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The modes of metal-ion and water binding in doubly hydrated complexes of lithiated and sodiated glutamine
(GIn) are probed using blackbody infrared radiative dissociation experiments and density functional theory
calculations. Threshold dissociation energigg, for loss of a water molecule from these complexes are
obtained from master-equation modeling of these data. The valugsare 36+ 1 and 38+ 2 kJ/mol for

the lithiated and sodiated glutamine complexes, respectively, and are consistent with calculated water binding
energies for the nonzwitterionic form of these complexes. Calculated water binding energies for the zwitterionic
forms of these complexes are significantly higher. In contrast, calculations indicate that the zwitterionic form
of GIn in these complexes is more stable than the nonzwitterionic form by 8 and 15 kJ/mol when lithiated
and sodiated, respectively. Doubly hydrated lithiated and sodiated complexes of asparagine methyl ester
(AsnOMe), asparagine ethyl ester (AsnOEt), and glutamine methyl ester (GInOMe) were also studied for
comparison to GIn. Although these clusters lack the acidic group of GIn and therefore have different water
coordination behavior, these results further support the conclusion that GIn is nonzwitterionic in these clusters.
Surprisingly, the complexes containing sodium are more stable than those containing lithium, a result that is
attributed to subtle differences in how these two metal ions bind to the amino acid esters in these complexes.

Introduction have charge-solvated nonzwitterionic structures, with the metal
ion binding to the amine nitrogen and carbonyl oxygen (NO
coordination):>%5The addition of a third water molecule results
in a change in the metal-ion position so that it interacts with
the two oxygen atoms of valine (OO coordination). Although
these results suggest a zwitterionic structure of valine, the struc-
ture of this complex could not be unambiguously determitied.
Similar experiments on sodiated valine complexes indicate that
the mode of metal-ion binding changes from NO coordination
%o OO coordination upon the addition of a second water mole-
cule to the singly hydrated complex, although it is unclear whe-
ther valine is a zwitterion in these complex€&16Both lithiated

and sodiated complexes of valine with six water molecules are
more stable than those with five, suggesting that valine is zwit-
terionic in the six-water compleXArmentrout and co-workers
reported the same change in metal-ion binding for hydrated
complexes of sodiated glycine upon the addition of two water
molecules® They also found that sodiated glycine is nonzwit-
terionic when solvated by zero to four water molecifes.

Naturally occurring amino acids are nonzwitterionic in the
gas phase, even though they exist predominantly in zwitterionic
forms in aqueous solutions at neutral pH. Although the effects
of bulk solution on molecular structure have been extensively
investigated, obtaining a detailed molecular understanding of
how solvent molecules interact with and influence molecular
structure is still an important topic of current studie®.By
studying how water molecules interact with smaller biomol-
ecules, such as amino acids, and how these interactions affec
molecular structure, a better understanding of how hydration
effects the structure of larger biomolecules, such as proteins,
can, in principle, be obtained.

Calculations indicate that the zwitterionic and nonzwitterionic
forms of an amino acid can be made nearly isoenergetic in the
gas phase by the addition of only a few water molectii€sn
the absence of water, the nonzwitterionic form of glycine is
~90 kJ/mol lower in energy than the zwitterionic form, and it
is not a minimum on the potential energy surfée.The ) o ) ,
presence of two water molecules can stabilize the zwitterionic | "€ mode of metal-ion binding to amino acids depends on
form as a local minimurd? but this complex is stil50 kJ/ cation size. For nonzwitterionic allpha_tlc amino acids, smal-
mol higher in energy than the nonzwitterionic form. However, '€F metal ions tend to be NO-coordinated, whereas larger
between three and six water molecules have been reported tgnetal ions tend to be OO-coordinatéd2® The metal ion is
make the zwitterionic form of glycine comparable in energy to typlcally OO-coordinated in the zwitterionic form of amino
the nonzwitterionic fornii-14 acids? 716182628

The effects of water on the structure of cationized amino acids N addition to intermolecular effects between an amino acid,

have been investigated previously using blackbody infrared ra- @ metal ion, and water molecules, intramolecular interactions
diative dissociation (BIRD) experimert§;'519 guided ion can also affect the structure of an amino acid. The stability of

beam studie®® and theory:515-17.20 BIRD experiments and  the zwitterionic form of aliphatic amino acids is directly related
density functional theory calculations indicate that complexes their proton affinity (PA);%2° but this relationship is not as
of lithiated valine with one or two water molecules attached Straightforward for amino acids with heteroatom-containing side
chains. For example, lysine (PA 238 kcal/mol) and arginine
*To whom correspondence should be addressed. E-mai: (PA= 251.2 kcal/mof® both have proton affinities that should
williams@cchem.berkeley.edu. Fax: (510) 642-7714. result in gas-phase zwitterionic conformations when sodiated

10.1021/jp055662v CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/10/2006




Binding of Water to Doubly Hydrated Cationized GIn J. Phys. Chem. A, Vol. 110, No. 10, 2008663

based on the results for aliphatic amino actlslowever, the cell had reached an equilibrium temperature and that ions were
structures of these complexes are nonzwitteriéhfe. exposed to a steady-state radiative energy distribution.

