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Abstract: Collision cross sections have been measured for a serisanfd C-methylated glycines cationized

by alkali ions using ion mobility methods. In all cases the measured cross sections are in excellent agreement
with model structures obtained from a number of different theoretical approaches. Unfortunately both charge
solvation and zwitterion structures are predicted to have nearly identical cross sections. On the basis of a
conformational search by molecular mechanics methods and density functional theory calculations at the B3LYP/
DZVP level itis found that the lowest energy forms of alkali cationized glycine and alanine are charge solvation
structures, whereas lowest energy singly and dobbipethylated glycines are salt bridges independent of
metal ion.o-Amino isobutyric acid forms a salt bridge when sodiated and a charge solvation structure when
rubidiated. In the most stable charge solvation structures rubidium is bound to one or both carboxyl oxygens,
while sodium is bound to both the N- and the C-terminus. The stability of salt bridge structures relative to
charge solvation structures is found to be nearly proportional to the amino acid proton affinity (PA). For
sodiated molecules a PA ¢f217 kcal/mol results in salt bridge formation, for rubidiated a PA>&19.
Predictions are made for the structural preferences of all the common amino acids as a function of cationizing
metal ion.

Introduction zwitterion. For example, for arginine with its extremely basic
guanidine group calculations indicate the zwitterion form is

. . S expected to be intrinsically about as stable as the neutral§orm.
that controlling the pH is of critical importance for the proper b y

; S A . The basis for the above arguments is primarily theoretical
function of biological processes. These studies implied that basic g P y

- e s, unfortunately, unambiguous experimental data are difficult
sites are usually protonated and acidic sites usually deprotonateqa0 obtain. Kinetic methods frequently used for this purpose
in solution, and hence molecules containing both basic and

- . , . . . ffer f he inh I hat th i igh
acidic functional groups, like peptides and proteins, typically suffer from the inherent problem that the reactions probed might

dupi itterionic Often th i ite be driven by kinetics rather than by thermodynamics, thus
end up in a zwitterionic form. Drten the active Site In an enzyme yielding limited information about the structure of the ground
is of ionic nature or the correct folding of the enzyme is only

hieved wh tai i id h d F state. Collision cross section data for ionic systems, obtained
achieved when certain Speclic residues areé chargeéd. FOrgqq, the jon mobility based ion chromatography technigue,
instance, it has been suggested that isoleucine-16 in the well-

tudied digest h i in has to b tonated t are often not conclusive because charge solvation structures
studied digestive enzyme chymotrypsin nas to be protonated 10, sy i many cases an overall shape very similar to that of
hold the enzyme chain in the proper shape for it to act as a

o ! salt bridge (zwitterionic) structur€g? Spectroscopy is probably
catalyst and to keep.h|st|d|ne-57 negr genne-%l%. . the method of choice and it has been successfully applied to
In a buffered solution enzyme zwitterions are stabilized by

solvent molecules, counterions, and in some cases either th%)(g)rés\znslge%hg&;kg;PLoge}sétggJyhgo{}vs{)/gcérgssgéya }Ecﬁgﬁq

substrate or the enzyme itself. In the absence of solvent, Soc., Chem. Commun97§ 547. (c) lijima, K.; Tanaka, K.; Onuma, S.
zwitterions are far less stable. For instance the glycine zwitterion Mol. Struct. 1991, 246, 257. (d) Lovas, F. J.; Kawashima, Y.; Grabow,
is calculated to be intrinsically unstable by 20 kcal/fmahd J-U.; Suenram, R. D.; Fraser, G. T.; Hirota &strophys. J1995 455

gas-phase experiments confirm that glycine is not a zwittéfion (4) Locke, M. J.; Mclver, R. T., JJ. Am. Chem. Sod.983 105, 4226.
(although it is a zwitterion in solutidi The intrinsic stability (5) See, for example: (a) Reference 1. (b) McClellan, AThbles of
i i i i ici Experimental Dipole Moment&reeman: San Francisco, 1963.
223 ;z\il(ljtitenofntél'e]; WltthOUtISOI\/em).dEpleng_S ,?hn the batS)ICIt.y (6) Price, W. D.; Jockusch, R. A.; Williams, E. B. Am. Chem. Soc.
ty (6] € Tunctonal _g_roups |nv9 ved: € more pasiCc 1997 119 11988-11989.
the base and the more acidic the acid the more stable the (7)(a)Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdemiotis, Amn.
Chem. So0c1998 120 2437-2448. (b) Price, W. D.; Jockusch, R. A;
(1) See, for example: Morrison R. T.; Boyd R. Nrganic Chemistry Williams, E. R.J. Am. Chem. S0d.998 120, 3474-3484. (c) Cooks, R.
Allyn Bacon: Boston, 1973. G.; Wong, P. S. HAcc. Chem. Red.998 31, 379-386. (d) Caprioli, R.
(2) See, for example: (a) Oegerle, W. R.; Sabin, JJRMol. Struct. M. J. Mass Spectroni999 34, 73. (e) Armentrout, P. Bl. Mass Spectrom.
1973 15, 131. (b) Tse, Y.-C.; Newton, M. D.; Vishveshwara, S.; Pople, J. 1999 34, 74—78. (f) Cooks, R. G.; Koskinen, J. T.; Thomas, P.JDMass
A.J. Am. Chem. Sod978 100, 4329. (c) Yu, D.; Armstrong, D. A.; Rauk, Spectrom1999 34, 85-92.
A. Can. J. Chem1992 70, 1762. (d) Ding, Y.; Krogh-Jespersen &hem. (8) (a) Bowers, M. T.; Kemper, P. R.; von Helden, G.; van Koppen, P.
Phys Lett.1992 199 261. (e) Jensen, J. H.; Gordon, M.J5.Am. Chem. A. M. Sciencel993 260, 1446. (b) Clemmer, D. E.; Jarrold, M. &.Mass
So0c.1995 117, 8159. (f) Truong, T. N.; Stefanovich, E. \I. Chem. Phys. Spectrom1997, 32, 577-592.
1995 103 3709-3717. (g) Nagaoka, M.; Okuyama-Yoshida, N.; Yamabe, (9) Wyttenbach, T.; von Helden, G.; Bowers, M. J.Am. Chem. Soc.
T. J. Phys. Cheml1998 A102 8202-8208. 1996 118 8355.

