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Hydration of Valine —Cation Complexes in the Gas Phase: On the Number of Water
Molecules Necessary to Form a Zwitterion
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The stepwise hydration of valirealkali metal ion complexes, Vel *(H,O),, n = 2—6, M = Li, Na, and K,

is investigated using both theory and experiment. Experimentally, the rate of water loss from the valine clusters
is measured using blackbody infrared radiative dissociation. The kinetics for the loss of one water molecule
from these clusters are compared to those from model clusters of known zwitterionic vs nonzwitterionic
structure. Both theory and experiment indicate that the structure eEN&H,0), is very similar to that of

the singly and nonhydrated complexes investigated previously; the lithium is coordinated between the nitrogen
and carbonyl oxygen of nonzwitterionic valine, and the water molecules interact solely with the metal ion.
The third water molecule changes the structure of thel\Walcluster significantly. The metal ion coordinates

to the C-terminal end of zwitterionic valine and to two of the water molecules. The third water molecule
hydrogen bonds to the protonated N terminus of valine. Thus, the third water molecule is the first one that
interacts directly with the valine, and this stabilizes the zwitterionic form of valine over the nonzwitterionic
form. The dissociation of the sixth water molecule from the valine cluster is slower than that of the fifth,
indicating that the cluster with six waters is especially stable relative to the cluster with five water molecules.
This provides further support for zwitterionic valine in the presence of only a limited number of water molecules.
For M = Na, two water molecules changes the metal binding position from NO coordination to the C terminus
of valine. The experiment is unable to distinguish the zwitterionic vs nonzwitterionic character of valine in
this complex, but theory indicates the nonzwitterion form. As is the case with lithiated clusterslaV-al

(H.O)s is more stable than Vellat(H,O)s. Computational results for M= K predict that the most stable
conformation of ValK*(H,0), resembles VaNa'"(H,O),, whereas the kinetic data for the sodiated and
potassiated clusters, although inconclusive, suggest the zwitterion form. The stepwise hydration studies presented
here indicate that very few water molecules are necessary to cause valine to adopt its solution-phase zwitterionic
structure.

Introduction indicate that some aspects of the solution-phase structure of

Despite water’s central role in biology, the nature of water ~ biomolecules can exist in the gas phase. Of equal importance,
biomolecule interactions remains nebulous. The hydrophobic from differences in the gas-phase and solution-phase structure,
effect is thought to be one of the driving forces in the folding ©ne can learn directly about the influence of water on biomo-
of proteins into their compact three-dimensional structure. lecular structure.

However, there are examples of proteins that are active in It should also be possible to stabilize a solution-phase
nonpolar solventd There is also extensive evidence indicating structure in the gas phase by the attachment of specific water
that several proteins can form compact structures in the gasmolecules to the gas-phase biomolecule ion, i.e., by hydration
phase, although detailed information about these compactOf the gas-phase ion. Extensively hydrated gas-phase biomol-
structures remains illusivie® In addition to general solvation ~ ecule ions can be formed by electrospray ionizatfor® but
effects, water is also known to mediate many biochemical little detailed information about the structures of these hydrated
reactions’ The environment in which biomolecules function is  ions has been reported. In principle, the gap in our understanding
not only defined by water molecules; the presence of metal ions between the gas-phase and solution-phase properties of bio-
also has a great effect. Gas-phase studies can be used to separdflecules can be bridged by investigating how water changes
these environmental effects from the intrinsic properties of the the biomolecule structure, one water molecule at a time.
biomolecules. For example, the amino acid with the highest ~The structure of amino acid-cation complexes provides a
helix-forming propensity in solution is alanifeHowever, simple model for biologically relevant hydration studies. In
protonated polyalanine does not adopt a helical conformation solution over a wide pH range, all amino acids are zwitterions
in the gas phaself the proton is replaced by an alkali metal ~With a protonated N terminus and/or side chain and a depro-
ion, the peptide forms a helix; that is, it adopts its solution- tonated C terminus and/or side chain. The dipole thus formed
phase conformatiot?. The stable gas-phase helix is presumably is stabilized in solution through interactions with polar solvent
due to the favorable electrostatic interaction between the metalmolecules and by the electric field of nearby counterions. In

ion and the dipole of the helix. These and other experirierifs the absence of these external stabilizing forces, i.e., for naked
molecules in the gas phase, the ground state form of all amino