We recently performed a study of the effects of metal-ion =~ Computational Details. The structures of AMM*(H,0) with
and water molecule coordination on the structure of glutamine AA = GIn, AsnOMe, GInOMe, and AsnOEt and M Li and
(GIn) by determining water binding energies for @ln"(H,0) Na have been reported previoughStructures of AAM*(H,0),
and GInNa"(H20) complexes using BIRD experiments and clusters were generated using Monte Carlo conformation
density functional theory calculatio%.Glutamine in these  searching with the MMFF94 force field using Maestro 6.5
singly hydrated complexes is nonzwitterionic, and the metal ion (Schrainger, Inc. Portland, OR). For the initial search, no
interacts with the amine nitrogen, carbonyl oxygen, and amide constraints were placed on the molecules, and 50 000 conforma-
oxygen of the side chain (NOO coordination). The water tions were generated with a Monte Carlo simulation. All unique
molecule binds directly to the metal ion and does not affect the structures within 50 kJ/mol of the lowest-energy structure were
structure of the cationized amino acid. These modes of metal- used as starting structures for hybrid method density functional
ion and water binding are also present in three model com- calculations (B3LYP) performed using Jaguar v. 5.5 (Sdhro
plexes: glutamine methyl ester (GInOMe), asparagine methyl inger, Inc., Portland, OR) with increasingly large basis sets. Full
ester (AsnOMe), and asparagine ethyl ester (AsnOEt). However,geometry optimizations were performed at the 6-31G* and
the shorter side chain of the asparagine complexes weaken$-31++G** levels. Vibrational frequencies and intensities were
metal-ion binding, resulting in a stronger interaction between calculated using numerical derivatives of the 6+31G**

the metal ion and the water molecule. energy-minimized Hessian. Structures were minimized to
Herein, we report the threshold dissociation energies for loss geometries yielding all positive-frequency vibrational modes,
of a water molecule for Ghii *(H20),, GIn-Na"(H0),, and indicating that all structures reported here are local minima.

the three nonzwitterionic structural analogues used previéBisly. Water binding energies, including zero-point energies and
For GIn, results indicate that one water molecule binds directly enthalpies at 298 K, were calculated from these low-energy
to a NOO-coordinated metal ion, just as in the singly hydrated structures.

complexes, and the other water molecule binds to the hydrogen The AA-M™*(H,O), complexes studied here are too small to
of the carboxylic acid group. For the analogue complexes, which be in the rapid-energy-exchange lifit3> To extract water

do not have carboxylic acid groups, one water molecule binds threshold dissociation energies for these complexes, master-
directly to the metal ion, and the other water molecule disrupts equation modeling of the experiments was performed. This
the NOO coordination and acts as an acceptimmor bridge modeling has been described in detail previod&Rf.Briefly,
between the metal ion and the amino acid. The difference in the measured water dissociation rate constant depends on the
water threshold dissociation energies measured for the one-waterates of infrared photon absorption and emission, the transition-
GIn and Asn complexes is negligible in the complexes with state entropy of the complex, and the threshold dissociation

two water molecules. energy of the water molecule. The radiative rates are obtained
by combining Einstein coefficients determined from calculated
Experimental Methods absorption spectra for the clusters and a blackbody energy field

calculated for the temperature of the experiment. Loss of a water
molecule from these clusters is expected to proceed through a
relatively loose transition state, although a wide range of
transition-state entropies were modeled because this value is
not explicitly known. The water threshold dissociation energy
used to calculate the water dissociation rate constants was varied
in the model in order to fit the dissociation rate constants. In
addition, transition dipole moments were scaled by a factor
between 0.6 and 1.2 to account for uncertainties inherent in the
calculated absorbance cross sections. The fit was considered
successful if the experimentally determined Arrhenius values
of E;andA agreed with the modeled values within experimental
error and the dissociation rate constants were within a factor of
2 of the experimental values.

Chemicals. Glutamine (GIn), asparagine methyl ester (As-
nOMe), glutamine methyl ester (GInOMe), asparagine ethyl
ester (AsnOEt), lithium hydroxide (LIOH), and sodium hydrox-
ide (NaOH) were purchased from Sigma Chemical Co. (Saint
Louis, MO), Bachem California Inc. (Torrance, CA), Oakwood
Products (West Columbia, SC), Maybridge Chemical Company
Ltd. (Trevillett, Tintagel, Cornwall, U.K.), Aldrich Chemical
Co. (Milwaukee, WI), and Fischer Scientific (Fair Lawn, NJ),
respectively. All chemicals were used without further purifica-
tion. The composition of the electrospray solutions were
prepared by optimizing signal for AM*(H,0), (AA = amino
acid or amino acid analogue), and were typically 1.0 mM AA
and 2.0 mM LiOH or NaOH. Glutamine solutions were typically
made to a concentration of 3.0 mM GIn and 1.0 mM LiOH or
NaOH.

Mass Spectrometry.All experiments were performed on a
home-built Fourier transform mass spectrometer with a 2.8-T  The structures of GiM(H,O),, M = Li and Na, are deduced
superconducting magnet. The instrument and experimentalfrom both blackbody infrared radiative dissociation (BIRD)
methods are described in detail elsewhéré:3? lons were experiments and density functional theory calculations for these
generated by nanoelectrospray ionization and were accumulatedind related clusters. Kinetic data for the loss of a water molecule
in an ion cell for 5-8 s. The ion of interest was isolated by from the complexes were measured over~80—50 °C
ejecting other ions from the cell using stored waveform inverse temperature range and subsequently modeled using the master-
Fourier transform (SWIFT) and chirp excitation waveforms. This equation formalism. This process yielded a threshold dissociation
isolated ion then underwent unimolecular dissociation for times energy, Eo, that could be compared to calculated binding
ranging between 0 and 300 s. The abundances of the precursoenergies for these complexes, as well as experimental and
and fragment ions were measured as a function of time. The calculated values determined for the nonzwitterionic model
temperature of the cell was controlled by cooling the copper complexes containing asparagine methyl ester (AsnOMe),
jacket surrounding the cell with liquid nitrog&hand was glutamine methyl ester (GInOMe), and asparagine ethyl ester
allowed to equilibrate for at leé8 h prior to the start of each ~ (AsnOEt). The structures of these molecules are shown in Chart
experiment. This ensured that the copper jacket surrounding thel.