Early on in the history of biochemical research it was realized
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both glyciné and argininé! to show that they are both not 200
zwitterions in the gas phase. Unfortunately spectroscopy cannot o _%ggmgn;
be applied to most systems due to low signal intensities, spectral 150 | — — - Theory (C52)
congestion, and ambiguity about the isomeric stability of any

observed species relative to those not observed.

Given this array of experimental problems electronic structure
calculations become a valuable alternative. While the complexity
of the systems makes calculating very accurate absolute
stabilities difficult, relative calculated stabilities are much more
reliable. Hence, we can ask important questions concerning the
role of the size of the cationizing metal ion on isomeric stability Opmeemeeemamemene™ | N
as well as the role of the basicity of the N-terminus in 40 60 80 100 120
determining the onset of zwitterionic character in the amino lon Arrival Time (us)
acid substrate. Figure 1. 300 K ion arrival time distribution (ATD) obtained by

In this paper we will report results of electronic structure experiment for sodiated glycine (solid line) and a theoretical fit to the
calculations of sodiated and rubidiated glycine, alanine, and data, yielding a cross section of 49.% @otted line). Assuming a 5%
several methyl-substituted derivatives of the formRRN— increased cross _sectlon, like that for structure CS2, an ATD shown as
CRsR,—COOH (R = H, CHs). We will primarily focus on the dashed line is expected.
relative energies of different structures as a function of choice ) ) . .
of R and of alkali ion, but we will also discuss cross sections ftom'c radii were determined from Lennard-Jones parameters obtained

. . from detailed ion-helium collision studieg!??
calculated for those structures and compare them with experi-
mental values. Results

100

50

lon Intensity (counts/us)

LI S B L

Experimental Methods All experimental ion arrival time distributions obtained for
the systems studied here exhibit one narrow peak with a width

Experimental ior-helium collision cross sections were obtained by that is determined by the original ion pulse width and the ion

measuring the ion mobility in helium, which is in turn determined by . . . - . A
the ion drift time in helium for a given drift length and electric fiéfd. diffusion in the drift cell. A typical example is shown in Figure

The technique has previously been described in detai§ has the 1 for sc_)d'atecj glycine (§0I|_d l'r_'e)' The dotted line 'nc_“cates a
experimental setdp and sample preparatiSremployed here. theoretically expectéd distribution under the assumption that
Briefly, a pulse of ions is formed by matrix-assisted laser desorption &/l ions have the same collision cross section of 4%1Good
ionization (MALDI), mass selected and injected into a drift cell agreementwith experiment is obtained in all cases reported here.
containing typically 3 Torr of helium. lons drift through the cell (4 cm  These results strongly suggest that each system is composed of
length) under the influence of a weak electric field 225 V/cm) one set of ions with a characteristic cross section. Those
and are subsequently counted in the detection system as a function ofexperimental cross sections are listed in Table 1. It can be seen
their drift time, yielding an ion arrival time distribution. From the arrival  tht methylation increases the cross section b A2 and that
time a mobility is determined and from the mobility a cross sectfon. the cesiated species are-8 A2 larger than the corresponding
These values can then be compared to cross sections of Strucmre%odiated forms
obtained by various theoretical molecular structure calculation methods. L S .
A theoretical investigation regarding the geometry of the
Computational Methods systems considered here reveals there are four reIevanF, di§tinctly
different structures: CS1, CS2, CS3, and ZW shown in Figure
For each system conformational space was thoroughly scanned withp  |n agreement with previous stud®s2é charge solvation
a simulated annealing procedure based on molecular mechanicsYMM). gty cture CS1 is energetically most favorable for sodiated glycine
Stable geometries thus located were then further optimized by higherat all levels of theory used here. The salt bridge structure ZW
level methods. All cationized amino acids were fully geometry is less stable by 3.0 (MP2/6-31#G*), 2.8 (B3LYP/6-

optimized at the density functional theory (DFT) B3LYP/DZVP .
level 1617 Many of the sodiated species were in addition optimized using 311++G*), and 2.5 keal/mol (B3LYP/DZVP), respectively.

a large 6-313+G** basis set for comparison with the DZVResults. (18) Pearlman, D. A.; Case D. A. Caldwell, J. C.; Seibel, G. L.; Singh,

To verify acceptable performance of DFT using B3LYP functiotfals  U. C.; Weiner, P.; Kollman P. AAMBER 4.0 University of California:

sodiated glycine was additionally fully optimized at the MP2/6- San Francisco.