*To whom correspondence should be addressed. acids is nonzwitterionic. For glycine (Gly), the zwitterionic form
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is calculated to be~19 kcal/mol higher in energy than the 2-6, M = Li, Na, and K. We follow the experimental approach
nonzwitterionic formt” Calculations indicate that there is no  developed in our previous work. The structure of these clusters
barrier to proton transfér; 20 so the zwitterionic form is not is probed by comparing the relative kinetics for the evaporation
stable, and this form has not been observed experimeita#f. of the nth water molecule from clusters containing valine to
The zwitterionic and nonzwitterionic forms of the most basic that from clusters containing isomers of valine which are either
amino acid, arginine (Arg), are more comparable in enétdy. zwitterionic or nonzwitterionic. This is combined with a
However, high-level calculations indicate that the nonzwitteri- computational investigation of a wide range of possible struc-
onic form is ~1 kcal/mol more stable than the zwitterionic tures for then = 2 and 3 clusters. The structure of Mal"-
form.25 Cavity ring down experiments show no evidence for (H,O)s is also explored, using less extensive computations,
the existence of zwitterionic Argf. because of its special stability observed experimentally.
Electrostatic interactions with metal ions significantly stabilize
zwitterionic forms of amino acids relative to nonzwitterionic Experimental Methods
forms. Calculations on Glyalkali-metal-cation (M) complexes
predict that the nonzwitterionic GIM™ complexes remain more
stable than their zwitterionic counterparts by just3Lkcal/
mol 2730 and ion mobility experiments indicate that @§a’
is nonzwitterionic?® Both experiments and theory on Akg™

Chemicals.Valine (Val) was obtained from Sigma Chemical
Co. (Saint Louis, MO). The hydrochloride salt of alanine ethyl
ester (AlaOEt) and the monohydrate and hydrochloride salt of
betaine (Bet) were obtained from Aldrich Chemical Co.

complexes indicate that as the size of the counterion increases(M'IwaUKee’ WI). Hydroxides and chloride salts of Li, Na, and

the zwitterionic complex is stabilized relative to the nonzwit- K were purchased from Fisher Scientific (Fair Lawn, '\.I‘])' Al
terion form. In ArgK+, Arg-Rb*, and ArgCst, Arg is chemicals were used as purchased. Electrospray solutions were

made to 1 mM amino acid (or amino acid analog) and 1 mM

metal ion using deionized water. Good signal was obtained from
these high-molarity solutions. By comparison, electrospray

solutions are typically about 100 times less concentrated.
Chloride salts were used to form hydrated W&t and Bet

: S . ) MT clusters, whereas metal hydroxides gave much better signal
surface; however, this structure is significantly higher in energy for the AlaOEtM™ clusters. Separate experiments comparing

\(/;'tlrfttlcall molz than lthe ranSt stablfz ncl)nzlvvgterlonlc strutcfgr?.th the evaporation rates of water from Bét" clusters made with
: ree water molecules, recent caiculations suggest that th€, o5, hydroxide and metal chloride salts were performed. No

thtenon antd tponTyvltterthn ,I.O rmfs becc()jme degenet?%tlm- d differences in evaporation rates were observed, indicating that
other computational investigation 1ocused on accurale reproduc-ype gq;rce of the metal ion and the presence of chloride vs

th:’] Olf ihs ?pectlros:[copm fbelha\_/lor of_t?‘q?eous atlanlne.l Sp‘TCtra‘hydroxide in the electrospray solution does effect the dissocia-
calculated for clusters of alanine with four water molecules Fon kinetics of the isolated ions.

reproduced many features observed in aqueous experimenta Mass Spectrometry. Tins for nanoelectrosoray ionization
data that are missing from calculated spectra of unhydrated P y-1ip . pray L
were pulled from 0.78 mm inner diameter borosilicate capillaries

i 3
alanine? to a diameter of~3—5 um using a Flaming Brown micropipet

Althougr} hseveral theoritical S“!O”es _hav? Iaddressgd thelpuller (Sutter Instruments model P-87, Novato, CA). A platinum
structure of hydrated gas-phase amino acids, little experimentalyire inserted down the center of the nanospray tips is used as

work has been reported. The binding of single water molecules 5, ajactrode and is held at a potentiakdt kV. Electrosprayed
was used to probe the structures of unhydrated protonated,y o are trapped in the ion cell of our home-built Fourier

glycine and lysiné and several recent experimental investiga- yansform mass spectrometer that has a 2.7 T superconducting

tions have focused on hydration of amino acid analogues andmagnet. Details of our instrument can be found elsewffte.