Results
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Figure 1. Blackbody infrared radiative dissociation kinetics for the

loss of a water molecule from AAi*(H,O), and AA-Na(H;0),
clusters aflf = —92 °C.
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TABLE 1: Zero-Pressure-Limit Arrhenius Parameters for
Loss of Water from AA-M+(H,0),, M = Li and Na

Ea
AA (kd/mol) logA
M =Li
GIn 19+ 1 3.2+ 0.3
AsnOMe 16+ 1 27+0.3
GInOMe 12+ 1 21+01
AsnOEt 17+ 1 3.2+0.1
M = Na
GIn 19+1 3.4+0.2
AsnOMe 17+ 1 3.0+ 0.2
GInOMe 16+ 1 2.9+0.2
AsnOEt 16+ 1 2.9+0.2

AA = GIn, AsnOMe, GInOMe, and AsnOEt, are measured with
the copper jacket that surrounds the ion cell at temperaturesdata are>0.99, except that for AsnOMEi *(H,0),, which is
0.98. The measured ZPL Arrhenius activation enerdigsgnd
—50°C for M = Na. Representative kinetic plots are shown in preexponential factorsAj obtained from the Arrhenius plots
Figure 1. All of the data can be fit well by straight lines with are reported in Table 1.
To obtain water threshold dissociation energigs) from
these Arrhenius data, master-equation modeling of the BIRD
pressure limit), so that the internal energy of the ions was data was performed. A detailed description of this modeling
process is provided elsewhéfe®* The values ofEq obtained
Arrhenius plots obtained from the zero-pressure-limit (ZPL) from this modeling for the AAM™(H,0), complexes are
reported in Table 2. The values are similar for all of the
complexes (33-38 kJ/mol), except that for GInOMEi *(H20),,
Na, are shown in Figure 2. Correlation coefficients for these which is significantly lower.

between—92 and—65 °C for M = Li and between-100 and

correlation coefficients=0.99, indicating first-order kinetics.
Experiments were performed at pressures 208 Torr (zero-

controlled by radiation absorption and emisstér#’

rate constants for the loss of a water molecule from-MA-
(H20),, AA = GIn, AsnOMe, GInOMe, AsnOEt; M= Li and
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Figure 2. Arrhenius plots for the loss of a water molecule from AR (H.O),. The data are fit between92 and—65 °C for M = Li and between

—100 and—50 °C for M = Na.
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TABLE 2: Threshold Dissociation Energies Ep) and

7
Binding Enthalpies (in kd/mol) for Loss of Water from % &J >y c:? e
AA-MT(H,0), Determined from Master-Equation Modeling < @ Qz‘ :
of BIRD Kinetics Data © : 2
Eo binding enthalpy P s
1’_\
AA Li Na Li Na : P 2

Gln 36+1 38+ 2 39+1 40+ 2 d g 7 &

AsnOMe 33+ 3 35+1 34+ 3 37+ 1 AsnOMe-Li* GlnOMe-Li* AsnOEtLI+

GInOMe 27+ 2 36+ 2 29+ 2 39+ 2

AsnOEt 33+ 1 35+1 36+ 1 38+1

Lowest-Energy Structures. Potential structures of these ) PY & (@ é

clusters are explored computationally to obtain parameters
necessary for master-equation modeling and to provide insights
into the binding motifs possible to these clusters, which all have
considerable conformational flexibility. Water binding energies

were calculated from these structures for comparison to the

. . AsnOMeNa™ GInOMeNa™ AsnOEtNa®
experimentally determined values. Low-energy structures and _. Lo
Figure 4. Lowest-energy structures of the nonzwitterionic A/

i i Ty S
relative energies of Ghui*(Hz0), that represent significant .’y el complexes at the B3LYP/6-33-G* level of theory.
metal-ion and water coordination motifs are shown in Figure

3. These same motifs were identified for the sodiated complex, TABLE 3: Relative Energetics (in kJ/mol) of the
Low-Energy Structures of AA-M*(H,0),, AA = AsnOMe,
GInOMe, and AsnOEt; M = Li and Na, at the B3LYP/

A B C
i ’i 6-31++G** Level of Theory, Including Zero-Point Energy
- Q‘f’ R ] P and AH(298 K) Corrections
L4 ? A B o i structuré
. i < % AA c D E F
Gl 0 ! 2
. % Q ¥ ?’1 - -
5 o T VA M = Li
! H & AsnOMe 2.5 8.6 2.8 0
L 0 +7.6 kJ/mol +16.8 kJ/mol GInOMe 2.4 4.7 0 1.6
Na 0 +15.0 k)/mol +22.2 kJ/mol AsnOEt 1.2 7.4 1.2 0
M = Na
D E B AsnOMe 0.7 0.2 0.5 0
% ( -6 o GInOMe 6.0 0 3.2 8.3
= - AsnOEt 2.2 0 1.0 0.4
® (o} 6 Qg Q
7r] & a Structure designations refer to geometries with water coordination
2 ) \ ‘, ’ 4*.3:‘5’ analogous to those presented in Figure 3.
C C : 51 5 o . . . .
. 3 2 o8 . the same coordination motifs as glutamine structured-an
i At ﬂ;gﬁﬁm e gjmz: Figure 3. In comparison to the lowest-energy structures reported

Figure 3. Lowest-energy structures of Gli+(H;0), complexes at prgviously for the one-water clusters of these cationized amino
the B3LYP/6-31+G** level of theory, with relative energies for these ~acid analogue¥; the second water molecule can form a second
and the similar sodiated complexes. solvation shell (structure C) or alternatively can act as an
acceptor/donor bridge, disrupting the interaction between the

and the relative energies of the analogous clusters are also showmetal ion and the amine nitrogen (structure D), the amide
in this figure. oxygen (structure E), or the carbonyl oxygen (structure F).