311++G** level. Software used included the AMBER suite of (19) Gaussian 94, Revision C2; Frisch, M. J.; Trucks, G. W.; Schiegel,

programs with the standard AMBER force figldor MM calculations EéitBH; CT;'I_" PPét’gAré\s,\cl)};\ J%h”i?_”’,\%rﬁggce’?b' '3/' ﬁ'f %geiiaevrggr?érf' EE

and Gaussian 9% for the MP2 and DFT calculations. AI—La’harﬁ’, M. A Za’krzéwslkyi, V. (? Ort?;, J. V For%sman, J.’B.;”
For all of the theoretical structures orientation averaged cross sectionsCioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,

were calculated using a Monte Carlo algorithm previously descAbed. C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
(10) Wyttenbach, T.; Witt, M.; Bowers, M. TInt. J. Mass Spectrom. Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A;;

1999 183 243-252. Gaussian, Inc.: Pittsburgh, PA, 1995.
(11) Chapo, C. J.; Paul, J. B.; Provencal, R. A.; Roth, K.; Saykally, R. (20) von Helden, G.; Hsu, M.-T.; Gotts, N. G.; Bowers, M.JI.Phys.
J.J. Am. Chem. S0d.998 120, 12956-12957. Chem.1993 97, 8182.
(12) Mason, E. A.; McDaniel, E. WTransport Properties of lons in (21) For an ion composed of 60 atoms the-idrelium Lennard-Jones
Gases Wiley: New York, 1988. parametersgo and ego are those reported in ref 22. For smaller ions
(13) Kemper, P. R.; Bowers, M. T. Am. Soc. Mass Spectrof®9Q 1, composed ofi atoms the Lennard-Jones radiwss scaled down (analogous
197. to ref 15) to account for the decreasing interaction with decreasing ion size
(14) von Helden, G.; Wyttenbach, T.; Bowers, M. Tht. J. Mass using the empirical formula, = re(0.86882 — 0.99427 + n0-99913
Spectrom. lon Procl1995 146/147 349. obtained by a three-parameter fit to hundreds of experimental data points
(15) Wyttenbach, T.; Bushnell, J. E.; Bowers, M.Jl.Am. Chem. Soc. of ions with 11 to 170 atomsg = 2.38 A (H), 3.02 (C, N, 0), 2.89 (Na),
1998 120, 5098-5103. 3.30 (Rb), 3.50 (Cs); potential well depth not scaleg:= eso = 0.340
(16) Becke, A. D.J. Chem. Phys1993 98, 5648. kcal/mol (H), 0.370 (C, O, N), 0.364 (Na), 0.383 (Rb), 0.393 (Cs).
(17) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,&n. J. (22) Wyttenbach, T.; von Helden G.; Batka, J. J., Jr.; Carlat, D.; Bowers,

Chem.1992 70, 560. M. T. J. Am. Soc. Mass SpectroB97, 8, 275.
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Table 1. Experimental and Calculated Cross Section® @
Sodiated and Cesiated Species

calcd

species exptl Cs1 CS2 CS3 ZW
(gly)Na*" 49.1 49.5 52.0 49.6 48.7
(ala)Na 54.1 54.7 57.6 55.1 541
(AIB)Na*t 58.8 59.1 61.9 59.9 58.6
(sar)Na 55.7 55.4 59.0 56.2 55.2
(DMG)Nat 61.1 59.7 64.1 61.5 60.0
(betaine)Na 63.4 63.7
(gly)Cs" 57.3 57.5 61.0 57.7 56.6
(ala)Cs 63.4 62.3 66.3 63.0 62.3
(AIB)Cs* 67.6 67.1 70.3 67.8 66.7
(sar)C¢ 64.6 63.2 67.9 64.5 63.2
(DMG)Cs* 68.9 66.6 73.0 69.9 67.9
(betaine)Cs 71.6 71.6

agly is glycine, ala alanine, AlBo-amino isobutyric acid, sar
sarcosine, DMG\,N-dimethylglycine. The various charge solvation

Wyttenbach et al.

indicate that there is essentially no barrier separating the two
isomers. The potential is very flat and energy differences
between CS2 and CS3 do not exceed 0.3 kcal/mol in any of
the cases studied here. Thus, structures CS2 and CS3 can
practically be treated as one and the same minimum on the
potential surface with a low-frequency vibrational mode cor-
responding to an oscillation between CS2 and &S3.

Replacing sodium by rubidium has essentially no effect on
the CS1 and ZW stabilities. However, the relative energies of
CS2 and CS3 drop by5 kcal/mol for glyRl compared to
glyNa® and become the most stable geometried,kcal/mol
below the salt bridge structure ZW. ThusRitabilizes charge
solvation structures more than Naoes.

The situation is very similar for alanine. CS1 is the most
stable structure for the sodiated species, while the CS2/CS3
structures are most favorable for the rubidiated form. However,
the energy of the salt bridge structure ZW relative to CS1, CS2,

structures CS1, CS2, and CS3 and the zwitterion structure ZW are givenand CS3 drops by-12 kcal/mol compared to glycine, a result

in Figure 2.
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Figure 2. Schematic representations of the charge solvation structures

CS1, CS2, CS3 and of the zwitterion structure ZW=RH, CHz; X*
= Na', Rb".

Table 2. Relative Electronit Energies AEcs-zw (kcal/mol), of
Charge Solvation Structures CS1, CS2, and CS3 (see Figure 2) to
Salt Bridge Structure ZW Calculated on a B3LYP/DZVP Level for
Sodiated and Rubidiated Species

Na* Rb*
species CS1 CSs2 CS3 CS1 Cs2 Cs3
gy —25 (28) +1.2 +1.4 —2.3 —3.6 —3.7
aa —-08 (-1.2) +3.1 (1.8) +28 —06 —2.1 —2.3
AIB +1.0 +3.8 +3.8 +14 —1.3 —-1.3
sar 436 (¢3.2) +6.4 (@5.1) +65 +3.3 +1.1 +1.0
DMG +7.7 (+7.0) +10.1 (8.9) +10.0 +6.8 +4.2 +4.2

aWithout zero-point energy correction which 4€0.6 kcal/mol in
favor of charge solvation structurésValues in parentheses were
calculated using B3LYP/6-3#1-+G**. Positive values indicate the salt
bridge is more stablé.gly is glycine, ala alanine, AlBo-amino
isobutyric acid, sar sarcosine, and DMGN-dimethylglycine.4 Con-
verts to CS3.