small peptide$*~*® Thermochemical data ofr;ethe binding of  Atter a period of 2-5 s during which ions are accumulated in

water to small proteins has also been repofted. the ion cell, a mechanical shutter is closed to stop further ions
We recently began an investigation into the combined effects from entering. Nitrogen gas (2 1076 Torr) is pulsed into the

of alkali cation adduction and hydration on amino acid structure jon cell during the load period and for a short time-@ s)

by examining VaM* and VatM*(H,O); clusters using both  afterward to assist in ion trapping. Afta 2 spump-down delay,
experiments and computatiéhThese studies showed that for  the ion cell returns to a base pressure<B x 107° Torr.
M = Li and Na, the valine has a nonzwitterionic structure, and Unwanted ions are ejected from the cell using a series of single
the metal ion is coordinated to both the nitrogen and carbonyl frequency, stored waveform inverse Fourier transform (SWIFT)
oxygen (NO coordination) of the amino acid. The addition of a and chirp excitation waveforms. The cluster of interest is then
single water molecule to Vell* does not change the structure gllowed to react for times ranging from 0 to 300 s. For
of valine, nor does it effect the relative energetics of the experiments involving a heated cell, the temperature of the entire
zwitterionic vs nonzwitterionic form. Potassium was shown to  yacuum chamber is raised by using electrically resistive heating
bind quite differently to valine than lithium or sodium. The most  plankets located on the outside of the chamber. For experiments
stable structure of the unhydrated complex has the metalinvolving a cooled cell, the copper jacket surrounding the cell
coordinated between the two oxygens (OO coordination) of s cooled to a uniform temperatuteThis is done by regulating
valine. In the experiment, we were not able to unambiguously the opening and shutting of a solenoid that controls the flow of
determine whether the valine adopted a zwitterionic or non- |iquid nitrogen around the outside of the copper jacket. Prior to
zwitterionic structure with potassium. However, relatively hlgh- all experimentS, the temperature is allowed to equ”ibra‘[e
level theoretical calculations indicate that the cluster containing overnight ¢8 h) to ensure that the ions are exposed to a steady-
the nonzwitterionic valine is 3.0 kcal/mol more stable than the state radiative energy distribution from infrared photons emitted
salt-bridge structure in which valine is a zwitterion. from the walls of the copper jacket and vacuum chamber.
Here, we extend our studies to include higher states of Following the variable reaction delay, the product ions are
hydration and investigate the structures of Wt (HO),, n = excited for detection using a frequency sweep with a rate of

zwitterionic3?

Several computational studies have investigated the stabilizing
properties of individual water molecules on the zwitterionic form
of amino acids. With two correctly placed water molecules, the
glycine zwitterion is a local minimum on the potential energy
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2200 Hzls. A detection bandwidth of 1778 kHz is used. Data the minimum. For clusters containing zwitterionic valine (VZ),
are acquired using an Odyssey data system (Finnegan MAT,there were 12 structures that were within 5 kcal/mol. The six
Bremen, Germany). For all clusters of specific hydration number lowest-energy clusters with VZ were selected for higher level
and M, the experimental sequence (load time and isolation calculations. This corresponded to all of the structures within 4
waveforms) was optimized for the isomeric cluster that gave kcal/mol of the minimum for the VZ isomer. Nine additional
the poorest signal, typically AlaOBI*(H,O),. The same VZ conformers were selected from among the higher-energy
experimental sequence was then used for the remaining isomericstructures from the initial conformation search and from
clusters, and these sets of experiments were done on the samsubsequent searches with constrained geometries. None of these
day, usually following each other. This was done in order to additional structures was the lowest-energy VZ conformer found,
ensure that dissociation of the isomeric clusters (i.e., those withalthough several were within 5 kcal/mol of the most stable
the same metal ion and extent of hydration) was done under asstructure.

identical experimental conditions as possible. After the selection of starting structures from mechanics

Although the copper jacket is at a known temperature, there calculations, hybrid method density functional calculations
are holes in the jacket that allow radiation from other parts of (B3LYP) were performed using Jaguar versions 3.5 and 4.0
the vacuum chamber to enter the ion cell and interact with the (Schrodinger, Inc., Portland, OR) with increasingly large basis
ions. For this reason, the internal energy distribution of the ions sets. For M= Li and Na, the basis sets used were 6-31G* full
is not well characterized for the experiments performed in the Optimization, 6-3%G* full optimization, and 6-31++G**
cooled cell. Therefore, we will refer to the temperature of the Single-point energy calculations at the 6+3%*-optimized
copper jacket as the nominal temperature of the ion cell. geometry. For M= K, the basis sets used were LACVP* full