Calculations indicate that the lowest-energy structure of GIn Relative energies for these four structures for each of the amino
M™*(H,0);, (structure A, Figure 3) is one in which the metal ion acid analogues are reported in Table 3.
is OO-coordinated to zwitterionic glutamine. The lowest-energy ~ Calculations indicate that the second water molecule binds
nonzwitterionic structure of Ghhi*(H,O),, structure B, is 7.6 differently in the lowest-energy structures of the lithiated ester-
kJ/mol higher in energy than structure A. In structure B, the containing complexes versus those of the sodiated analogues.
metal ion interacts with the amine nitrogen, carbonyl oxygen, For the lowest-energy AsnOMe *(H,0), and AsnOEdLi*-
and amide oxygen (NOO coordination) of GIn. One water (H2O), complexes, the second water molecule bridges the metal
molecule interacts directly with the metal ion, and the second ion and the carbonyl oxygen, whereas this water molecule
water molecule interacts with the hydrogen of the carboxylic bridges the metal ion and the amide oxygen in the lowest-energy
acid. For GInNat(H,0),, structure B is 15.0 kJ/mol higher in  GInOMeLi*(H,0), complex, with a hydrogen bond present
energy than structure A and is essentially isoenergetic with between the amide oxygen and a hydrogen of the amine group.
structures D and E. In these latter structures, both water A water molecule binds to the amine group in AsnO&"-
molecules interact directly with the metal ion, thereby disrupting (H.0), and GInOMeNa"(H,0),, whereas in AsnOMd&a’-
one of the interactions between the metal ion and the amino (H,O),, a water molecule binds to the carbonyl oxygen.
acid. However, all four lowest-energy structures of the AsnON&e -

The lowest-energy structures of AMT(H,0),, AA = (H20), complex are within 0.7 kJ/mol of each other.
AsnOMe, GInOMe, and AsnOEt, are shown in Figure 4. Each  Calculated Water Binding Energies. Adiabatic and select
of the ester-containing complexes have four low-energy struc- diabatic water binding energies, including zero-point energies
tures within 9 kJ/mol, an energy range that is likely comparable and enthalpies at 298 K, were calculated from the low-energy
to the uncertainty at this level of theory. These structures have AA-M*(H,0) and AAM™(H,0), structures and are reported
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TABLE 4: Binding Energies of Water for AA -M*(H;0); (in form. Third, the binding energies of the second water molecule
EJ:/))TEL)_gg*ml_gfef}Scl)tfyTilé%Crgof\,]véi\ghczaécrg'%tgmts é‘rgé?geyBaC’;]'aYP/ in these clusters are similar to those of the model compounds
AH(298 K) Corrections ' that cannot adopt zwitterionic forms. This evidence is further

strengthened through comparisons of these data with those

M GInNZ GInzwW  AsnOMe  GInOMe  AsnOEt previously obtained for cationized betaine, a zwitterionic cluster

Li 42 642/50 37 32 34 calculated to have water coordination similar to that of the
Na  40Y39 55/54 35 36 32 zwitterionic form of GIn.
2 Diabatic binding energy. Absolute Binding Energies.The calculated adiabatic binding

energies of the second water molecule in the nonzwitterionic
in Table 4. An adiabatic binding energy corresponds to the forms of these complexes are 42 and 39 kJ/mol for and
enthalpy for a dissociation reaction from the lowest-energy Nat, respectively. These values are in excellent agreement with
reactant to the lowest-energy products. This value is an the experimentally derived values of 39 and 40 kJ/mol,
appropriate comparison to the experimental value when the respectively. In contrast, the calculated diabatic binding energies
structure of the transition state for dissociation resembles thatfor the zwitterionic form of GIn in these complexes are 64 and
of the lowest-energy products. However, if the lowest-energy 55 kJ/mol. The 25 and 15 kJ/mol difference between the
products have very different structures than the reactant, then acalculated and experimental values for"land Na, respec-
diabatic binding energy can be a better comparison. For thesetively, are much larger than the expected deviations between
clusters, the barrier for interconversion between the zwitterionic the theory and the experiments for similar complez0.39-41
and nonzwitterionic forms of the cluster is expected to be higher Thus, these results are most consistent with the loss of a water
than that for the loss of a water molecule. Thus, the lowest- molecule from a cluster containing the nonzwitterionic form of
energy product ion will not necessarily be formed in these Gin.