The spread between ZW and CS1 energy increases slightly b
0.6 kcal/mol (B3LYP/6-311G) when corrected for zero-point

energies. Structures CS2 and CS3 are least favorable with

energies of-4 kcal/mol above the CS1 ground state (Table 2).

Single-point calculations of structures between CS2 and CS3

consistent with the fact that the proton affinity (PA) of alanine
is ~3.6 kcal/mo?® larger than that of glycin& In a-amino
isobutyric acid (glycine doubly methylated in tlheposition)
the effect observed for alanine is approximately doubled,
yielding enough stabilization of ZW that it is now the lowest
energy structure for the sodiated case. For the rubidiated form
CS3 s still somewhat lower in energy than ZW. Thasamino
isobutyric acid is a molecule that forms a salt bridge when
sodiated and a charge solvation structure when rubidiated.

N-Methylation of glycine has a larger effect on ZW relative
stability thanC-methylation. For both the sodiated and rubidiated
form of sarcosineN-methylglycine) ZW is the lowest energy
structure in agreement with an older stidylhe ZW energy
drops by ~6 kcal/mol relative to CS1, CS2,and CS3 upon
N-methylation of glycine, reflecting the8.3 kcal/mol increased
PA of sarcosine over glycin®. In N,N-dimethylglycine the
effects observed in sarcosine are amplified by a factor®f
The ZW is now clearly the most stable structure by8rkcal/
mol for the sodiated and4 kcal/mol for the rubidiated molecule
(Table 2). Again in this example Nais more effective at
stabilizing the ZW isomer than Rhan important trend that is
observed for all the systems studied here.

Discussion

Potential minima of sodiated glycine have extensively been
researched theoretically here and by otiér3 All studies
agree that the sodiated zwitterion with structure ZW (see Figure
2) is fairly stable, but slightly higher in energy than the lowest
energy charge solvation structure CS1 (Figure 2). The second
most stable charge solvation structure was determined to be CS2
or CS3. Depending on the methods and basis sets used in the
calculations either CS2 or CS3 or sometimes both were found
to be stable minima on the potential surface. For glycine bound

Yo the larger alkali ions K, Rb", and C¢ the charge solvation

structure CS3 was located as the global minimid#s. In
summary, there is good agreement between different theoretical
studies that alkali ion cationized glycine is a charge solvation

(27) In view of the rapid interconversion between CS2 and CS3 at

(23) Structures other than CS1, CS2, CS3, and ZW, that were consideredtemperatures above 0 K, the exact location of the potential minimum (CS2

in several theoretical studies on sodiated glycine (refs2%) and that turned

or CS3 or CS2/CS3 double well) is irrelevant in the context of this study;

out to be unfavorable high energy isomers are not located in our simulated frequency calculations for CS2 and CS3 have not been performed here.

annealing procedure, which is biased toward finding relevant low-energy
isomers.

(24) Jensen, RJ. Am. Chem. S0d.992 114, 9533.

(25) (a) Bouchonnet S.; Hoppilliard, YOorg. Mass Spectronl992 27,
71. (b) Yu, D.; Rauk, A.; Armstrong, D. Al. Am. Chem. S0d.995 117,
1789.

(26) Hoyau, S.; Ohanessian, Ghem. Eur. J1998 4, 1561-1569.

(28) Hunter, E. P.; Lias, S. G. Proton Affinity Evaluation. NIST
Chemistry WebBook, NIS$tandard Reference Database No. 69; Mallard,
W. G., Linstrom, P. J., Eds.; National Institute of Standards and Technol-
ogy: Gaithersburg, MD, November 1998 (http://webbook.nist.gov).

(29) This result is in disagreement with an older study (ref 24) on the
modest MP2/6-31G*//HF/6-31G* level, where the zwitterion structure was
calculated to be more stable than CS1.
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754 Table 3. Experimental and Calculated Cross Section® @
3 o Protonated (M+ H)™ and Deprotonated/Doubly Sodiated (MH
o 707 o— + 2Na)* Specie3
< ] /
< ] +
é 654 Cs/o L M+ H)* (M —H + 2Na)*
'S 60 + specied exptl calcd exptl calcd
A / Na p p p
3 557 . gly 45.2 44.5 53.1 53.0
5 / ala 50.4 50.0 57.8 58.0
507 . AIB 54.3 54.6 62.2 62.3
45 ' . .(a) sar 51.3 51.6 59.3 59.2
aly sar DMG  bet DMG 56.4 56.5 64.7 63.4
65 O betaine 60.1 60.5
—_ ] aThe corresponding cesiated (M H + 2Cs)" species is experi-
" DMG ponding p p
‘< 604 ° mentally not observed.gly is glycine, ala alanine, AlBx-amino
s ] isobutyric acid, sar sarcosine, and DMGN-dimethylglycine.
= 4 o
8557 Table 4. Experimental and Calculated Cross Section? @
@ ] /' | Protonated, Sodiated, and Cesiated Methyl Esters
557 . gy (M + H)* (M + Na)* (M + Csy
452 ?/ . ' (b) species exptl caled exptl calcd exptl calcd
[M+H]*  [M+Na]*  [M-H+2Na]" gly 511 511 546 55.9 62.2 63.7
70 ala 57.2 56.3 60.8 60.8 69.1 68.4
1 . AIB 61.8 60.6 64.8 65.1 73.8 72.8
& 657 ° - sar 57.2 58.0 61.4 617 -—°¢ -
'% ] \ OMe O/. DMG 62.6 62.7 66.2 66.0 73.6 72.6
S 60 °
3] ® \ / / _aMethyI esters of glycine (gly)_, alanine (ala),—amino isobutyric
@ e \ . acid (AIB), sarcosine (sar), amdiN-dimethylglycine (DMG).° Structure
1) ] ° o ) . . "
2] CS1 is the only stable geometry for alkali cationized methyl edfers.
S50 ../ -OH °Low signal level.
457 . . ' r ' (C) systems studied hetBshows nothing else but the expected cross
AB ala gy sar DMG section increase with additional methylation (Figure 3c).