Computational Details. Starting structures for higher-level optimization, LACVH* full optimization, a.nd. LACVP#H+**
calculations were made using a combination of conformational single-point calcul_atu_)ns atthe LAC\AF*-(_)ptlmlzed geometry.
searching and chemical intuition. Structures of AR (H,0)p, The LACVP basis includes an (_effectlve core potential for
n = 2 and 3 clusters were generated using Monte Carlo potassium and uses the 6-31G basis for_the other atoms ptesent.
conformation searching with the AMBER?* force field and the Secqnd-ordgr Mlier—P[esset perturbqtlon theory. (MP2) cal-
Maestro suite of programs (Schrodinger, Inc., Portland, OR). culations using Gz_iu_ssmn 98 (Gau55|an,+lnc., Pittsburgh, PA)
For the initial search, no constraints were placed on the were done for a limited number of Viai*(H,0), and Vat

it
molecules, and 1000 conformations were generated in order tol‘I (qu)i‘ conformers. .
explore as wide a range of structures as possible. All structures,Starting structures for sodiated clusters were generated from
from the initial search that were within 5 kcal/mol of the lowest- lithiated cluster structures. If the conformation of the lithiated
energy conformer were examined to develop chemical intuition cluster did not change significantly after B3LYP/6-31G*

as to the possible AA conformations and modes of metal jon OPtimization, the lithium of the B3LYP/6-31G*-optimized
and water binding. The AMBER* force field appears to cluster was replaced by sodium to generate the analogous

minimize Bet to the wrong structure; the carboxylate group is sod.iaFedchuster confo;mﬁtion. Similarl)l/, the BSLYP/G-SlG*-h
rotated 90 from the minimized structures at higher levels of ©Ptimized geometry of the sodiated cluster was used as the

theory. For Bet-containing clusters, Bet was forced to adopt starting structure for the B3LYP/LACVP* calculation of the
the correct higher-level structure and constrained to this analogous potassiated cluster. In some cases, the conformation

geometry. A subsequent round of conformational searching Was;:#anged flgnlflcaP;Iy dgrllng |tr,]o\e|v|lgl|t_:|§*83»’[LYT calculatlon.olln
performed with AA geometries constrained to representative theset 'rt'.s an(t:es,t eforltgr:na diated dS/ ructure was dusle as
ones found in the first search (and the manufactured betaine e starting structure for the sodiated and/or potassiated clusters.

structure). All structures that were within 5 kcal/mol of the T_h|s was done fo Increase efﬁuency while attempting to
minimum  structure involving the same AA geometry were circumvent the possibility that.energetlcally competitive con-
examined. Starting structures for higher-level calculations were formations for M= Na and K might be lost because it was not

chosen from this second group of structures with fixed AA stable fpr M= Li. ngeral additional structures for B3LYP "
geometry. In several instances, additional structures which WereC"’IICUI‘B‘t'on.s of potass@ed clusters were.selected from AMBER
more than 5 kcal/mol less stable than the lowest-energy structureconformat'on searchlng performed directly on potas.5|ate.d
were also chosen. In no instance were these additional higherCIUSterS' NPC'eaF coordinates for all structures shown in this
energy structures found to be the most stable structure at higherpaper are listed in Table S1.
levels of theory. Additional conformational searching with M
= K was performed in order assess whether the candidate
conformations determined for M= Li were valid for larger Structure is inferred from the experimental results by compar-
metal ions. Most conformations selected forLi (including ing the relative dissociation kinetics for the evaporation of the
several of the higher-energy ones) were low-energy conforma- nth water molecule from VaM*(H,0), clusters and its isomeric
tions for M= K with the AMBER* force field. However, there  analogues activated by blackbody infrared radiative dissociation
were several additional M= K structures within the 5 kcal/  (BIRD). The measured dissociation rate for the valine-containing
mol range. Thus, although the cluster conformations for the cluster is compared to that of clusters containing isomers of
smaller metal ions represent a relatively thorough search of thevaline, one that is zwitterionic, the other nonzwitterionic. The
potential energy surface, it is possible that some low-energy isomers used for this study are alanine ethyl ester (AlaOEt), a
conformations for the potassiated clusters were missed. nonzwitterion, and betaine (Bet), a zwitterion. The structures
Many starting structures for Vali*(H,O)s clusters were of AlaOEt, Bet, and Val (generically abbreviated AA for amino
taken directly from the initial unconstrained conformation acid or amino acid analogues) are shown in Scheme 1.
search. For clusters containing nonzwitterionic valine (VN), = The comparison of BIRD kinetics for the same set of isomers
there were 46 structures within 5 kcal/mol. Only the three lowest was used in our previous investigation of the structure of singly
energy conformers were selected for higher-level calculations. hydrated cluster& The inference of structure from relative
This corresponded to all of the structures within 1 kcal/mol of kinetics rests on several assumptions. First, it is necessary to

Results and Discussion
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SCHEME 1 exhaustive search of the potential energy surface is not practical.