kinetically controlled experiments. For example, calculations  \yater coordination to the zwitterionic form of glutamine in
by Hoyau and Ohanessian indicate that the interconversionthese complexes is remarkably similar to that calculated
barrier between NO-coordinated and OO-coordinated nonzwit- previously for two water molecules bound to cationized betaine
terionic glycine is~80 kJ/mok? The effects of side-chain  (get), a zwitterionic molecul&5 Although GIn has heteroatoms
interactions and water coordination are not known but might in ts side chain that can solvate the protonated amine in the
increase this barrier because of a greater degree of structurakyyitterionic form, this has little effect on the binding energy of
rearrangement required. This suggests that, in cases involvingg water molecule to the zwitterionic form of this amino atid.
significant changes in metal-ion binding, e.g., NOO coordination Because of factors described previously, the mode of metal-
versus OO coordination, the isomerization barrier between thesejgn coordination is not expected to change at the transition state

structures will be greater than the threshold dissociation energyin these experiments. Therefore, diabatic binding energies were
loss of a water molecule should be entropically favored over containing glutamine in its zwitterionic form. For lithiated
structural isomerization. In cases where metal-ion coordination ¢|ysters of the zwitterionic forms of GIn and Bet, the respective
of the reactant and product differ, a diabatic binding energy, second water binding energies are calculated to be 64 and 68
which corresponds to the energy difference between the reactani j/mo|4 By contrast, the respective experimentally determined
ion and the lowest-energy product ion with the same metal-ion 298 K corrected binding enthalpies for GIn and Bet in these
coordination, should be the best comparison to the experimentalg|sters are 39 1 and 69+ 3 kJ/mol! The nearly identical
value. ) _ _ measured and calculated water binding energies for Bet but not
_The experimentally determindg values were converted into  for GIn provides strong evidence that the water coordination of
binding enthalpies for direct comparison of these values to the GIn is not like that of Bet. This result provides compelling

calculated water binding energies. The binding enthalpies of evidence for the nonzwitterionic form of glutamine in these
water to AAM*(H;0), are reported in Table 2. These values ¢Jysters.

are all -3 kJ/mol higher than the threshold dissociation
energies and are withig=7 kJ/mol of the calculated binding
energies. Previous water binding energies for similar complexes
determined using B3LYP calculations can be higher than
experimentally obtained values by 8 kJ/mol or mb#&17.38-40

Calculations indicate that adiabatic binding energies of the
second water molecule to the zwitterionic form of lithiated and
sodiated GlIn differ by 9 kJ/mol. This difference is not reflected
in the experimental data. By comparison, the dissociation
kinetics of cationized Bet are very sensitive to metal-ion size.
Kinetics at 293 K reveal that Béa™(H,O), dissociates nearly
7 times faster than Beti*(H,O),. Master-equation modeling

Zwitterionic versus Nonzwitterionic Structure. The cal- ~ Of a limited data set using BIRD rates measured at2733,
culations presented here clearly indicate that the lowest-energyand 328 K?indicates that the threshold dissociation energy for
form of GIn in the GInM*(H,0), clusters is zwitterionic. The  the loss of a second water molecule from sodiated Bet is roughly
|Owest_energy nonzwitterionic form is 7.6 and 14.8 kJ/mol 17 kJ/mol lower than the value measured for lithiated Bet under
higher in energy for M= Li and Na, respective|y_ In s[riking similar conditions (6& 2 kJ/m0|)4 Again, the clear differences
contrast, our experimental data are not consistent with this between Gin and Bet provide further evidence that glutamine
structure. Three pieces of experimental evidence suggest thdS not zwitterionic in these clusters.
nonzwitterionic form. First, our measured binding energies are  Relative Dissociation Kinetics of Lithiated and Sodiated
in excellent agreement with those calculated for the nonzwit- Species.In the gas phase, both Liand N& are optimally
terionic form, whereas calculated values for the zwitterionic coordinated or solvated by four water molecuté! Additional
form are much higher. Second, similar experimental dissociation water molecules are added to a second solvent shell and do not
kinetics for the lithiated and sodiated complexes suggest thatinteract directly with the metal ion. For NOO-coordinated GIn
the second water molecule is not directly coordinated to the M*(H,0), the water molecule is directly coordinated to the metal
metal ion, a result that is not consistent with the zwitterionic ion, making the metal ion tetracoordinated. If the lithiated and

Discussion
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sodiated complexes have comparable structures, the location otarbonyl oxygen, suggesting that the second water molecule
the second water molecule in these complexes can be indirectlybridges the amide oxygen and the metal ion.
inferred from the experimental data and the calculated structures.  As was the case for GIn, the threshold dissociation energies
The water binding energies for the A *(H,0), complexes for the loss of a water molecule from the other lithiated
obtained from the master-equation modeling of the experimental complexes are similar to those of the sodiated complexes. In
data are all similar. The range of values reflects both experi- fact, the Arrhenius plots show that the kinetic stabilities of the
mental error and uncertainty in values used in the modeling lithiated complexes are lower than those of the corresponding
process. In contrast, the Arrhenius plots themselves, which Sodiated complexes. This is initially surprising, because water
directly reflect the kinetic stabilities of these complexes, are typically binds more strongly to lithiated amino acid complexes
significantly different for some of these complexes and can be than to their sodiated counterpatt$ '® For example, the
used to infer structure. binding energies of a water molecule in the singly hydrated
In contrast to the Arrhenius data obtained for the singly lithiated glutamine and model complexes a0 kJ/mol greater

