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Abstract: The structures of lithiated and sodiated glutamine, both with and without a water molecule, are
investigated using experiment and theory. Loss of water from these complexes and from lithiated and
sodiated complexes of asparagine methyl ester, asparagine ethyl ester, and glutamine methyl ester is
probed with blackbody infrared radiative dissociation experiments performed over a wide temperature range.
Threshold dissociation energies, E,, for loss of a water molecule from these complexes are obtained from
master equation modeling of these data. The values of E, are 63 &+ 1 and 53 + 1 kJ/mol for the lithiated
and sodiated glutamine complexes, respectively. These values are similar to those for the nonzwitterionic
model complexes and are in excellent agreement with calculated values. In contrast, water binding to the
zwitterionic form is calculated to be significantly higher. These results indicate that glutamine in these lithiated
and sodiated complexes with a water molecule are nonzwitterionic. Complexes with the asparagine side
chain have slightly higher E, values than those with the glutamine side chain, a result consistent with more
effective solvation of the metal ion due to the slightly longer side chain of glutamine. Calculations indicate
that lithiated and sodiated glutamine are nonzwitterionic, with the metal ion interacting with the amine nitrogen
and carbonyl oxygen from the amino acid backbone and the amide oxygen of the side chain. Addition of
a water molecule does not affect the lowest-energy structure of lithiated glutamine, whereas, for sodiated
glutamine, the lowest-energy zwitterionic and nonzwitterionic structures are essentially isoenergetic.

Introduction exchangé? computationt3-3° spectroscopy® and guided ion
) o beam mass spectromefi{y#! The focus of many of these
The structure of a molecule in solution is influenced by & gies is how metal ion size and charge affect the propensity

intrinsic intramolecular interactions, such as hydrogen bonding ¢, switterion formation in the gas phase. All naturally occurring
in alpha helices or in beta sheets, as well as interactions with

surrounding molecules and ions. For example, peptides with (4) jockusch, R. A.; Lemoff, A. S.; Williams, E. R. Am. Chem. So@001,
i i i i i 123 12255-12265.
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in aqueous solutioh.Obtaining a fundamental understanding ~ (6) Lemoff, A.S.; Williams, E. RJ. Am. Soc. Mass Spectrog04 15, 1014~

of the contribution each of these types of interactions has on (7) Lemoff, A. S.; Bush, M. F.; Williams, E. Rl. Am. Chem. So€003 125,

1024.

molecular structure is a challenging task. One way to simplify ®) t?e’?n@;lg?g“‘: Bush, M. F.: Williams, E. RI. Phys. Chem. 2005 109
experimental investigations of intermolecular effects is to probe 1903-1910.
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insiaht i i i - 227, 509-524.
mgght into how solvent and electrostatic interactions influence (12) Cox H. A Julian, R. R Lee. S. W.: Beauchamp, JJ1Am. Chem. Soc.
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2004 126, 6485-6490.
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Amino acids, the building blocks of peptides and proteins, 13 102 317"’;959796. emo riams ys. &hem a
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amino acids exist in their nonzwitterionic form in the gas phase,
but the zwitterionic form can be preferentially stabilized by the
addition of a metal ion. For example, attachment of a singly
charged metal cation to glycine can stabilize the zwitterionic
form of glycine by as much as 85 kJ/mol relative to the
nonzwitterionic form, although the latter form is still the lowest
in energy3394042|n contrast, attachment of a doubly charged

proton affinity and the increased relative stability of the
zwitterionic forms versus nonzwitterionic forms of these
complexes. However, predicting zwitterionic stability for all
amino acids based on proton affinity alone is complicated by
the potential competing effect of preferential stabilization of
the nonzwitterionic form by any heteroatoms in side chains, an
effect particularly pronounced with small cations such as lithium.

cation, such as the larger alkaline earth metals, can make theFor example, the proton affinity of arginine is 164 kJ/mol higher

zwitterionic form of glycine more stabfé:-15

than that of glycing? yet the zwitterionic forms are-15 kJ/

For simple aliphatic amino acids complexed to singly charged mol and~90 kJ/mol higher in energy than the nonzwitterionic
cations, the structure of the nonzwitterionic form can depend forms for isolated arginin®7! and isolated glyciné? respec-
on cation size. Small metal cations typically bind to the amine tively. Attachment of a cation further reduces the effect that
nitrogen and carbonyl oxygen (NO coordination), whereas larger proton affinity has on the relative stability of these two forms
metal ions tend to bind to the two carboxylic acid oxygens (OO of the amino acid. This is due to the preferential stabilization
coordination}*#1%21 For the zwitterionic form, the metal is  of the nonzwitterionic form due to the ability of an amino acid
typically bound to the two carboxylate oxygens (OO coordina- to “solvate” the charge via interactions with heteroatoms in the
tion) 361413In general, the size of the cation plays a role in the side chains. Calculations indicate that the nonzwitterionic form
relative stability of the nonzwitterionic versus zwitterionic forms  of sodiated glycine is~10 kJ/mol lower in energy than the
of the amino acid. For example, kinetic method experiments zwitterionic form322.3lwhereas the zwitterionic form of sodiated
by Wesdemiotis and co-workers indicate that lithiated, sodiated, arginine is~4 kJ/mol lower in energy than the nonzwitterionic
and potassiated complexes of alanine, valine, leucine, andform? Despite a 164 kJ/mol difference in proton affinity, the
isoleucine may be nonzwitterionic but cesiated complexes are differences in relative stability between the zwitterionic and
zwitterionic1® A similar trend was reported for divalent alkaline  nonzwitterionic form of these two amino acids is onht4 kJ/
earth cationized glycié and alkali-metal cationized argin-  mol. Interestingly, results from experiments suggest that sodiated

ine?1% In contrast, calculations by Bowers and co-workers arginine is nonzwitterionic, indicating that the proton affinity
indicated that rubidium ions stabilize the nonzwitterionic form alone is a poor indicator of structure for amino acids with

of an amino acid more than smaller sodium iéns.

In addition to the effects of metal ion size and charge state,
the proton affinity of the protonation site can also play an
important role on the relative stabilities of the nonzwitterionic
and zwitterionic forms of an amino acid:*344For five aliphatic

amino acids and amino acid analogues, Bowers and co-worker
reported that there was a fairly linear relationship between the

(23) Shoeib, T.; Siu, K. W. M.; Hopkinson, A. Q. Phys. Chem. 2002 106,
6121-6128.

(24) Shoeib, T.; Rodriquez, C. F.; Siu, K. W. M.; Hopkinson, ARBys. Chem.
Chem. Phys2001, 3, 853-861.

(25) Hoyau, S.; Ohanessian, G.Am. Chem. S0d.997, 119 2016-2024.

(26) Marino, T.; Russo, N.; Toscano, M. Inorg. Biochem200Q 79, 179—
185.

(27) Constantino, E.; Rodriguez-Santiago, L.; Sodupe, M.; TortajadaPhys.
Chem. A2005 109, 224-230.

