5t 10 kJ/mol at 298 K  Vvalues. In this same paper.etfd K binding energy of N&G
(corresponding to 17% 10 kJ/mol & 0 K if their tighter TS was measured as 15 10 kJ/mol, 13 kJ/mol lower than the
parameters are used for thermal corrections). This value liesvalue measured in our laboratory using a loose PSL TS
well below the value obtained in these experiments where a assumption. This suggests thaet@ K enthalpy value AHo)
loose PSL TS is assumed. By modeling our own data using thefrom Feng et al. might be increased b3 kJ/mol to 19&+
tighter TS parameters of Klassen et%t.can be demonstrated 16 kJ/mol, well within experimental error of our value. Other
that the difference between the two BDEs is exclusively a result possible sources of error in this comparison include (a) that the
of the TS assumptions made (Table 1). Kish é¢auggested correction fromAGsso to AHp could be inaccurate because of
that the low value from Klassen et al. was a result of incomplete the difficulties associated with the floppy motions of the
thermalization of the N&GG precursor ion, but the present dipeptide. (b) A complex sequence of studies was needed to
results demonstrate that this suggestion is incorrect. As dem-Yield the free energy for Nabinding to GG. The relative
onstrated in the following discussion, the good agreement of binding energies of DMA versus alanine, alanine versus leu-
the present TCID results with the most recent values in the cine, leucine versud-acetylleucine,N-acetylleucine versus
literature demonstrates that the loose PSL TS assumption is moreglycylcysteine, and glycylcysteine versus GG were combined
appropriate for analyzing the CID of such systems. with the Na'DMA anchor value to yield the final value for

Cerda et at® measured the Nabinding affinity of GG using NaGG. CIear_Iy, errors could accu.mulate.in the five steps.
the extended kinetic method and obtained a value correspondind®) The effective ion temperature in the ion trap could be
to 1754+ 10 kJ/mol at 0 K, in good agreement with Klassen et naccurate.
al® The same group later arguédhat this value is underes- Wesdemiotis and co-workers recently extended their kinetic
timated because the reference bases used were rigid and plananethod study of sodiated peptide systems from GG to GGG
nucleobases (adenine, cytosine, and guanine), which could forceand GGGG using the Naaffinity of GG (203+ 8 kJ/mol at
GG to interact with N in a monodentate configuration, thereby 298 K) measured in the same laboratory as a referénthe
leading to an excited conformation upon dissociation. Also, the 298 K BDE value they obtained for N&GG was 237+ 9
large A(ASys) value (27 J/mol K) obtained could indicate kJ/mol (corresponding to 236 kJ/mol at 0 K), in excellent
another source of error. The NGG system was reinvestigated agreement with the 24@ 20 kJ/mol TCID value measured in
by the same laboratory again using the kinetic method but with the present work (Table 3). The difference in BDE values for
amino acids, serine (S), proline (P), threonine (T), and pheny- GG and GGG, which should be more precisely measured by
lalanine (F), as reference bases. A new value of 208 kJ/ both techniques, is 35 kJ/mol in the kinetic method study. This
mol at 298 K (corresponding to 20% 8 kJ/mol @ 0 K (Table difference is in good agreement with our results, 31 kJ/mol,
3)) was obtained. This new measurement agrees well with theand with theoretical estimates that range from 36 to 47 kJ/mol
value from the present TCID study. It is noteworthy that the (Table 3). It is noteworthy that the difference in BDEs for
amino acids chosen as reference bases bindagaridentate ~ Na*GG and NaGGG is over 110 kJ/mol if kinetic shifts are
ligands1617:19.49.7%xcept for P, which is bidentaf@ln addition, not accounted for, much larger than the values determined by
these studies show that S, T, and F have similar binding energieghe kinetic method or theory. This discrepancy underlines the
to Na". Further, GG has one more heavy atom but one less H importance of incorporating RRKM theory in modeling the
atom than T and P. These factors (similar binding configuration experimental cross sections to obtain accurate thermochemical
and number of heavy atoms) imply that the entropy effects, information. Wesdemiotis and co-worké&ralso reported a 298
A(ASva), upon dissociation could largely cancel, therefore K BDE of 261 + 11 kJ/mol for N& to GGGG, which
producing reasonabléH values from the kinetic method. corresponds to a 24 kJ/mol increase from GGG to GGGG. The
However, it is perhaps questionable as to whether the aminotrend of increasing BDE with increasing number of residues
acid (X) ligands (S, T, and F) used as references can bind inindicates that the coordination number for'Nacreases with
tridentate configurations to N&G because of steric effects, each residue but by a decreasing amount. This is consistent with
which could mean that dissociations of the XX&G complexes a decreasing charge density on*Nas the number of ligand
investigated may not yield the ground state conformations. sites coordinating to Naincreases and with increased steric
Thermochemistry that would appear to be reasonable might still constraint$®
be obtained in such a situation if both the"\&G and the NaX 4.4. Comparison of Experimental and Theoretical BDEs.
products were formed in excited bidentate configurations, but The theoretical BDESs for ML, where Mt = Na™ and K and
the relative energies determined could vary from those of the L = G, GG, and GGG, and N&, complexes calculated at
ground states. three levels of theory for all metal cations and those from the

Feng et ak® measured the free energi@) for dissociation literature are compared to the present and literature experimental
of Na"GG using the kinetic method and reported a value of values in Table 3. Overall, these theoretical BDEs predict the
143+ 16 kd/mol at the estimated effective ion temperature of same trends and agree reasonably well with the experimental
350 K in an ion trapA 0 K enthalpy value AHo) of 184+ 16 values. We find that B3LYP or MP2(full) without counterpoise
kJ/mol deduced using ASssp value calculated here (124 J/mol  (cp) corrections give the largest values and are in the best
K) is included in Table 3. This value is somewhat lower than agreement with the experimental values, whereas B3P86 and
the present values of 209 13 kJ/mol for N&GG and 201+ MP2(full) including cp are systematically low by small amounts.
8 kJ/mol from Kish et al* There are several possible reasons Mean absolute deviations (MADs) from the seven experimental
for the discrepancy. The most likely of these is that the absolute BDEs are 5+ 3, 6+ 5, 12+ 5, and 4+ 3 kJ/mol for B3LYP,
anchor used for these results is in error. Indeed, the anchor used83P86, and MP2(full) with and without cp levels of theory,
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respectively. This gives confidence in these levels of theory to  Supporting Information Available: Descriptions of geom-
accurately describe these electrostatically bound complexes. etries of low-lying conformers of GG, GGG, M&G, and

It can also be seen that the present theoretical values areM*GGG where M = Li*, Na', and K" calculated at the
comparable to those previously published for*i8& and B3LYP/6-31H-G(d) level of theory. Two tables (S1 and S2)
NatGGG10141523.2Differences are attributable to the somewhat of relative energies of low-lying conformers of all species and
different levels of theory used. The theoretical BDE for®G one table (S3) of critical bond lengths and bond angles of neutral
from Wong et aP® is somewhat higher than the present and metalated complexes. Four figures of optimized geometries
calculations, even though the level of theory is comparable. of all low-lying conformers of GG (S1), GGG (S2), N6G
(They used a slightly larger polarization basis set for single- (S3), and MGGG (S4) calculated at B3LYP/6-335G(d) level.
point calculations and a somewhat smaller basis set for the This information is available free of charge via the Internet at
geometry optimization, B3LYP/6-3#1G(3df,2p)//B3LYP/6- http://pubs.acs.org.
31G(d).) The main difference appears to come from the different
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