Figure 3. Experimental cross sections of sodiated and cesiated glycine At this point it appears that the experimental data alone cannot
derivatives. gly designates glycine, ala alanine, sar sarcosine, AIB be used to answer the question whether a particular species
a-amino isobutyric acid, DMG\,N-dimethylglycine, and bet betaine.  forms a salt bridge or not. A comparison with theoretical

(a) Cross section as a function Bfmethylation (dots sodiated and gty ctures is indispensable. Collision cross sections calculated
circles cesiated species). (b) Cross sections for protonated f#", for the CS1, CS2, CS3, and ZW structures are compiled in Table
sodiated [M+ NaJ", and deprotonated/doubly sodiated species{M 1f T 'th’ . tal val It b that
H + 2Nal" of glycine (dots) and\,N-dimethylglycine (circles). (c) or comparison with experimental vaiues. it can be seen tha
Comparison of cross sections of sodiated amino acids (dots) with their 1€re is perfect agreement with experiment for all of the CS1,
methyl esters (circles). CS3, and ZW structures within the error limits of theory and

experiment. The CS2 structures have a cross section, which is

structure and not a zwitterion. Thus, for the following discussion ~5% larger than experiment and the other isomers. lons with a
about collision cross sections the glycine system is used as a5% larger cross section would give rise to an ion arrival time
charge solvation reference. distribution (ATD) shown as the dashed line in Figure 1 with

The large body of experimental cross section data available a clearly shifted peak. From this comparison it is obvious that
here can be scanned for trends and abnormalities in an attempthe CS2 structures are not a major component in the experiment.
to find a pattern that correlates with structure. An obvious series However, rapid interconversion between CS2 and any of the
to examine is that of cationized glycine, sarcosiméN- other more compact structures would yield a narrow ATD
dimethylglycine, and betaine. On the basis of the discussion in shifted by <5%, a possibility that cannot be completely ruled
the previous paragraph alkali ion cationized glycine is expected out, especially when excursions to CS2 are of short duration.
to be nonzwitterionic, whereas betaine has to be a zwitterion. Nevertheless, CS2 is not a major component in the experiment
Thus, within this series oN-methylated glycines there has to of any of the sodiated and cesiated glycine derivatives and will
be a transition from charge solvation form to salt bridge. therefore be excluded in the following discussion.
However, cross sections measured for the sodiated and cesiated The good agreement between experiment and the CS1, CS3,
species increase fairly smoothly within this series (Figure 3a), and ZW structures confirms that any of these isomers are good
not giving any clue about where the charge solvatiorsalt model candidates, validating the theory employed here. How-
bridge transition might occur. Although this is somewhat ever, these comparisons also indicate that the cross section
discouraging, theory offers a sound explanation for this observa- measurements cannot differentiate between the three structures
tion (see below). and hence more detailed conclusions have to be based on theory.

Another series to consider is [Mr H]* (charge solvation), The theoretical data presented in the results section indicate
[M + NaJ*, [M — H + 2NaJ" (salt bridge). Using Tables 1  that zwitterion stability depends strongly on the proton affinity
and 3 it becomes evident, that the [iM NaJt cross sections  (PA) of the amino acid in question and to some degree on the
are always just about halfway between those of-fMH]* and choice of alkali ion bound to it. Figure 4 can be used to
[M — H + 2NaJ" (see Figure 3b for glycine and\,N- investigate the PA effect systematically. Plotted is the calculated
dimethylglycine), again not indicating any unusual trend. Also zwitterionic salt bridge stability as a function of PA, where PA
a comparison of the amino acids with their methylesters (Table values for glycine, alanine, and sarcosine are taken from the
4), for which CS1 is by far the most stable structure for all the literature® and those fora-amino isobutyric acid andN,N-
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gly ala AIB sar DMG Table 5. Most Stable Structuréof Alkali lon Cationized Amino
8 . L 1 L L Acids
6 ] Na® amino acid
= 7 h It - - . . .
g ] s(ffvj‘tﬁ?,ﬁ Sﬁdge side chain characteristics Pfcal/mol) thiswork lite
g 47 . Rb* 9 hydrocarbon gly 211.9 cSs ¢s
= ] ala 215.5 CSs Z\W
g 27 val 217.6 ZWIC3
m® b © leu 218.6 ZWICS
R et S iy, ChEbi ile 2193 Zw
[ ]
] o pro 220 W ZW
-2 _— o— phe 220.6 ZW
L (] Charge| Salt
] / Solvation| Bridge heteroatoms cys 215.9 unclear 'CS
-4+ asp 217.2 unclear
210 215 220 225 glu 218.2 unclear
PA [kcal/mol] ser 218.6 unclear as
Figure 4. Energy differenceAEcs-zw between most stable charge :hr 5525 (ZZVV\\II)
solvation and the salt bridge structure plotted vs proton afffrif(PA) aysrn 222 ((ZV\))
of the substrate molecule. Solid dots indicate data for sodiated species, met 2936 (ZW)
circles for rubidiated molecules: gly is glycine, ala alanine, AIB gln 224.'1 W)
o-amino isobutyric acid, sar sarcosine, DMGN-dimethylglycine. trp 226.8 (ZW)
basic his 236 yA
dimethylglycine are estimateéfllt can be seen that there exists lys 238 ZW _
a fairly linear relationship between the two quantities both for arg 251.20 W W