(28) Ai, H. Q.; Bu, Y. X.; Li, P.; Li, Z. Q.; Hu, X. Q.; Chen, Z. DJ. Phys.
Org. Chem.2005 18, 26—34.

(29) Wong, C. H. S.; Siu, F. M,; Ma, N. L,; Tsang, C. W. Mol. Struct.
(THEOCHEM)2002 588 9—16.

(30) Pulkkinen, S.; Noguera, M.; Rodriguez-Santiago, L.; Sodupe, M.; Bertran,
J. Chem. Eur. J200Q 6, 4393-4399.

(31) Hoyau, S.; Pelicier, J. P.; Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, G.
Eur. J. Mass Spectron2001, 7, 303—311.

(32) Rodriguez-Santiago, L.; Sodupe, M.; Tortajada, Phys. Chem. 2001,
105, 5340-5347.

(33) Marino, T.; Russo, N.; Toscano, M. Mass Spectron2002 37, 786—
791.

(34) Ai, H. Q.; Bu, Y. X,; Li, P.Int. J. Quantum ChenR003 94, 205-214.

(35) Rogalewicz, F.; Ohanessian, G.; Gresh, JNComput. Chem200Q 21,
963-973.

(36) Kapota, C.; Lemaire, J.; Maitre, P.; Ohanessian]. @m. Chem. So2004
126, 1836-1842.

(37) Ye, S. J.; Moision, R. M.; Armentrout, P. Bit. J. Mass Spectron2005
240, 233-248.

(38) Rodgers, M. T.; Armentrout, P. B\cc. Chem. Re2004 37, 989-998.

(39) Moision, R. M.; Armentrout, P. BJ. Phys. Chem. 2002 106, 10350~
10362.

(40) Moision, R. M.; Armentrout, P. B2hys. Chem. Chem. Phy04 6, 2588~
2599

(41) Moision, R. M.; Armentrout, P. B. University of Utah, Salt Lake City,
UT. Personal communication, 2005.

(42) Kassab, E.; Langlet, J.; Evleth, E.; AkacemJYMol. Struct. (THEOCHEM)
200Q 531, 267—-282.

(43) Strittmatter, E. F.; Wong, R. L.; Williams, E. R. Phys. Chem. 2000
104, 10271+10279.

(44) strittmatter, E. F.; Williams, E. Rnt. J. Mass Spectron2001, 212, 287—
300.

heteroatom-containing side chaf¥.

Water molecules can also preferentially stabilize the zwitter-
ionic form of an amino acid; in bulk solution under physiological
conditions, amino acids exist predominantly in forms in which
the C-terminal carboxylic acid is deprotonated and the N-

Serminal amine is protonated. In the gas phase, attachment of
only a few water molecules can result in the zwitterionic form
being energetically comparable to the nonzwitterionic
form 5.6.14.46-48 Eor glycine,~3—5 water molecules can make
the zwitterionic form the most stab?&>° Recent experimental
evidence on ionic species also indicates that very few water
molecules are necess&§#” The effects of water on the
structure of cationized amino acids have been investigated using
BIRD and theory*: 8 For example, BIRD experiments indicate
that lithiated valine with one and two water molecules has a
charge-solvated nonzwitterionic structure where the metal ion
is NO coordinated, with the water molecules interacting only
with the metal iorf—® Addition of a third water molecule makes
valine a zwitterion in these clusters, with the metal ion shifting
to OO coordination. Two water molecules bind to the lithium
ion and carboxylate oxygens, with the third water molecule
binding directly to the protonated amine nitrogerProline in
lithiated and sodiated complexes is zwitterionic both Wihd
without10.17.413 single water molecule attached. This preference
for the zwitterionic form for proline is due to the high proton

(45) Hunter, E. P.; Lias, S. G. INIST Chemistry WebBook, NIST Standard
Reference Database Number;89nstrom, P. J., Mallard, W. G., Eds.:
Gaithersburg, MD, 2003.

(46) Snoek, L. C.; Kroemer, R. T.; Simons, J. Fhys. Chem. Chem. Phys.
2002 4, 2130-2139.

(47) Xu, S.; Nilles, J. M.; Bowen, K. H., J3. Chem. Phys2003 119, 10696~
10701.

(48) Tajkhorshid, E.; Jalkanen, K. J.; Suhai,JS.Phys. Chem. B998 102
5899-5913.

(49) Yamabe, S.; Ono, N.; Tsuchida, Bl. Phys. Chem. 2003 107, 7915~

7922.

(50) Balta, B.; Aviyente, V.J. Comput. ChenR003 24, 1789-1802.
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affinity of the secondary amine of proline and minimal charge  Mass Spectrometry.All dissociation experiments were performed
solvation in the nonzwitterionic form. on a home-built Fourier transform mass spectrometer with a 2.7 T
A key remaining challenge is to be able to accurately predict superconducting electromagnet. The instrument and experimental
how “amino acids with heteroatoms in the side chain might act methods are discussed in detail elsewHé?é*Briefly, ions generated
to preferentially stabilize charge solvation structufe§lutamine by nanoelectrospray are accumulated in the ion cell for a period of
Gl b " . id . . 3—6 s. Unwanted ions are ejected from the cell using a series of stored
(GIn) gppears to be an ex_ce ent amlnp acid to Investigate waveform inverse Fourier transform (SWIFT) and chirp excitation
further: the structure of sodiated glutamine has been reportedayeforms. The hydrated ion cluster of interest then undergoes
to be both nonZW|tter|oni§ and ZV\{'tter}On.'é The lowest- unimolecular dissociation for times ranging from 0 to 540 s. Dissocia-
energy structure of GKAg™ is nonzwitterionic, with the silver  tion kinetics are obtained by measuring the abundance of the parent
ion interacting with the amine nitrogen and carbonyl oxygen and daughter ions as a function of reaction time. The temperature of
from the amino acid backbone and the amide oxygen of the the_ct_all is coqtrolled by heating thg vacuum chamber with electri_cally
side chain (NOO coordination). In contrast, a zwitterionic resistive heating blankétsor by cooling the copper jacket surrounding
structure for sodiated glutamine was predicted to be lowest in the cell with liquid nitrogert? Prior to all experiments, the temperature
energy based on the proton affinity of glutami@alculations is allowed to equilibrate overnight=( 8 h) to ensure that ions are
of the proton affinity of glutamine differ with those measured exposed to a steady-state radiative energy distribution from infrared