hydrated cluster¥ where the water molecule coordinates than. those in the correspond_lng sodiated complé&es. )
directly to the metal ion, the Arrhenius plots for @it (H,0), It is not possible to unambiguously determine how water is
and GInNa*(H,0), are nearly the same (Figure 2). These two bound in the m_od_el complt_exes be(_:ause of the similarity in
complexes should absorb and emit radiation at nearly the samelhréshold dissociation energies. Itis likely that the second water
rates, and the dissociation processes for loss of a water moleculdnolecule is not binding directly to the first water molecule (as
from these two complexes should also be essentially the same!n Structure C, Figure 3), because this would result in a higher
The similar kinetic stabilities of these two ions over the bln_dlng energy for the lithiated than for the sodiated complexes,
temperature range studied indicate that the second waterVNich is clearly not the case. The presence of a structure such
molecule does not interact directly with the metal ion. If this as B (Flgure 3) Is precluded because of thg gbs_ence of an acidic
water molecule interacts directly with the metal ion, one would hydrogen in these complexes. Therefore, it is likely that one of
expect that the lithiated complex would be more stable, as is the water molecules in the doubly hydrated model complexes

the case for the one-water-molecule complex. This suggests tha{:rldges th_e metal jon to a heterc_)atom .Of the AA. Itis difficult
the structure of GIfM+(H,0), is not likely D, E, or F (Figure o determine the heteroatom with which the water molecule

3). The second water molecule in structures B and C does no,[|nteracts from the lowest-energy structures, because all of the

directly interact with the metal ion. For structure C, one would possible structures are W'th'n 9 ic)/mol of t_he Iowest-en(_ergy
expect to observe a difference in binding energy between structure. Furthermore, it is possible that multiple conformations

o . . L . f th mplex re presen ring the experiment.
lithiated and sodiated ions; the binding energies of water ort e§e o pe es ae, present during the experiment
molecules in the second solvent shell of Lare larger than An interesting trend in the lowest-energy structures of the

those of Nd. For example, the binding energies of a water model complexes is the higher propgnsity for a water molequle
molecule in Li*(H,0)s and in Li*(H,0), are 6.6 and 10.7 kJ/ to form a hydrogen bond with the nitrogen atom of the amine

mol greater, respectively, than the sodiated counterfiarts. group versus other heteroatoms. This can be rationalized by how
Therefore structure B. in which the metal ion is NoO- the metal ion is bound in the lithiated versus the sodiated

coordinated to nonzwitterionic GIn, one water molecule binds complexes. The strongest interaction between the metal ion and

directly to the metal ion, and the other water molecule binds to a hetezgigom in these complexes is that with the amide
. . . . oxygen??4°The water molecule will therefore bridge the metal
the hydrogen of the carboxylic acid group, is the most likely

structure for the GIM-+(H;0), complex. ion to either the carbonyl oxygen or the amine nitrogen. The

) ’ o amine nitrogen is closer to the amide oxygen, making it possible
Comparison between Glutamine and the Ester-Containing  for the smaller lithium ion to interact with both of these

Complexes.The threshold dissociation energies for the loss of heteroatoms and the water molecule to form a bridge between
a second water molecule from the cationized nonzwitterionic the metal ion and the carbonyl oxygen. This interaction is present
analogues, excluding GINOMe *(H20),, which is discussed  in the lowest-energy structures of AsnOME"(H,0), and
separately below, are very similar to those for glutamine. The AsnOEtLi*(H,0),.

values oft, for the sodiated species are kJ/mol higher than In contrast, this interaction is not present in the lowest-energy
those of the lithiated species. The values Ef for these gy ctures of most of the sodiated complexes. A larger binding
nonzwitterionic analogues are systematically lower than those pocket is necessary to bind a sodium ion than a lithium ion, so
measured for glutamine by3 kJ/mol. This trend is particularly  the sodium ion interacts with the amide oxygen and carbonyl
significant given that water binding to a cationized ester of an oxygen. The water molecule then forms a bridge between the
amino ester is expected to be weaker than that to a cationizedsgdium ion and the amine nitrogen. This type of structure is
nonzwitterionic amino acid, because of the relative strengths the Jowest in energy for AsnOBYa+(H;0), and GInOMeNar-

Qf the metal ior-amino acid/amino acid methyl ester interac- (H20), and is essentially isoenergetic with the lowest-energy
tion. structure of AsnOMeNa*(H,0)s.

The threshold dissociation energy obtained for GInClvte: Although the second water molecule binds to different
(H20). is significantly lower than the values measured for the heteroatoms in the lithiated and sodiated complexes, this water
other complexes. We infer the origin of this difference from molecule still interacts directly with the metal ion and would
the calculated lowest-energy structures for these complexes,be expected to bind more strongly to lithium than to sodium.
which indicate that an internal hydrogen bond between the amineHowever, calculations indicate that a water molecule binds more
and amide oxygen atom occurs in the GInOMe(H.O), strongly to an amine group (GNH,) than to a similar carbony!
complex. Such an internal hydrogen bond, which reduces the group (CHCHO) by ~6 kJ/mol*® The water molecules in the
strength of the amidemetal ion interaction, is not observed in lithiated complexes tend to interact with the carbonyl group,
the AsnOMeLi*(H,0), and AsnOELi*(H,0), complexes. Nor whereas the water molecules in the sodiated complexes tend to
is it observed in the lithiated glutamine complex, in which the interact with the amine group. This difference in hydrogen
second water molecule interacts with the amine nitrogen or bonding energies might compensate for the difference in water-
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Structures are inferred from the experimental data based on the
binding energies of a water molecule to these complexes, which
are calculated to be significantly different for the clusters that
contain these two different forms of GIn. This discrepancy
between theory and experiment is not likely due to kinetic
trapping in the experiment. This would be expected to result in
preferential formation of the zwitterionic form of the amino acid,
which is most stable in solution.