Nonzwitterionic Valine Zwitterionic Valine Although we report dissociation kinetics for clusters of up to
(VN) (V2) six water molecules, extensive theoretical efforts are confined

o to clusters with two and three water molecules. Limited

HzN_CH_g_OH —> H3N+—CH—g—O_ theoretical results for the much larger Mal"(H,O)s cluster
CH(CHg), Cl?H(CHa)z are also included due to its unusual stability measured experi-
mentally.

The remainder of the results and discussion section is
Alanine Ethyl Ester Betaine organized as follows. First, the stepwise hydration of the lithiated

(AlaOEt) (Bet) clusters is examined. Next, the sodiated clusters are considered,
o then the potassiated. Finally, results from numerical simulations
HoN—CH—G—OCH,CHg (CHg)aN=-CHy— GG of the experim(_ents fan = 2 are pre;ented in _order_ to investigate
<|3H3 the effects of differences in activation and dissociation processes
on measured dissociation kinetics.

=0

have good structural models for the two forms of valine; this M = Lj
requires that the interactions of the dissociating water molecule

with the metal ion and the AA be the same in the valine and  AA-Li"(H,0), Dissociation Kinetics. Figure la shows
model clusters. Second, the activation and dissociation processeslackbody dissociation kinetic data for A *(H,0),—.; at 55

in the valine clusters must be comparable to those in the model°C. Rate constants for the dissociation of the second water
clusters. In the BIRD experiment, this requires that integrated molecule from each cluster are determined from the slope of
cross-sections for IR photon absorption and emission must beln{[AA -Li *(H20),J/([AA -Li*(H,0);] + [AA-LiT(HO)] +
similar and that differences in dissociation entropy must be [AA-Li*™])} vs time and are listed in Table 1. The data for all
minimal or have no significant effect on the measured dissocia- of the clusters fromm = 1—6 can be fit by a straight line with
tion rate. In our previous study, we did extensive modeling to R? values>0.99. The dissociation kinetics for AA Val are
ensure that these requirements were fulfilled. In this report, we virtually identical (within 3%) to those for AlaOEt, whereas
also include many theoretical results, in part to address thesewater evaporates from the Bet cluster significantly (50%) more
issues. With increasing cluster size, calculations become slowly. These dissociation kinetics clearly suggest that the
increasingly more difficult, not only because there are more second water is bound to the Vai* and AlaOEtLi* clusters
atoms, but the number of possible conformers for each clusterin a similar fashion and that this is different from the way it is
increases dramatically. For the larger clusters, conducting anbound to the Bet.i™ cluster; that is, the dissociation kinetics

0.0
0.5 ; d
=10 =
< -1.5 =
| -
[ . -
220 3
= £,
25
R T
0 5 10 15 20 25 30

=2 -, =

Q B Q.-
< N T

510 Q #. =y
3 .

g \ a._.‘ g

= Moow <

15 9 val
T=-25°C AlaOEt ™4 PBet
T T[T [rrrferrpreerrrrprerr
0 2 4 6 8 10 12 14
0.0
> n=4-—3
05 c
= ; =04
Q 0
10 -
5 =
< _
S ol 2.0
= ” ~ : Val c
204 T B AlaOEt :
T=-100°C 4t Bet 143 T=-100°C gAlaOEt
0 10 20 30 0 2 4 6 8
Time (s) Time (s)

Figure 1. Blackbody infrared dissociation kinetics for the evaporation of water fromLAAH,0), clusters fomn = 2—7.
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TABLE 1: Measured Dissociation Rates for AAM*(H,0),—,—1 and Percent Difference in Rates Referenced to the Isomeric
Valine Cluster?d

Li Na K

n AA T(°C) rate (s1) % diff. T(°C) rate (s%) % diff. T (°C) rate (s1) % diff.