. L . h i fi h lIs of th jack
using the kinetic method by as much as 50 kJ/PA&E This Ehg:ﬁgzrem'tted fom the walls of the copper jacket and vacuum

deviation is attributed to protonated GIn having & strong  computational Details. Possible low-energy structures of Gin,
hydrogen bond between the protonated amine nitrogen andasnome, GinOMe, and AsnOEt are determined by using a combination
heteroatoms in the side chain. This interaction is disrupted in of conformational searching and chemical intuition. Structures of AA
the kinetic method measurements. The kinetic method has alsoM* and AA-M*(H,0) clusters were generated using Monte Carlo
been used to investigate the sodium binding affinity of GIn and conformation searching with the MMFF94 force field using Maestro
16 other amino acids. Based on the poor relationship between 6.5 (Schialinger, Inc. Portland, OR). For the initial search, no
the proton affinity and the measured sodium ion affinity of these constraints were placed on the molecules, and 5000 conformations were
amino acids, the authors concluded that all the sodiated aminogdenerated with a Monte Carlo simulation. No additional structures
acids, except proline, have nonzwitterionic structures. A com- within 50 kJ/mol were identified upon generation of an additional 5000

o . T . conformations, indicating that the majority of low-energy structures
plicating factor in these kinetic measurements, however, is that ) . ) e

. . . . S obtainable from these molecular mechanics calculations were identified.

the structure of an amino acid may be different in a cationized

. o Starting structures for higher-level calculations were chosen from this
dimer versus a cationized monomer, a result that can obfuscatey oyp of structures. In several instances, additional structures which

the ant?lusions. For elxample, k.inet.ic measurements indicateyere more than 50 kd/mol less stable than the lowest-energy structure
that lithiated proline is nonzwitterion#®®, whereas BIRD were also chosen. In no instance were these additional higher energy
measurementsand theor§1” both indicate that proline in this  structures found to be the most stable structure at higher levels of theory.

complex is zwitterionic. Lithiated proline is apparently non- After identifying lowest-energy structures from the mechanics
zwitterionic when present in a lithium ion bound dimer with calculations, hybrid method density functional calculations (B3LYP)
proline methyl estet? were performed using Jaguar v. 5.0 and 5.5 (Sdihger, Inc., Portland,

Here, we measure threshold dissociation energies of a WaterOR) with increasingly large basis sets. Full geometry optimizations

L . . were performed at the 6-31G*, 6-3G*, and 6-31+G** levels.

molecule bound to lithiated and sodiated glutamine and three Adiabatic water bindin . ol i

. . g energies were calculated from these lowest:
nonzw'tte“omc_ structural _anal_ogues. We show that glu_tamlne energy structures, and include electronic energies, zero-point energies,
bound to a lithium or sodium ion forms an NOO-coordinated 4, enthalpies at 298 K. Nonadiabatic water binding energies are also
nonzwitterionic complex, with or without a water molecule cajculated for the zwitterionic GIM*(H,0) complexes. This non-
attached. We also show that the asparagine ester complexesadiabatic binding energy is used because the dissociative transition state
which have a shorter side chain (one less methylene group),will likely share the same metal ion binding mode as the lowest-energy
bind the metal ion less strongly than the glutamine complexes zwitterionic structure of GIM™*, not the lowest-energy GiW*

and that this effect of side-chain length, although small, is structure, which is nonzwitterionic.

reflected in the experimental data. In the BIRD experiments, the measured dissociation rate depends
on the rates of radiative absorption and emission, the transition state
Experimental Methods entropy of the dissociation, and the binding energy of the water to the

) ) ] ) ) cluster. We can numerically simulate the experimentally measured
Chemicals. Glutamine (GIn) was obtained from Sigma Chemical  yjnetic data by modeling these processes using a master equation
Co. (Saint Louis, MO). Asparagine methyl ester (AsnOMe) was  formalism. This is discussed in detail elsewh®r@riefly, radiative
purchased from Bachem California Inc. (Torrance, CA). Glutamine ra¢e5 are obtained by combining Einstein coefficients determined from
methyl ester (GInOMe) was purchased from Oakwood Products (West c5|cylated absorption spectra for the clusters and a blackbody energy
Columbia, SC). Asparagine ethyl ester (AsnOEt) was purchased from fie|q at the temperature of the experiment. Dissociation processes are
Maybridge Chemical Company Ltd. (Trevillett, Tintagel, Comwall, jnclyded in the model by using microcanonical dissociation rate
UK). Lithium hydroxide was purchased from Aldrich Chemical Co.  constants calculated with RRKM theory. The transition state entropy
(Milwaukee, WI). Sodium hydroxide was purchased from Fischer f the dissociation is not accurately known, so we model a range of
Scientific (Fair Lawn, NJ). All chemicals were used without further  yansition state entropies which results in a range of dissociation rate
purification. Electrospray solutions were made to optimize signal for constants. The binding energy used to calculate the RRKM rate
AA-M™ (amino acid or amino acid analogue) and were typically 1.0
mM AA and 2.0 mM LiOH or NaOH. Glutamine solutions were  (53) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem1996 68, 859

typically made to 3.0 mM GIn and 1.0 mM LiOH or NaOH. 866. o
(54) Wong, R. L.; Paech, K.; Williams, E. Rit. J. Mass Spectron2004 232,
59-66.

(51) Maksic, Z. B.; Kovacevic, BChem. Phys. Lett1999 307, 497—-504. (55) Price, W. D.; Schnier, P. D.; Williams, E. B. Phys. Chem. B997, 101,
(52) Li, X.-P.; Harrison, A. GOrg. Mass Spectronl993 28, 366—-371. 664—673.
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Scheme 1 Li
Gln NZ Gln ZW -
? % E
HN—CH—C—OH  +——— H3N+—(IZH—C—O_ a
()
CH2— CH2—C—NH CHz— CHz—C—NH D
o) =
0 £
AsnOMe GInOMe AsnOEt GInOMe
0
I I i
HyN—CH—C—OCH3 HaN—CH—C—OCH — CH—C—
2 s 3 HN=GH=C—O0CH,CHy 0 50 100 150 200 250 300 350
CHz—C—NH? CHZ—CHZ—(,‘T;—NHZ CHp—C—NH2 0.0 t(s)
0.2 Na
. L . o -0.44
constants is also varied in the model. Modeling was done for each of § 0.6
the isomers assuming both a “neutral” and “loose” transition state -2 0'8 4
(Arrhenius pre-exponentials of ¥0and 167 s™%, respectively). Loss o '1 ‘0 4 AsnOMe
of a water molecule from these clusters is expected to proceed throughif -
a relatively loose transition state, but a wider range of transition state = -1.24
entropies was used to better assess the effect of this parameter. In 1.4
addition, a transition dipole moment multiplication factor between 0.8 -1.64

and 1.2 was used to estimate effects of uncertainties in the calculated

values.
Results

Structural Model Complexes. Information about the struc-
ture of cationized glutamine (GIM*, M = Li and Na) is
determined from the threshold dissociation enekgy for loss
of a water molecule from GHv™(H,0). This value is obtained
from blackbody infrared radiative dissociation (BIRD) experi-
ments and compared to valuesiffor similar molecules with
known structure. Asparagine methyl ester (AsnOMe) is a
structural isomer of glutamine and is used as a model of the
nonzwitterionic form of GIn. These molecules are structurally
similar, but the side chain of AsnOMe is one methylene group
shorter than that of GIn. Glutamine methyl ester (GInOMe),
though not an isomer of GIn, has the same side chain and shoul
have similar modes of metal ion and water binding as non-
zwitterionic GIn. Asparagine ethyl ester (AsnOEt) is a structural
isomer of GInOMe and is also nonzwitterionic. For structures
in which the metal ion and water binding of these four
complexes involve interactions with the side chain, the longer
side chains of GIn and GInOMe may cause the metal ion and
water molecule to be bound differently than in the complexes
of AsnOMe and AsnOEt. The structures of all four molecules
are given in Scheme 1.