Itis important to note that diabatic binding energies are often
used for comparison to experiment. In the dissociation process,
GInLit GInOMe-Li* the lowest-energy form of the complex with one fewer water

molecule will not necessarily be formed at the transition state.
2 This is particularly true for cases where the metal ion has to
cQ significantly change coordination, e.g., from OO coodination
in a zwitterionic structure to NOO coodination in a nonzwit-
terionic structure, because the barrier required for this rear-
rangement to occur is expected to be much larger than that for
the loss of a water molecule. In these cases, calculated diabatic
" binding energies should be the most direct comparison with
experiment. Conversely, if rearrangement to the lowest-energy
d product occurs at the transition state, then the adiabatic binding
energy provides the best comparison to the experimental values.
For the sodiated clusters, the diabatic and adiabatic values are

o - ; e .
AsnOMe-Li AsnOEt-Li* essentially the same, so that this issue does not effect conclusions

Figure 5. Structures of AALi*(Hz0), complexes that have a water  for these clusters. However, for Li, the diabatic binding energy

molecule interacting with the amide oxygen at the B3LYP/&-31** is 14 kJ/mol higher than the adiabatic value. Nevertheless, the

level of theory. measured value is still much closer to that of the nonzwitterionic

form. It should also be noted that guided ion beam experiments
by Armentrout and co-workers indicate that the energy required
Effects of Side Chain on Water Binding. It is interesting to remove a water molecule from Glya*(H0), is not great
to note that the mode of water binding observed for GIn@Me €Nough to change the position of the metal #®This result
Li+(H.O), is not favorable for ASnOM¢i *(H,0), and ASnOE indicates that the use of diabatic energies is more appropriate.
Li*(H20).. An investigation of low-energy structures of AA Comparisons were made between experimental data obtained
Li*(H,0), that have the same modes of metal-ion and water for the glutamine-containing clusters and those containing amino
binding as GInOMeLi*(H,0), (Figure 5) indicates that the  acid analogues to deduce information about structures. These
internal hydrogen bond between the hydrogen of the amine related clusters, all of which lack the acidic group present in
group and the amide oxygen atom that is observed for GInOMe glutamine, have fewer potential conformations. With the careful
and GIn complexes does not occur in AsnOMe and AsnOEt use of calculations, these additional data coupled with the
complexes because of the ring strain associated with the shortesimilarities and differences between glutamine and the amino
side chain in these latter complexes. acid analogues provide additional insights into the structures
In the singly hydrated complexes, the water threshold Of these clusters.
dissociation energies for the AsnOMe and AsnOEt complexes Detailed information about the structures is difficult to infer
are, on average, slightly higher than those for the GIn and from the experimental results alone. The binding energies of a
GInOMe complexe$® The modes of metal-ion and water water molecule in these complexes are all very similar.
binding are similar in all of these singly hydrated complexes, However, it appears that a structure for @I (H,O), that is
but the shorter side chain of Asn relative to GIn results in less most consistent with the data is one in which the metal ion is
effective solvation of the charge of the metal ion, resulting in  NOO-coordinated to the nonzwitterionic form of GIn, one water
Eo values that are-83 kJ/mol greater for the Asn complex¥s. molecule interacts directly with the metal ion, and the other
In contrast, the value df, for GInOMe Nat(H,0), is the same water molecule accepts a hydrogen bond from the acidic
as the values for AsnOMNa*(H,0), and AsnOENa"(H,O),, hydrogen of the carboxylic acid group. Furthermore, these
within error. The metal ion in these doubly hydrated complexes studies assist in resolving ambiguities in the previous study of
interacts with only two of the heteroatoms of the AA. The water GIn-Na*(H0).*® The results for this complex with two water
molecule, which forms a bridge between the metal ion and the molecules indicate that GIn is in its nonzwitterionic form. One
third heteroatom, results in increased conformational flexibility would also expect that GIn in the one-water sodiated complex
of the complex, making possible more effective solvation of is also nonzwitterionic.

metal-ion interaction energy, resulting in similar water binding
energies for the lithiated and sodiated complexes.

the metal ion. Finally, it is important to recognize that the stability of the
) lithiated clusters is lower than that of the corresponding sodiated
Conclusions clusters, a result that has not been observed previously for

The structures of GHM*(H-0),, M = Li and Na, and related  cationized amino acids. This result is attributed to differences
Compounds were investigated using BIRD experiments and in how these two metal ions bind to the amino acid and related
density functional theory calculations. Although the lowest- compounds.
energy form of GIn in both the lithiated and sodiated complexes
is calculated to be zwitterionic, results from these experiments ~ Acknowledgment. Financial support was provided by the
indicate that GIn in these complexes is nonzwitterionic. National Science Foundation (Grant CHE-0415293). This work



Binding of Water to Doubly Hydrated Cationized GIn

was partially supported by the National Computational Science

Alliance under Grant CHE0200959N and utilized the NSCA
SGI/CRAY Origin2000 and IBM p690. The authors also thank
Dr. Kathy Durkin of the Molecular Graphics and Computation
Facility at the University of California, Berkeley, for compu-
tational assistance.