Val 108 0.0875t 0.0005 25 0.0366: 0.001 -10 0.0476+ 0.0009

AlaOEt 108 0.100G: 0.001 +14% 25 0.0339t 0.0007 —7% -10 0.0688+ 0.0009  +45%

Bet 108 0.1372+ 0.002 +57% 25 0.0460t 0.0008  +26% -10 0.0510+ 0.0006 +7%
2 Val 55 0.494+ 0.01 0 0.116+ 0.003 —100 0.0091+ 0.0002

AlaOEt 55 0.481 0.01 —3% 0 0.140+ 0.004 +21% —100 0.0113+ 0.005 +24%

Bet 55 0.245+ 0.01 —50% 0 0.110G+ 0.003 —5% —100 0.0134+ 0.001 +47%
3 Val —25 0.101+ 0.003 — —-25 0.187+ 0.01 — —100 0.064+ 0.002 —

AlaOEt —25 0.314+ 0.008 +210% —-25 0.337+ 0.02 +80% —100 0.069+ 0.003 +8%

Bet —25 0.224+ 0.005 +120% —-25 0.256+ 0.01 +37% —100 0.082+ 0.001 +28%
4 Val —100 0.048&+ 0.003 —100 0.048+ 0.002 —150 0.0095+ 0.0003 —

AlaOEt —100 0.051A 0.002 +8% —100 0.053+ 0.003 +10% 0.0095+ 0.0002 0%

Bet —100 0.0607A 0.001 +26% —100 0.0496+ 0.001 +3% 0.0062+ 0.0003  —35%
5 Val —100 0.107+ 0.006 —100 0.113+ 0.005 —150 0.028+ 0.001 —

AlaOEt —100 0.110+ 0.006 +3% —100 0.092+ 0.006 —19% 0.040+ 0.002 +43%

Bet —100 0.0756+ 0.001 —29% —100 0.081+ 0.001 —28% 0.0269+ 0.0004 —4%
6 Vval —100  0.079+ 0.004 —100  0.112+ 0.003

AlaOEt —100 0.148+ 0.008 +87% —100 0.200+ 0.007 +79%

Bet —100 0.156+ 0.004 +97% —100 0.184+ 0.003 +64%

aError corresponds to the standard deviation of the linear least-squares best fit line to the first-order kinetic fit data.

suggest that Val is nonzwitterionic in this cluster. These kinetics yn2 B & VN2_A VZ2_A
primarily reflect differences in the binding energy of water.

°
Although the kinetic data are extremely suggestive of structure, 9 ;
L q o a 0 g
they are an indirect probe. Q > Q L
AA-Li T(H20), Low-Energy Structures. Extensive modeling S ‘.s ° °
| o 0 -~

was done in order to identify low-energy conformations of-AA 5 & s

Li*(H20) clusters as well as to ensure that AlaOEt and Bet f;,’";" +6 0.4 +2.9

are good models for the two forms of valine. A total of 54

conformers of ValLit(H,0), were optimized at the B3LYP/ B2_A
6-31G* level. Several of the structures selected from molecular A2-* a

dynamics minimized into the same conformer at this level of & - -

theory. Others minimized into structures that were presumably e ‘o
in equilibrium with each other, differing by the conformation _ o
of the side chain or position of the hydrogen bonds. To decrease = P
the complexity of searching the entire potential energy surface, - g
the lowest-energy structure within a group of similar conforma-

tions was selected as the representative structure for that groupfigure 2. Lowest-energy structures for Al *(H;0), complexes. The

From a few groups, two or more conformers were selected to identity of the AA is labeled on the figure. Relative energies (in kcal/
’ mol) for the AA = Val complexes are from single-point energy

check the reliability of this strategy. . . calculations at the B3LYP/6-331+G** level using the B3LYP/6-
~ The lowest-energy structure of each AA"(H20), isomer 31+G*-optimized geometry and at the MP2/6-32+G** level using
is illustrated in Figure 2. For VN, B3LYP and MP2 calculations the MP2/6-3#G*-optimized geometry.

predict different minimum-energy structures, both of which are
shown in this figure. The nomenclature refers ¥aline
Nonzwitterion {aline Zwitterion/Alanine ethyl esteBetaine)

TABLE 2: Relative Energies, in Kcal/Mol, of Selected
Val-Li*(H,0), Conformations

with 2 waters, conformers, B, C, etc. Conformer VN2 A is method/basis VN2A VN2_B VZ2_A
related to VZ2_A by the transfer of a proton, forming the  B3LYP/6-311+G*@ 0.5 1.2 0
zwitterion. The metal iorrwater—AA interactions in VN2_B MP2/6-3H-G* 4.0 1.9 0
and A2_A appear to be virtually identical, indicating that 6-311+G*e 2.4 0 2.9
A2__Ais a good structural model for VN2B. Likewise, B2_A RHF/6-3HG ﬁéF()ESOC) 8 88 (1)'5
is a good structural model for VZ2A. B2_A also appearsto 14t/ B3LYP 0 16 15
be a good structural model for VNA. Total MP2 15 0 4.1

MP2 and B3LYP calculations with the same large basis set
predict different minimum-energy conformations. At the MP2/
6-311++G** level of theory, VN2_B is the minimum-energy
structure and is 2.4 kcal/mol lower in energy than the next of theory. This indicates that the calculations used here may
lowest-energy conformer, VN2A. In contrast, B3LYP calcula- not be adequate to determine the relative stability of these
tions with the same basis set predict that VNRand VZ2_A clusters. Thus, we use these theoretical results to guide our
are both somewhat (0-71.2 kcal/mol) more stable than interpretation of the experimental data.