Dissociation Kinetics. The loss of a water molecule from
AA-M*(H,0), AA = GIn, AsnOMe, GInOMe, AsnOEt, was
measured as a function of time over a temperature rangéof
to 60.3°C for M = Li and from —40 to 31.8°C for M = Na.

All experiments were performed at pressured 08 Torr, so

that all these kinetics were measured in the zero-pressure limit
(ZPL).55-%8 Representative plots of I{[AA-M*(H,0)]/

(JAA -MT(H,0)] + [AA-M™])} as a function of time are shown

in Figure 1. Correlation coefficients for all of these data are
>0.99, indicating first-order kinetics.

Arrhenius Plots. Arrhenius plots obtained from the ZPL rate
constants for the loss of water from AM*(H,0), AA = GIn,

(56) Tholmann, D.; Tonner, D. S.; McMahon, T. B. Phys. Chem1994 98,
2002-2004.

(57) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.; Williams,
E. R.J. Am. Chem. S0d.996 118 10640G-10644.

(58) Dunbar, R. C.; McMahon, T. BSciencel998 279, 194-197.

0

20 40 80 100 120

60
t(s)
Figure 1. Blackbody infrared radiative dissociation kinetics for the loss

of a water molecule from AALi*(H,0) clusters aflf = 0 °C and from
AA-Na'(Hz0) clusters afl = —27.5°C.

AsnOMe, GInOMe, AsnOEt and M- Li and Na, are shown in
Figure 2. Arrhenius parameters from these data are given in
Table 1. The data are not fit over the entire temperature range
due to curvature in the Arrhenius data at high temperatures.
The curvature is due to an increased depletion of the high energy
tail of the distribution as the temperature is increased. This
phenomenon is described in more detail elsewfhet&? Cor-
relation coefficients for the fit data are &ll0.994. The Arrhenius
plots for GInM*(H,0) are clearly different from AsnOMe

JM*(H20), as are the plots for GInOME*(H20) and AsnOEt

M™(H,0). However, the difference between the Gt (H,0)
and AsnOMeM™(H,0) plots is similar to that between the
GInOMeM*(H,0) and AsnOEM*(H,0) plots for both M=

Li and Na.

Threshold Dissociation EnergiesFor complexes of the size
studied here, the measured Arrhenius parameters are smaller
than those measured if these complexes were in the rapid energy
exchange limif55° To obtain accurate threshold dissociation
energies ) from these measurements, master equation model-
ing of the BIRD data is performed. A detailed description of
this modeling process is provided elsewhetgValues of E,
from this modeling for AAM™(H,O) are given in Table 2.
These values are all withia 3 kJ/mol range around 64 and 51
kJ/mol for the lithiated and sodiated complexes, respectively.

Lowest-Energy Structures.Calculations were performed to
identify the lowest-energy structures of AM*(H,0),, AA =
GIn, AsnOMe, GInOMe, AsnOEt, M= Li and Na,n = 0 and
1. These structures were used to obtain parameters necessary
for the master equation modeling processes and to determine if
the metal ion and water molecule are bound similarly in Gin
and the model complexes. Water binding energies, which can
be compared td,, are also calculated from these structures.
The lowest-energy structures for Al and the lithiated model
complexes are given in Figure 3. The structures ofMA do

(59) Price, W. D.; Williams, E. RJ. Phys. Chem. A997 101, 8844-8852.
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Figure 2. Arrhenius plots for the loss of a water molecule from AR"(H,0). The data are fit betweer? @nd 50°C for M = Li and between-40° and

0°C for M = Na.

Table 1. Zero-Pressure Limit Arrhenius Parameters, E, (in
kJ/mol), and A (in s71), for Loss of Water from AA-M*(H20), M =
Li and Na

metal ion interaction. The three lowest-energy structures of GIn
Li™ (A, B, C) all have the metal ion undergoing NOO
coordination. This binding motif is destabilized in structures of

v M E log A GIn-Na*, with structures E (OO coordination) and D (OOO
Li Gin 39+1 52+01 coordination) both being lower in energy than the NOO-
AsnOMe 42+ 1 5.6+ 0.2 .
GInOMe 36+ 1 51+ 02 coordinated B and C structures.
AsnOEt 381 5.14+0.2 The lowest-energy structures of Al (H,0) are shown in
Na Eslrr]IOMe glﬁ i i-gi 8-1 Figure 5. The nonzwitterionic sodiated structures are similar to
GInOMe 2741 41402 th_e lithiated str.uctures. The water molecule interacts directly
AsnOEt 20+ 1 4.4+ 0.1 with the metal ion and does not perturb the AA" structure.

Table 2. Threshold Dissociation Energies (E,) and Binding
Enthalpies (in kJ/mol) for Loss of Water from AA-M*(H,0)
Determined from Master Equation Modeling of BIRD Kinetics Data

In contrast, the water molecule in the zwitterionic form of
AA-Na'(H;0) shifts the position of the metal ion such that the
water molecule interacts with both the metal ion and a
carboxylate oxygen (Structure ZW B, Figure 5), though the

E binding enthalpy difference in energies between structures ZW A and ZW B is
AA L Na L Na small. One would expect the barrier for interconversion between
Gin 63 L 1 5311 6aL 1 5211 _these struc_tures to alsq be small, so if zwmenom_c-ﬁf(HzO)
AsnOMe 66+ 1 53+ 1 66+ 1 534+ 1 is present in the experiment, both forms would likely be present
GInOMe 63+ 2 50+ 1 63+ 2 4941 and indistinguishable.
AsnOEt 65+ 1 53+1 65+ 1 52+ 1

not significantly depend on whether the metal ion is lithium or
sodium. The metal ion is bound similarly in nonzwitterionic
GIn, AsnOMe, GInOMe, and AsnOEt, interacting with the amine

Zwitterionic GlrrLi T(H20) (ZW A) is 19.2 kJ/mol higher in
energy than the nonzwitterionic form at the B3LYP/6+3tG**
level of theory, including zero-point energy amd(298 K)
corrections (Table 3). The zwitterionic form of Gha™(H,0)
(ZW B) is 0.7 kd/mol lower in energy than the nonzwitterionic

nitrogen, carbonyl oxygen, and the amide oxygen of the side form at this level of theory, although this small energy difference

chain (NOO coordination). In zwitterionic glutamine, the metal
ion is bound to both carboxylate oxygens (OO coordination),

is well within the expected error in these calculations. The metal
ion is NOO coordinated in GHM*(H>O) and the three

and protonation of the amine group is energetically favored over nonzwitterionic model complexes, with the water molecule
alternate protonation sites on the side chain. Zwitterionic binding to the metal ion. AsnOMM*(H,O), GInOMe

GIn-M™ is 36.0 and 8.0 kJ/mol higher in energy than the non-
zwitterionic form for M = Li and Na, respectively, at the
B3LYP/6-31-+G** level of theory, including zero-point energy
and AH(298 K) corrections (Table 3).