glyNa™ and glyRb". From this correlation it becomes evident
that systems with a PA of 217 kcal/mol form zwitterions when

aZW is zwitterion, CS charge solvation structubeReference 28.
¢ Assignments in brackets indicate predictions are less reliable on the

sodiated, but a PA of>219 kcal/mol is required to form  bases of PAvalues and the nature of side chdidsv when sodiated,
’ CS when cesiated.Results of ref 33 were not included in table due to

rubld_lated ZW|tter|0ns._ . potential problems with data interpretation (see the téx@s when
This type of correlation can be used to predict the most stable sodiated (refs 10, 15, 246,and 31) through cesiated (ref 26ZW
forms of other amino acids. For example, a safe prediction when sodiated, ref 24.Assignment for sodiated form, ref 31ZW
would be that the alkali ion cationized forms of the most basic When sodiated through the cesiated form , refs 10 and 32.
amino acids histidine, lysine, and arginine are present as
zwitterions. A caveat is that amino acids with heteroatoms in Sodiated and in a salt bridge form when potassiated and cesiated.
the side chain might act to preferentially stabilize charge !t should be emphasized, though, that results of kinetic experi-
solvation structures. Although this possibility should not affect ments have to be interpreted with caution. The reactions probed
our conclusions on arg, lys, and his, we cannot make accuratemay be kinetically driven rather than thermodynamically,
predictions for amino acids with side chain heteroatoms and a therefore yielding limited information about ground-state struc-
PA in the ~218 kcal/mol range. The model does predict that tures. In the dissociation experiments of the heterodimers
proline (PA = 220 kcal/mo#®), phenylalanine (220.6), and mentioned abové? the metal ion stays either with the amino
isoleucine (219.3) are zwitterions when cationized by sodium acid or with the methyl ester. Since the methyl ester is
and larger alkali ions, whereas valine (217.6) and leucine (218.6) intrinsically a better charge solvation agent, the metal ion tends
are only zwitterions when cationized by the smaller alkali ions. t0 stay with the ester, unless the amino aaietal ion complex

In Table 5 our structural predictions are summarized for all 20 iS particularly stable as is the case in the -amitterion
common naturally occurring amino acids. complex. However, the fact that the metal ion stays with the

The predictions above are in agreement with other calcula- amino acid does not necessarily indicate a zwitterion structure.

tions available for sodiated proline and cationized argitfiie3? Our calculations indicate that glycine-like compounds form
Blackbody infrared radiative dissociation and collisionally particularly stable charge solvation structures with larger alkali

activated dissociation experiments of alkali ion cationized 10NS (CS3 compared to CS1) making it hard for the methyl ester
arginine indicate salt bridge structures for all species except 10 compete for the metal ion. Note, that methyl esters cannot
the lithiated oné2 However, metastable ion (MI) mass spec- form stable CSS structurgs and are -always in CSl-Il!(e confor-
trometry experiments of alkali ieramino acid-amino acid mationst® In view of this uncertainty of interpreting the
methylester heterodimé?sare generally not in good agreement heterodimer MI dat® we omitted any reference to it in Table
with our predictions. Those experiments indicate as a generals' . o o .
trend that larger alkali ions stabilize zwitterions better than ~N- and C-methylation of alkali ion cationized glycine
smaller alkali ions. Thus, based on the MI data many cesiated Substantially lowers the ZW energy relative to the charge
species such as alanine, valine, leucine, and isoleucine areSolvation structures, but there is hardly any energy change
thought to be zwitterions and the corresponding species with between the different charge solvation structures (Table 2). This
smaller alkali ions charge solvation structures. Arginine is IS demonstrated in Figure 5 for the most basic system considered
thought to be in a charge solvation form when lithiated and here,N,N-dimethylglycine, in comparison with glycine. It can
be seen that the energy levels indicated with a solid Ikl
dimethylglycine) agree very well with the dotted levels (glycine)
for all of the charge solvation structures for both the sodiated
and rubidiated systems. The ZW stability, on the other hand, is
. - largely dependent on the amino acid considered.
lgézz)lggcgggcé‘b;f-? Price, W. D.; Williams, E. B. Phys. Chem. A From both Figures 4 and 5 it is also evident that rubidiated
(33) Wesdemiotis, C.; Cerda, B. A. Proceedings of the 47th ASMS amino acids are less likely to form zwitterions than sodiated
Conference on Mass Spectrometry and Allied Topics, 1999, Dallas, TX. amino acids, an effect that has previously been reported for

(30) PA is estimated forr-amino isobutyric acid as PA(alaninel}
PA(isopropylamine)— PA(ethylamine) and foiN,N-dimethylglycine as
PA(sarcosine)t PA(trimethylamine)— PA(dimethylamine). See ref 28.