VN2_B. Table 2 lists the relative energies of these candidate The experimental results are consistent with the structure of
Val conformers at different levels of theory and calculated zero- Val-Li*(H,0), being VN2_B, as predicted by the best MP2
point and thermal energy corrections. The energy differences calculations. If VN2_A or VZ2__A were the correct structure,
among conformers are on the order of several kcal/mol, and the dissociation kinetics for Vdli*(H,0), and BetLi ™ (H,0),

the ordering of stability is not always constant at different levels should have been similar. Instead, these rates differ5§%

a Single-point energy calculation at the 6-8G* optimized geom-
etry.
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VN2_B VN2_C They are included here to illustrate the variety of structures that
e’ & ? . were examined. As the size of the metal ion increases, some of
- o _- these structures become more energetically competitive. This
ZP}{ };&a{?’ will be discussed later.
e 2 T e Overall, the addition of a second water molecule does not
appear to significantly affect the structure of the \at
VZz_A vz2 8 vzz2 c complex.In the complex with no water molecules, lithium is

coordinated between the nitrogen and carbonyl oxygen of
nonzwitterionic valine. A single water molecule coordinates to
this complex through an interaction with just the metal 48n.

In VN2_B, the conformation indicated by the combined
theoretical and experimental results, the second water molecule
also coordinates only to the metal ion. Calculations indicate that
these two water molecules do not help stabilize the zwitterionic
form of valine (i.e., VZ2_A) relative to the NO-coordinated
nonzwitterionic form. In our previous work, we found that the
nonhydrated nonzwitterionic complex is 3.3 kcal/mol more
stable than the zwitterionic complex. Here, the difference is
calculated to be 2.9 kcal/mol at the same level of theory. Perhaps
this is not surprising, as the water molecules’ only direct
interactions are with the metal ion itself and not with the amino
acid.

AA-Li*(H,0); Dissociation Kinetics.Kinetics for evapora-
tion of water from AALi*(H,O); clusters at a nominal
temperature of—25 °C are shown in Figure 1b, and the
dissociation rates are listed in Table 1. The kinetics for the loss
Figure 3. B3LYP/6-31G*-optimized structures for Vali*(H,0), of the third water molecule are dramatically d_ifferent fron_1 those
clusters. The relative energies of these structures are listed in Table 3.for the loss of the second water molecule (Figure 1a):\at
(H.0); dissociates at less than one-half the rate of thelLBet