Seven additional low-energy structures of it are given
in Figure 4, with their relative energetics along with those for

M*(H,0), and AsnOEM™(H,0) appear to be good model
complexes for the metal ion and water binding in nonzwitter-
ionic GIn-M*(H,0), except for minor differences due to the
shorter side chains of AsnOMe and AsnOEt. The metal ion in
zwitterionic GInM*(H,0) is OO coordinated, and the water
molecule binds either directly to the metal ion (ZW A) or with

the corresponding sodiated structures at the B3LYP/6-31G* level both the metal ion and a carboxylate oxygen (ZW B).

of theory. These structures illustrate the energetic effects

Calculated Water Binding Energies. From the lowest-

associated with different metal ion interactions. There are energy AAM™ and AA-M™(H,0) structures, water binding

additional structures with energies similar to those in Figure 4; energies are calculated and are given in Table 4. For the model
however, the structures shown in the figure are the lowest in complexes and the nonzwitterionic form of Glin, the calculated
energy for each class of structures with a specific heteroatom binding energies are adiabatic values, while both adiabatic and
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Gln-Li* Nz Gln-Li* zZW
(@]
-
Li 0 +36.0 kJ/mol
Na 0 +8.0 kJ/mol
(8] @) @]
o]
J
&
AsnOMe GInOMe AsnOEt

Figure 3. Lowest-energy structures of ARi* complexes at the B3LYP/6-31+G** level of theory.

Table 3. Relative Energies, in kd/mol, of GIn-M* and GIn-M*(H,0), M = Li and Na, at Various Levels of Theory?2

Gln-Li* Gln-Li* Gln-Li*(H,0) Gln-Li*(H,0) Gln-Li*(H,0)
method/basis set NZ W NZ ZWA ZW B
B3LYP/6-31G* 0 43.6 0 22.4 29.8
B3LYP/6-314+G* 0 33.0 0 12.6 17.0
B3LYP/6-31++G** 0 37.7 0 19.7 25.5
AZPE 0 —-2.1 0 —-0.3 2.4
AH(298 K) 0 0.4 0 —-0.3 —2.7
total B3LYP/6-3H1+G** 0 36.0 0 19.2 25.2
Gln-Na* Gln-Na* Gln-Na*(H,0) Gln-Na*(H,0) Gln-Na*(H,0)
method/basis set Nz W NZ ZWA ZWB
B3LYP/6-31G* 0 11.7 0 4.7 2.0
B3LYP/6-31+-G* 0 2.6 5.9 0 0.5
B3LYP/6-31++G** 0 8.1 0.4 0 0.5
AZPE 0 0.7 —-4.6 0 —4.4
AH(298 K) 0 —-0.8 3.9 0 1.1
total B3LYP/6-3H1-+G** 0 8.0 0.7 1.0 0

aNZ = nonzwitterionic form, ZW= zwitterionic form.

A B C
b
f
Li:0 Li: +29.3 kJ/mol Li: +30.1 kJ/mol Li: +33.5 kJ/mol
Na: 0 Na: +28.9 kJ/mol Na:+25.5 kJ/mol Na:+19.2 kl/mol
E F G
) o
@]

Li: +43.5 kJ/mol Li: +48.1 kJ/mol Li:+61.1 kJ/mol
Na:+11.7 kJ/mol Na:+36.4 kJ/mol Na:+47.3 klJ/mol

Figure 4. Low-energy structures of nonzwitterionic A+ complexes at the B3LYP/6-31G* level of theory, with relative energies for these and the
similar sodiated complexes (in kJ/mol).

nonadiabatic values are given for the zwitterionic form of GIn. structure, which is nonzwitterionic, is likely to occur after the
Isomerization of zwitterionic GWM™ to the most stable transition state of the dissociating complex.
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Gln-Li*(Hy0) NZ

Gln-Li*(Hy0) ZW

Li 0
Na +0.7 kJ/mol

L %

+19.2 kd/mol
+1.0 kJ/mol

%_Q

+25.2 kJimol
0

L 2

8] . Q o
- B
L*] d
AsnOMe GInOMe AsnOEt

Figure 5. Lowest-energy structures of ARi*(H,O) complexes at the B3LYP/6-31G** level of theory.

Table 4. Binding Energies of Water for AA-M*(H20) (in kJ/mol)
from Density Functional Calculations at the B3LYP/6-31++G**
Level of Theory, with Zero-Point Energy and AH (298 K)
Corrections

M GIn NZ Gln ZW AsnOMe GInOMe AsnOEt
Li 67 87%/51 70 64 70
Na 55 62/54 55 55 57

aNonadiabatic binding energy.

The calculated barrier for conversion from the zwitterionic
form of sodiated glycine to its lowest-energy nonzwitterionic
form is ~70 kJ/mol2! this value for the hydrated complex is

unknown. The measured binding energy of a water molecule

to nonzwitterionic sodiated glycine is75 kJ/mol” Thus, the

adiabatic water binding energy to zwitterionic @\ta" is 7 kJ/
mol larger than that to nonzwitterionic GMa*, whereas the
adiabatic value is 1 kJ/mol smaller.

To directly compare these calculated binding energies to the
BIRD experiments, the experimentally determined threshold
dissociation energies must be converted into binding enthalpies.
If there is no significant reverse activation barrier for loss of
water from these clusters, binding enthalpies can be calculated
using the following equation:

AH(T) = E, + E;, (AA-M™) + E,;,(H,0) —
E,, (AA-M™(H,0)) + 4RT (1)

barrier for isomerization and water loss may be comparable for yhere T = 298 K and E,i,T is the vibrational energy at
sodiated glycine. This brings up the possibility that these two temperaturd. The binding enthalpies of water for AM*(H,0)

forms of glycine may interconvert prior to the water loss,

are given in Table 2. All the binding enthalpies are-1605

although the loss of a water molecule is expected to be strongly | 3/mol lower in energy than the calculated binding energies for

entropically favored. For glutamine, the barrier for intercon-
version between the zwitterionic and nonzwitterionic forms is
not known, nor is that for the hydrated complex. It is possible
that the barrier for GIfM* is even higher than that for Giyi+
due to the reorientation of the side chain in going from the
zwitterionic form (interaction with the protonated amine) to the
nonzwitterionic form (interaction with the metal ion). In
addition, the water binding energy for nonzwitterionic &In
Na"(H20) (~55 kJ/mol) is much lower. As is the case for

nonzwitterionic GIn and the model complexes. Previous water
binding energies on similar metalated complexes calculated
using B3LYP calculations are typically higher than experimen-
tally obtained values by 8 kJ/mol or mote?60-62