(31) Hoyau, S.; Norrman, K.; McMahon, T. B.; Ohanessian,JGAm.
Chem. Soc1999 121, 8864-8875.
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12] W Table 6. Calculated Energy Contributions (kcal/mol)
104 €St cS3 - g glycine—alkali ion glycine neutral
8] il K binding energy conformational energy
64 isomef glyNa® glyRb" AEN%, glyNat glyRb™  AES2R,
? 44 CS1 —-493 -—121 -—-37.2 6.2 5.1 1.2
S 5] CS3 —-414 -99 -315 2.2 15 0.7
g o (a) Nat —— W —-625 -—-248 377 21.9 20.1 1.8
§10— Zw aSee Figure 2° Energy required to remove the alkali ion without
& g Cs1 changing the glycine geometry. BSSE not accounted for (see refs 34
—— cs 36). ¢ Assumes the neutral glycine structure is frozen in its glyX
6 _"2 conformation with X at infinite separation and cannot relax to the
4] global minimum. All energies are relative to the glycine neutral global
5 minimum of energy 0.0 kcal/mol.
0_ (b) RO =+ o—H 0
Figure 5. Energy level diagrams for (a) sodiated and (b) rubidiated NG NG
glycine (dotted levels) andN,N-dimethylglycine (solid lines). The e C\ C\
relative energies of charge solvation structures CS1 and CS3 are nearly \ o'/ e / o
independent oN-methylation, whereas the zwitterion stability increases N-v'.,,,,,,,H__,__.-:_—;:.'—’ /N /
dramatically uporN-methylation. \ o H “H
H
glycinet®?8(but is in disagreement with conclusions drawn from Conformation "C" Conformation "F"
results of kinetic methods experimeff)s The reason is that (Global Minimum) (+0.8 kcal/mol)

the charge solvation structure CS3 becomes particularly stablegigyre 6. Glycine conformations corresponding to the levels C and F
in the rubidiated form, whereas CS1 and ZW are almost shown in Figure 7. “F"is a local and “C” the global minimum of neutral
independent of the selection of alkali ion. glycine?

Why CS1 and ZW behave the same when the alkali ion is
changed is curious. Their structures and hence their interactionst 3 kcal/mol?” which is expected to be somewhat smaller than
with the alkali ions are very different. To investigate this De.3t
observation, the following calculations were done. The ideais  The energy difference for the second step in reaction 1 is
to break down the energy contribution to a certain structure into determined by a comparison of the single-point energy of gly*

(a) glycine conformational strain and (b) alkali ieglycine ~ With the energy of the global glycine minimum. These values
interaction. Thus, for glyX the energy differences associated are listed in Table 6 along with the glyciralkali ion binding
with the following processes are evaluated: energies. First, it can be seen that addition of a rubidium ion

perturbs the neutral glycine conformations less (e.g. by 5.1 kcal/
mol for CS1) than addition of a sodium ion (6.2 kcal/mol) as
expected. A second point to note regarding conformational
energy is that the glycine zwitterion is very unstable ¢80
kcal/mol). In fact, on the B3LYP/DZVP level the zwitterion is
not a minimum at all and converts into conformation F upon
geometry optimization (see Figure 6). This lack of stability of
the glycine zwitterion is well-known and has been the subject
of several studies in the literatufe.

The results of our calculations are shown in Figure 7, where
8 . i . . three partial reaction coordinate diagrams are shown. The top
calculation after removing the alkali ion. This energy difference 5.0 () shows energies for glycine in specific conformations
can be regarded as the alkali ieglycine binding energy for ¢ tarest with N& and R at infinite separation. Diagram b
the corresponding frozen glycine conformation under the gives energies for glyRbfor CS1, CS3, and ZW structures
assumption that basis set superposition errors (BSSE) areynereas diagram c gives the same information for glyNa

negligible. This can be a rather poor assumption in absolute 5qgjtion, in part ¢, energies for two isomerization transition states
terms, but any errors should be similar for similar systém¥, calculated by Hoyau and Ohaneséfaare shown.

and hence relative binding energies should be accurate. Buteven Tpe labeling (A through H) refers only to the glycine

ignoring correction for BSSE, our calculated sodium dissociation ¢onformation. For example, in part ¢ the energy level label A
energyDe for glyNa® of ~43 kcal/mol compares very favorably  ¢orresponds to the calculated energy of glyNa the CS1
with previous calculatior¥$~?° (38—45 kcal/mol) and with the  conformation. In part a the label A corresponds to the calculated
experimental sodiumglycine binding enthalpy oAH34¢ = 37 energy of glycine frozen in the conformation it has as part of

(34) The calculated glycinemetal ion binding energies are expected to the CS1 glyNa complex. The dlﬁ-erence m- the engrgles of these
be too large due to BSSE. However, for DFT methods BSSE are generally two levels corresponds to the first step in reaction 1 for=X

considerably smaller than for electron-correlation methods such as MP2 Na. The label B has exactly the same meaning fo=)Rb.

and may be less than 1 kcal/mol for sodiated systems (ref 35) and probably The same interpretation is given for D and E for CS3 and G

even smaller for larger alkali ions (ref 36). In any case, BSSE are expected ;

to be approximately the same for all of the CS1, CS3, and ZW structures and H for ZW confprmat|0n§. .

for a given metal ion. Two other energies are given in part a. These correspond to
(35) Daza, M. C.; Dobado, J. A.; Molina, J. M.; Salvador, P.; Duran, the global minimum labeled C, which is arbitrarily set as the

M.; Villaveces, J. L.J. Chem. Phys1999 110 11806-11813.
(36) Hill, S. E.; Glendening, E. D.; Feller, 0. Phys. Chem. A997, (37) Klassen, J. S.; Anderson, S. G.; Blades, A. T.; Kebarld, Phys.