References and Notes

(1) Mao, Y.; Ratner, M. A.; Jarrold, M. Rl. Am. Chem. So00Q
122 2950-2951.
(2) Woenckhaus, J.; Hudgins, R. R.; Jarrold, MJFAm. Chem. Soc.
1997 119 9586-9587.
(3) Fischer, S.; Verma, C. $roc. Natl. Acad. Scil1999 96, 9613
9615.
(4) Lemoff, A. S.; Williams, E. RJ. Am. Soc. Mass Spectro@004
15, 1014-1024.
(5) Jockusch, R. A.; Lemoff, A. S.; Williams, E. R. Phys. Chem. A
2001, 105, 10929-10942.
(6) Snoek, L. C.; Kroemer, R. T.; Simons, J.Fhys. Chem. Chem.
Phys.2002 4, 2130-2139.
(7) Ai, H.; Bu, Y.; Han, K.J. Chem. Phys2003 118 10973-10985.
(8) Tajkhorshid, E.; Jalkanen, K. J.; Suhai, JSPhys. Chem. B998
102 5899-5913.
(9) Kassab, E.; Langlet, J.; Evleth, E.; Akacem, X¥.Mol. Struct.
(THEOCHEM)200Q 531, 267—282.
(10) Jensen, J. H.; Gordon, M. &.Am. Chem. S0d995 117, 8159~
8170.
(11) Chaudhari, A.; Lee, S.-IChem Phy2005 310 281-285.
(12) Yamabe, S.; Ono, N.; Tsuchida, Bl.Phys. Chem. A2003 107,
7915-7922.
(13) Balta, B.; Aviyente, VJ. Comput. Chen2003 24, 1789-1802.
(14) Xu, S.; Nilles, J. M.; Bowen, K. H., Jd. Chem. Phys2003 119
10696-10701.
(15) Jockusch, R. A.; Lemoff, A. S.; Williams, E. B. Am. Chem. Soc.
2001 123 12255-12265.
(16) Lemoff, A. S.; Bush, M. F.; Williams, E. RI. Am. Chem. Soc.
2003 125, 13576-13584.
(17) Lemoff, A. S.; Bush, M. F.; Williams, E. R.. Phys. Chem. 2005
109, 1903-1910.
(18) Lemoff, A. S.; Bush, M. F.; Wu, C.-C.; Williams, E. R. Am.
Chem. Soc2005 127, 10276-10286.
(19) Lemoff, A. S.; Bush, M. F.; O'Brien, J. T.; Williams, E. R,
manuscript in preparation.
(20) Ye, S. J.; Moision, R. M.; Armentrout, P. Bit. J. Mass Spectrom.
2005 240, 233-248.
(21) Hoyau, S.; Pelicier, J. P.; Rogalewicz, F.; Hoppilliard, Y.; Ohan-
essian, GEur. J. Mass Spectron2001, 7, 303—-311.

J. Phys. Chem. A, Vol. 110, No. 10, 2008669

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

(23) Jensen, RJ. Am. Chem. S0d.992 114, 9533-9537.

(24) Wyttenbach, T.; Witt, M.; Bowers, M. Tint. J. Mass Spectrom.
1999 183 243-252.

(25) Talley, J. M.; Cerda, B. A.; Ohanessian, G.; Wesdemioti§t@m.
Eur. J.2002 8, 1377-1388.

(26) Wyttenbach, T.; Witt, M.; Bowers, M. T. Am. Chem. So2000
122 3458-3464.

(27) Bertran, J.; Rodriguez-Santiago, L.; Sodupe JMPhys. Chem. B
1999 103 2310-2317.

(28) Strittmatter, E. F.; Lemoff, A. S.; Williams, E. R. Phys. Chem.
A 200Q 104, 9793-9796.

(29) Hunter, E. P.; Lias, S. G. INIST Chemistry WebBook, NIST
Standard Reference Database Numberl68strom, P. J., Mallard, W. G.,
Eds.; National Institute of Standards and Technology: Gaithersburg, MD,
2003.

(30) Jockusch, R. A.; Price, W. D.; Williams, E. B. Phys. Chem. A
1999 103 9266-9274.

(31) Price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem1996
68, 859-866.

(32) Wong, R. L.; Paech, K.; Williams, E. Rat. J. Mass Spectrom.
2004 232 59-66.

(33) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R.J. Am. Chem. Sod.996 118 106406-10644.

(34) Price, W. D.; Williams, E. R]J. Phys. Chem. A.997, 101, 8844-
8852.

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

(36) Price, W. D.; Schnier, P. D.; Williams, E. R. Phys. Chem. B
1997 101, 664-673.

(37) Tholmann, D.; Tonner, D. S.; McMahon, T.B.Phys. Chen1994
98, 2002-2004.

(38) Armentrout, P. BTop. Curr. Chem2003 225, 233-262.

(39) Dunbar, R. CJ. Phys. Chem. 2002 106, 7328-7337.

(40) Armentrout, P. B.; Rodgers, M. T. Phys. Chem. 200Q 104,
2238-2247.

(41) Lee, H. M.; Tarakeshwar, P.; Park, J.; Kolaski, M. R.; Yoon, Y.
J.; Yi, H. B.; Kim, W. Y.; Kim, K. S.J. Phys. Chem. 2004 108 2949-
2958.

(42) BIRD rates at 293 and 328 K are unpublished results from
experiments conducted similarly to those reported in ref 6.

(43) Dzidic, |.; Kebarle, PJ. Phys. Chem197Q 74, 1466-1474.

(44) Rodgers, M. T.; Armentrout, P. B. Phys. Chem. A997 101,
1238-1249.

(45) Hoyau, S.; Norrman, K.; McMahon, T. B.; Ohanessian]JGAm.
Chem. Soc1999 121, 8864-8875.

(46) Rablen, P. R.; Lockman, J. W.; Jorgensen, WJ.LPhys. Chem.
A 1998 102 3782-3797.