Discussion

Metal lon Size. Lithium ions are smaller and have higher
charge densities than sodium ions. Thus, lithium ions bind more
strongly to both amino acid5%3-%7 and water molecule®.For

glycine, water loss is expected to be entropically favored. Thus, the molecules investigated here, the metal ion size has little

water loss is likely to occur prior to isomerization between the
zwitterionic and nonzwitterionic forms. The nonadiabatic bind-

effect on the lowest-energy nonzwitterionic structures with or

ing energy should be more comparable to the experimentally (60) Armentrout, P. BTop. Curr. Chem2003 225 233-262.

determined values for reaction pathways that have such a larggg;

barrier to isomerizatiof.

The binding energies of water to nonzwitterionic €l and
the three nonzwitterionic model complexes are all within 6 kJ/
mol. However, the nonadiabatic water binding energy to
zwitterionic GInLi™ is 20 kJ/mol greater than that to the

nonzwitterionic form, whereas the adiabatic value is 16 kJ/mol

(61) Dunbar, R. CJ. Phys. Chem. 2002 106, 7328-7337.
Armentrout, P. B.; Rodgers, M. T. Phys. Chem. 200Q 104, 2238~
2247.

(63) Feng, W. Y.; Gronert, S.; Lebrilla, C. B. Am. Chem. Sod999 121,
1365-1371.
Feng, W. Y.; Gronert, S.; Lebrilla, . Phys. Chem. 2003 107, 405—
410

(65 Andersen. U. N.; Bojesen, G. Chem. Soc., Perkin Trans.1®97, 323—
327.

(66) Bojesen, G.; Breindahl, T.; Andersen, U. ®tg. Mass Spectronil993
28, 1448-1452.

less. For the sodiated complexes, the binding energies of all of 67) Hoyau, . Norrman, K., McMahon, T. B.; OhanessianJGAm. Chem.

the nonzwitterionic structures are within 2 kJ/mol. The non-
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Soc.1999 121, 8864-8875.

)
)
)
)
(64)
)
)
)
(68) Dzidic, I.; Kebarle, PJ. Phys. Cheml197Q 74, 1466-1474.
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without a water molecule (Figures 3 and 5), an effect observed to lithiated and sodiated valine;methyl-proline, and isomeric

previously for valine,a-methyl-proline, and nonzwitterionic
models of these complexés® There is a subtle difference in
the zwitterionic form of GIaM* when a single water molecule
is attached. For M= Li, structure ZW A (Figure 5) is the lowest-
energy zwitterionic structure, whereas, for#INa, structure
ZW B is lowest in energy. This difference in structure between
the zwitterionic forms of AALi*(H,0) and AANa"(H,0) has
been reported previoushf—8 The energy difference between
ZW A and ZW B is small 6.0 and—21.0 kJ/mol for lithiated

model compound$:8

Unfortunately, a good isomeric structural model for the
zwitterionic form of GInLi*(H,O) was not found. Thus, we
do not have a good experimental measurement for the difference
in water binding energy between the zwitterionic and non-
zwitterionic forms of GIn in these clusters. Previous studies on
valine and a-methyl proline, where good structural model
compounds are available, show that this difference in energy
can be small (35 kJ/mol) but easily measured in these

and sodiated GIn, respectively). The energy barrier for inter- experiments. The calculations, however, indicate that the
conversion between these two structures is also likely to be nonadiabatic binding energy of a water molecule to the
small, so both structures would rapidly interconvert under these zwitterionic form of GlnLi* is significantly higher (87 kJ/mol)
experimental conditions should the zwitterionic form of than the corresponding value for the nonzwitterionic form (67
GIn-M*(H0) be present. kJ/mol). This difference is even larger than that calculated or
In contrast to this minor effect of metal ion size on structure, measured for other systems. Although initially surprising, this
the effects of metal ion size on the relative stabilities of the result can be directly attributed to effects of charge solvation
zwitterionic versus nonzwitterionic forms of Gln are dramatic. by the side chain (vide infra). The very similar water binding

At the temperature corrected B3LYP/6-B1G** level of
theory, the nonzwitterionic form of GIM* is more stable than
its zwitterionic form by 36.0 and 8.0 kJ/mol for M Li and
Na, respectively. The nonzwitterionic form of GM™ is
tremendously stabilized by the smaller cation. A similar effect

energies measured for Gli*(H,O) and the nonzwitterionic
analogues provide strong support for GIn being nonzwitterionic
in this cluster.

For the sodiated complexes, the differences in energy between
the two forms of GIn are much smaller than observed for the

is observed for singly hydrated species, but the difference lithiated complexes. For Giha*, the nonzwitterionic form is

between metal ions is slightly smaller22 kJ/mol). Interest-

more stable by only 8 kJ/mol, and attachment of a water

ingly, theory indicates that attachment of a single water molecule molecule results in the zwitterionic form (ZW B, Figure 3) being

makes the zwitterionic form of Giat marginally more stable

(by 0.7 kJ/mol), but the experiment indicates that the non-

zwitterionic form is more stable (vide infra).
The preferential stabilization of a nonzwitterionic form with

smaller cations has also been reported previously for many

amino acids? including cationized glyciné? valine?%7 argi-
nine? prolinel” anda- andN-methyl proline® The difference
in zwitterionic stability between Ghii™ and GInNa' is

more stable by 0.7 kJ/mol. This difference in energy is very
small and almost certainly within the uncertainty of our
calculations. But this result does suggest that the two forms of
the molecule are nearly isoenergetic in the hydrated cluster.
In contrast, the experimental results indicate that -Gin
Na’(H20) is nonzwitterionic. The binding energies of water
obtained from the BIRD measurements for the four sodiated
complexes range from 49 to 53 kJ/mol. Calculated binding