101, 6125-6131. Chem.1996 100, 14218.

glyX* —gly* + X" —gly + X* (1)

where “glyX*" is a geometry optimized structure of alkali ion
cationized glycine, “gly*+ X*" is glycine in a conformation
identical with that in the glyX starting structure but infinitely
separated from X, and “gly + X" is geometry optimized
glycine infinitely separated from X The energy difference for
the first step in (1) is calculated by comparing the energies of
the glyX" structure with that obtained from a single point
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than R, by 37-38 kcal/mol for CS1 and ZW and by 3B2
kcal/mol for CS3. Hence, the relative binding energies are
responsible for the fact that the CS3 energy drops relative to
CS1 and ZW when replacing Nay a larger alkali ion.

The values for the two isomerization barriers in Figure 7,
trace c, for glyNa are very different. The isomerization CS3
= ZW, i.e.,, D==H, has a very small barri&rconsistent with
the fact that the only structural change is the migration of the
bridging proton £N--*H—0—) = (—N—H"---~0—). Hence the
value of the barrieK is essentially the difference in the stability
of the two isomers. This situation mirrors one we previously
reported® for the analogous isomerization in (gi{a™ where
the zwitterion spontaneously reverted to the 5 kcal/mol more
stable CS from.

On the other hand, the isomerization C81CS3 requires
D : substantial rearrangement (Figure 2). If starting from CS1, the
5 X*—N bond must be broken (forming a CS2 like intermediate)
7 followed by a 180 rotation about the €C bond. This concerted

Energy (kcal/mol)

-50 ; ; process takes-19 kcal/mol according to the calculations of
cs1 ] cs3 | zw | Hoyau and Ohanessi#nfor glyNa™. Hence glycine and its
Glycine Conformation alkali-cationized congeners has two structural motifs that only

Figure 7. Energy level diagram of (a) neutral, (b) rubidiated, and (c) Very weakly communicate at thermal energies centered about
sodiated glycine. Glycine conformation changes from left to right with the two low-energy structures given in Figure 6 and designated
CS1-like conformations on the left, CS3 in the middle, and zwitterion C and F in Figure 7.

(ZW) structures on the right. Bold levels (e.g. C and F) indicate potential

minima. Energies are calculated at the B3LYP/DZVP level and are Conclusions

relative to the global minimum C of neutral glycine. Energies for the . . . _—
transition states J and K are from ref 26. On the basis of B3LYP/DZVP calculations, alkali cationized

glycine and alanine form charge solvation structures, whereas

zero of energy, and a second conformation labeled F nearly asSingly and doublyN-methylated glycine form salt bridges
low in energy (see Figure 6). The energy difference between A independent of metal ion. Doublg-methylated glycine d-
and C in part a is just the energy of the second step in reaction@Mino isobutyric acid) fo!rms a charge sc_)lvatlon structure when
1, or the so-called glycine strain energy for CS1. rubidiated and a salt bridge when sodiated. Good agreement
So why do CS1 and ZW behave the same as the metal ionbetween experimental and theoretical cross sections for all
changes even though their conformations are very different? It SySteéms reported here generates confidence in the theoretical
is the cancellation of two large effects. When you add & Na  results. _ _
ion to glycine in conformation CS1, the energy drops by 49.3  In all cases the relative energy between the salt bridge
kcal/mol. When the same Ndon is added to glycine in the ~ Structure (ZW) and the charge solvation structure CS1 (where
ZW conformation the energy drops by 62.5 kcal/mol. This large the metal ion is bound to the nitrogen and the carbonyl oxygen)
difference in stabilization energies is nearly exactly offset by is independent of the choice of alkali ion, which appears to be
the difference in strain energies of the CS1 and ZW conforma- coincidental. However, the energy of CS3 (where the metal ion
tions relative to the global minimum: 6.2 and 21.9 kcal/mol, S directly bound to the oxygens of the C-terminus) significantly
respectively. The net effect is CS1 is stabilized 43.1 kcal/mol decreases as the alkali ion size increases. The neutral glycine
by Na~ and ZW 40.6 kcal/mol making CS1 the global minimum conformation is least distorted in CS3 compared to CS1 and

for glyNa* by 2.5 kcal/mol. ZW, but the metal ion is also least strongly bound in CS3, an
When R is substituted for Na the absolute stabilization  €ffect that is stronger for smaller alkali ions. As a consequence,

numbers change dramatically (Table 6) but taktive differ- sodiated glycine derivatives tend to form more stable salt bridges

ences are almost identical. The net result is CS1 is 2.3 kcal/ than the rubidiated molecules. .

mol more stable than ZW for glyRb essentially identical with Finally, the stability of salt bridge structures relative to charge

glyNa*. This result appears to be coincidental since the nature solvation structures increases nearly proportional to proton
of the interaction of the alkali ions with the two structures is so affinity for the systems studied here. For sodiated molecules a
different. PA of ~217 kcal/mol is required to make a salt bridge equally
A comparison of the energy changes for steps 1 and 2 in Stable to a charge solvation structure; for rubidiated amino acids
reaction 1 as N&is replaced with Rb is also interesting a PA o_f~219 kcal/mol is required. This correlat_i_on aIIo_vvs_us
(AEM vs AEST@N  Table 6). Values foAEST@", are small to predict the structural preference for all 20 alkali ion cationized
(but consistently positive) and barely dependent on the structure,COMMOnN amino acids.
indicating that both alkali ions dislocate glycine in a similar
way from conformation C with sodium having a slightly larger
effect. On the other hand, values faEX"%, are large and
dependent on the structure. Nainds more strongly to glycine  JA992546V
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