significantly larger than that for these lithiated and sodiated energies for the nonzwitterionic forms of these complexes range
amino acid complexes. In contrast, calculations by Bowers and from 55 to 57 kJ/mol. As is the case with the lithiated species,
co-workers indicated that the nonzwitterionic forms of glycine the calculated values are in excellent agreement with the
and 4 methylated analogues were better stabilized by a rubidiummeasured values, especially since water binding energies
ion than by a smaller sodium icn. calculated at this level of theory tend to be slightly htgfks0.62
Nonzwitterionic Versus Zwitterionic Form. For the lithiated =~ The calculated nonadiabatic binding energy of water to the
GIn complex, both experiment and theory provide compelling zwitterionic form is higher (62 kJ/mol). The relative difference
evidence that the nonzwitterionic form is more stable than the in binding energy between the zwitterionic and nonzwitterionic
zwitterionic form. Calculations indicate that the compounds used forms is much smaller for sodiated complexes (7 kJ/mol) than
to model the nonzwitterionic form of Gihi*(H,0) (AsnOMe for lithiated complexes (20 kJ/mol). Nevertheless, this difference
Li*(H,0), GInOMeLi*(H,0), and AsnOELi*(H,0)) have can be readily resolved in the experiment, and the similar
essentially the same mode of metal ion and water binding binding energies measured for @\a* and the nonzwitterionic
(Figure 5). The effects of the different side chain lengths in the model compounds indicates that GIn is nonzwitterionic in these
GIn and Asn complexes, although subtle, can be observed inclusters.
the experimental data (vide infra). The binding enthalpies of  Side-Chain Effects on the Water Binding to the Non-
water obtained from the BIRD measurements of these four zwitterionic Form. In the nonzwitterionic forms of simple
complexes range from 63 to 66 kJ/mol. This range of energies amino acids with alkyl side chains, smaller metal ions are
is slightly lower than, but in excellent agreement with, the typically solvated by two heteroatoms: the amine nitrogen and
calculated binding energies of water to the nonzwitterionic the carbonyl oxygen, resulting in a structure where the metal
reference molecules (6470 kJ/mol) and to the nonzwitterionic  ion is NO coordinated. In addition to these interactions, the metal
form of GIn (67 kJ/mol). B3LYP calculations have been ion in the nonzwitterionic forms of the GIn and Asn complexes
previously shown to yield binding energies that are systemati- is solvated by the oxygen of the amide side chain (NOO
cally higher than experimental binding enthalpies: Armentrout coordination). This side-chain interaction with the metal ion
and co-workers reported a difference 08 kJ/mol for select results in a significantly lower water binding energy compared
ligand—metal complexe®8-62 and Williams and co-workers  to clusters where this interaction is not present. The experi-
reported differences between 5 and 15 kJ/mol for water bound mentally obtained threshold dissociation energies of water to
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lithiated valine and a nonzwitterionic analogue in which the
metal ion is NO coordinated are85 kJ/mol® For nonzwitter-
ionic lithiated proline methyl ester, the value i is ~80 kJ/ © € - o + @
mol 8 In contrast, the water threshold dissociation energies for
GIn-Li*(H,0) and the nonzwitterionic model compounds are
~15-20 kJ/mol lower. = -

Similarly, the interaction of the side chain in GIn with the i@ O @ —_— O + @
metal ion lowers the water threshold dissociation energy in the
sodiated complexes by5—15 kJ/mol compared to clusters
where the metal ion is just NO coordinate®@iThe interaction (} :
of the amide-containing side chain with the metal ion in GIn s “‘@ég;%
and the model complexes clearly causes the metal ion to be (@] (S'_"* Q+ €
bound more strongly than in amino acids that do not have
heteroatoms in the side chain. This increased solvation of the
ion results in a shift of the charge density in the metal ion toward &
the amino acid and away from the water molecule, resulting in @a é:)
a lower binding energy of water. G- e .

The relative solvating abilities of the GIn and Asn side chain éjg 0 { 2 SN ot <
compared to a single water molecule can be deduced by a
comparison of th&, value for GInLi*(H-0) (63 kJ/mol) and Figure 6. Energy-minimized structures of the zwitterionic form of lithiated
nonzwitterionic valinelit(H,0), (58 kJ/moI)‘? In the latter glycine with 0-3 water molecules bou_n_d to the protonated amine. Note
cluster, the extra water molecule solvates the metal ion similarly hat these structures are not global minima.
to the oxygen of the amide side chain of GIn. The lovgr Table 5. Binding Energy of a Water Molecule (in kJ/mol) to
value for the valine cluster suggests that a water molecule is StfuCtureS**Of Gly-Li* Shown in Figure 6 Calculated at the B3LYP/
only marginally more effective than the amide Oxygen at s 5 orcsol eor: g Zero Pont Srergy and
solvating the metal ion. The water binding energy for NO- Interacting with the Amine Nitrogen of Glycine
coordinated nonzwitterionic valirlei *(H,0) (87 kJ/mol) is
slightly less than the value for £t{H,0); (94 & 4 kJ/mol)®° 0 933
indicating that NO coordination is more effective than two water 1 891
molecules at solvating the charge of a lithium ion. Interestingly, 2 86.2
the difference between these two binding energies is similar to 3 87.0
the difference between Gla *(H,0) (63 kJ/mol) and Li(H,O),
(71 i 5 k/mol)?® |nd|cat|ng that the oxygen in the a”_“de side a-methyl-proline, andN-methyl-proline (84-91 kJ/mol). Thus,
chain of Gln solvates the lithium ion about as effectively as a these calculations indicate that charge solvation of the am-

water molecule _does. Qverall, these re_sults sugges_t that themonium group by the GIn side chain has very little effect on
extent of solvation provided by the amide oxygen in these water binding to the zwitterionic form of this amino acid.

cE:;Iusters |s.compﬁrat?led.to that progl('i\leg. by ‘:]‘ \liv?ter mql(;acule. To further investigate why charge solvation by the side chain

y’\(I:oerparlsorr]],lt N |nh|ng sner?y fé;ﬁf? y-ormamlhe does not significantly affect water binding energies to the
tﬁ a Ismuc arfger:t a_r(;t alzo_ wat d T_ 1S ﬁuggesltst at . zwitterionic form, a computational study of water binding to
the one_ntatlon of the side-c an amide in these cust_ers 'S the zwitterionic form of selectively hydrated glycine was done.
constrame_d t0 a less than optimal geometry for solvation of Low-energy structures of the zwitterionic form of lithiated
the metal |o_n. o o glycine with 0-3 water molecules bound to the protonated

Side-Chain Effects on Water Binding to the Zwitterionic amine group were identified. Geometry optimized structures of
Form. Although there is no measured value for the water these complexes at the B3LYP/6-B+G** level of theory
binding energy to a zwitterionic form of Gln, our calculations  (including zero-point energy andH(298 K) corrections) are
indicate that the difference in water binding energies between ghown in Figure 6. These structures are not the lowest-energy
the zwitterionic and nonzwitterionic forms of GIn is surprisingly  structures for these complexes but rather were generated to
high (+20 kJ/mol for the lithiated complex). By comparison, determine effects of solvating the protonated amine in the
the binding energy for lithiated betaine, a zwitterionic isomer zwjitterionic form. The nonadiabatic binding energies of the
of valine, is 5 kd/molower than nonzwitterionic lithiated valine.  \ater molecule interacting with the OO-coordinated lithium ion
A similar difference was measured for zwitterioniemethyl-  \vere calculated and are given in Table 5. Note that this may
proline and its nonzwitterionic isomer, proline methyl ester. I not he the most weakly bound water molecule, but it is the one
fact, Fge calculated binding energy of water in zwitterionic of interest for determining the effects of side-chain solvation
Gln-Li™(H20) (87 kJ/mol) is similar to those values calculated  on the binding energy of a single water molecule to zwitterionic
for betaine (87 kJ/mol) and the zwitterionic form of valine, |ithjated glutamine.

With no water molecules bound to the amine group, the water

no. of waters binding energy

(69) Rodgers, M. T.; Armentrouit, P. B. Phys. Chem. A997 101, 1238~ binding energy is~6 kJ/mol higher than that calculated for the

(70) Rak, J.; Skurski, P.; Simons, J.; Gutowski, 34.Am. Chem. So@001, GIn complex. Attachment of a single water molecule to the
123 11695-11707. ; ‘e hindi

(71) Julian, R. R.; Beauchamp, J. L.; Goddard, W.JAPhys. Chem. 2002 pr_ot_onated am|_ne !OWGI’S this bmdmg energy by Only 4 kJ/mol.
106, 32—34. Similarly, the binding energy only decreases by a few kJ/mol
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Table 6. Bond Angles Involving the Atoms Labeled in Figure 7 for
the Lowest-Energy Structures of AA-M*, AA = GIn, AsnOMe,
GInOMe, AsnOEt, M = Li and Na, at the B3LYP/6-31++G** Level
of Theory?

AA-M* angle ADB angle ADC angle BDC angle ABC
GlneLi* 99.3 115.3 84.6° 68.5
GInOMeLi* 99.8 116.2 84.9 68.5
AsnOMelLi* 94.7 103.6 84.8¢ 64.7
AsnOE&Li* 95.0° 103.9 83.9 64.7
Gln-Na" 84.2 103.0 71.3 73.2
GInOMe Na*™ 84.8 104.8 71.7 73.7
AsnOMeNa*" 819 89.6° 70.8 66.3
AsnOEtNa" 82.r 90.2 71.0 66.5
Figure 7. Labels of heteroatoms used in bond angle determination (bond
@A = amide oxygen. B= amine nitrogen. G= carbony! oxygen. D= angles in Table 6). A= amide oxygen, B= amine nitrogen, G= carbonyl
metal ion. oxygen, D= metal ion.

upon attachment of a second and third water molecule to this ~11°—15° |arger in GIn than in Asn. The longer chain length

site. These results indicate that extensive solvation of the jn GIn makes possible a more favorable orientiation of the side-
protonated amine in the zwitterionic form of this ion has very chain oxygen for solvating the metal ion. This results in a better
little effect on the interaction of the water molecule bound t0 jnteraction between the metal ion and the amino acid which
the metal ion.Thus, a significantly larger difference in water results in a slight reduction in the water binding energies for
binding energy between the nonzwitterionic and zwitterionic the GIn versus the Asn based clusters.

forms of amino acids may occur for those amino acids with Effect of a Water Molecule on Structure. As discussed

heteroat_oms n the _5|de chainBhis e_ffect Is significantly less earlier, addition of a single water molecule does not result in a
for species with sodium or larger cations because of the reduced

. ) . A change in the structure of the nonzwitterionic forms of the
solvation provided in the nonzwitterionic form compared to that lithiated or sodiated clusters, but a minor change in the mode
in the zwitterionic form. It should be noted that heteroatoms in !

the side chain of tionized ami id tal int tof metal/water binding is observed in the lowest-energy sodiated

'?hstlhe c at|n otadca lonize _tar:nno atC' mayno _?tw_ays_ "]1 Eract ,witterionic form of the cluster (ZW A vs ZW B; Figure 5).
wit € protonated amin€ In its lowest-energy zwi _er|on|_c orm. The energy difference in the ZW A and ZW B forms is very
This presumably depends on many factors, including the

conformational flexibility and functional-group identity of the small (1.0 kJ/mol), and aimost certainly both structures would
side chain y group y be present if the zwitterionic forms were energetically competi-

Gln vs Asn: Effects of Side-Chain Length Asn differs from tive with the nonzwitterionic forms. The nonzwitterionic form

. . . . . of GIn-Li* is clearly more stable than the zwitterionic form,
GIn in that it has one less methylene group in the side chain. . .
. . S S although attachment of a single water molecule increases the
The dissociation kinetic data for clusters containing these two . " T
. e relative stability of the zwitterionic form by about 11 kJ/mol.
molecules are remarkably different. For both lithiated and oo . -
) . o A similar increase in stability upon attachment of a water
sodiated clusters, the dissociation rate constants for GIn and . )
. Lo molecule to the sodiated clusters is observed.
GInOMe are larger than those for their respective isomers, ) N o o
AsnOMe and AsnOEt, at all temperatures (Figure 2). The This additional stabilization makes the zwitterionic form
threshold dissociation energies for loss of water from lithiated Slightly more stable in these calculations. However, the experi-
GIn and GInOMe are about 2 kd/mol lower than those from Mental data indicate that this is not the case.
AsnOMe and AsnOEt (Table 2). This difference is very small It is important to note that these BIRD experiments are not
and marginally within the error bars reported for our measured @ direct probe of structure, but rather structural information is
E, values. However, this small difference appears to be deduced from the kinetic data for loss of a single water molecule
significant and is reflected by differences observed in the kinetic from these clusters and related clusters of known structure.
data (Figure 2). Similar results are obtained for the sodiated These kinetic data depend on the threshold dissociation energy
species although the difference appears to be even smaller fowhich reflects the difference in energy between the hydrated
GIn. Again, the kinetic data are consistent with a lower binding cluster and the transition state for the loss of a water molecule.
energy of water for GIn and GInOMe versus the respective Asn To the extent that the transition state is similar to the product,
isomeric species. i.e., there is no significant reverse activation barrier, the
In the NOO-coordinated nonzwitterionic cationized species, threshold dissociation energy reflects the binding energy of water
the metal ion is bound slightly differently in Asn than in GIn to the cluster. It is possible that the lowest-energy cluster is not
because of the longer side chain in GIn which results in an eight- formed in these experiments, but rather higher energy forms of
member ring with the metal ion vs a seven-member ring for the clusters could potentially be kinetically trapped upon solvent
Asn (Figure 3). Although the water molecule is bound directly evaporation that takes place in the ion cell. This would
to the metal ion, its interaction with the metal ion appears to be presumably result in preferential formation of the zwitterionic
perturbed by the small difference in side-chain length. The form which appears not to be the case. It is also possible that
slightly different metal ion interaction in GIn vs Asn is indicated GlIn isomerizes prior to or at the transition state. If zwitterionic
by the bond angles given in Table 6 between the heteroatomsGIn-M*(H,0) completely isomerizes to its nonzwitterionic form
and the metal ion in these complexes labeled in Figure 7. The at the transition state, then the measured water binding energy
largest and apparently most significant difference is the amide would be an adiabatic value and would be lower than the binding
oxygen-metal ion—carbonyl oxygen angle (ADC), which is  energies measured for the model complexes. However, the
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