(Figure 1, Table 1). Thus, the experimental results are not (H20)s and less than one-third the rate of the Ala@Et(H0)s,
consistent with conformer VN2A or VZ2_A. The slow indicating that this cluster does not resemble either of the model
dissociation rate measured for Bet"(H,O), compared to Val clusters.
LiT(H.O), is also consistent with these structures because of AA-LiT(H20); Low-Energy Structures. Figure 5 shows the
the additional hydrogen bond binding the water molecule in most likely low-energy structures for ARAi*(H,O)s. At the
conformer B2_A vs the purely electrostatic interaction in  B3LYP/6-31H+G** level of theory, VN3_A and VZ3_B are
VN2_B. the lowest-energy structures and are nearly degenerate. At the
AA-Li*(H,0), Additional Structures. A more extensive =~ MP2/6-31H-+G** level, VN3_A and VN3_F are the lowest-
selection of the VaLi*(H,0), conformers investigated is shown ~energy structures and are nearly degenerate. The energy
in Figure 3. The relative energies of these conformers for the differences between these conformers are relatively small and
lithiated clusters, as well as analogous clusters with=NNa fluctuate with the level of theory used. Therefore, it is not
and K, are listed in Table 3. Additional AlaOEt*(H,0), and possible to determine the lowest-energy conformer based on
Bet-Li*(H0), conformers are shown in Figure 4. The water these calculations alone.
molecules in all of these low-energy structures are coordinated It is possible to discriminate among the candidate valine
to charged sites. For the VN and AlaOEt structures, this is the structures in Figure 5 based on the experimental data.A\3
metal ion. For VZ and Bet structures, the second water may is a good model for VN3 F, but the measured dissociation rates
coordinate to the metal ion, to the carboxylate group, or to the of AlaOEt:Li*(H,O); and ValtLi*(H,0); differ by a factor of
protonated N terminus of the valine or the much more diffuse 3, indicating that VN3_F is not the conformation of the valine
charge of the quaternary amine of the betaine. cluster. Similarly, if VN3_A were the correct structure of \fal
Comparing the valine clusters in Figure 3 to the model LiT(H2O);, the dissociation rate measured for the valine and
clusters in Figure 4, it is apparent that AlaOEt and Bet provide betaine cluster should be similar. Instead, the betaine cluster
good structural models for all of the energetically competitive dissociates more than twice as fast as the valine cluster (Table
lithiated Val conformers. Clusters in which nonzwitterionic 1). This strongly suggests that VN is not the conformation
valine coordinates the metal ion between the nitrogen and of Val-Lit(H20)s. In VZ3_B, one of the waters forms a
carbonyl oxygen, VN2 B and VN2_C, are well mimicked by hydrogen bond with the protonated amine of valine. Neither
the AlaOEt clusters A2A and A2_B, respectively. Clusters  AlaOEt nor Bet has a protonated amine. The bulky methyl
in which the metal ion coordinates to the C terminus of valine, groups surrounding the N terminus of betaine will not form

VN2_A and VZ2_A—C, are well modeled by B2A—C. hydrogen bonds that are nearly as strong as those in the valine
Val conformers for which AlaOEt and Bet do not provide complex. Thus, the binding of this water molecule in VZB
good structural models are VZD—K. In all of these conform- does not resemble that in of either of the model clusters. Hence,

ers, water hydrogen bonds to the protonated amine of valine, aof the three valine clusters illustrated in Figure 5, conformer
functionality that is not present in any of the model clusters. VZ3_B is the only one consistent with the experimental data.
For the lithiated clusters, VZ2D—K are significantly (8-22 AA-Lit(H20)3; Additional Structures. Although we believe

kcal/mol) higher in energy than the minimum-energy structure. VZ3_B is the best candidate for the lowest-energy conformation
For this reason, we do not believe that these are viable structuresof Val-Lit(H,O)s, there are several other possible conforma-
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TABLE 3: Relative Energies, in kcal/mol, of Selected VaM *(H,0), Conformations lllustrated in Figure 3, Calculated Using
the B3LYP Method with Basis Sets of Increasing Size

VN conformers VZ conformers

M: basis set A B C A B C D E F G H | J K L
Li: 6-31G* 2.1 0.8 3.2 0 3.8 2.5 7.9 8.2 9.3 10.0 20.2 22.2 23.5 22.9 9.0
6-314+-G* 2.8 3.3 4.6 0 b 2.4 6.4 7.5
6-311++G**2 0.5 1.2 25 0 b 6.9 8.1
Na: 6-31G* 0.5 1.6 1.9 0 25 2.1 4.5 4.5 4.8 9.4 12.0 13.1
6-31+G* 1.5 4.2 3.3 0 b 3.8 5.5
6-3114-+G**a 0 2.8 2.5 0.8 b 4.7 5.4
K: LACVP* 0 3.9 1.8 1.9 b 3.5 4.4 4.3 1.8 1.7 2.1 4.7 5.7 7.5 4.8
LACVP+* 0.8 8.6 2.6 1.2 b 0 1.3 2.4 5.4 7.0
LACVP++#*a 0 7.4 1.9 2.0 b 1.3 2.8 4.1 7.0 8.8

2 Single-point energy calculatioA.Conformation not stable at this level of theory.

AZ_A A2_B O
=)
b, e VN3F & VN3_A VZ3 B
s & 4
- o
WL~ 3Ly -
o8 °
Na: 0 Na:+0.7 B3LYP +2.1 0 A, 0 6..::
K: +1.9 K: 0 MP2 +0.1 0 +3.0
Q.
B2_A B2_B A3 A 9 B2_A
. ' é-
@ | ° o “w
e" o, %
o=
L: 0 dln Li: +2.8 mﬁ’
Na: 0 MNa:+2.1 =
K: 0 K: +1.9

Figure 5. Lowest-energy structures for ARi*(H,O); complexes. The
identity of the AA is labeled on the figure. Relative energies (in kcal/

B2_C B2_D mol) for the AA = Val complexes are from single-point energy
a o = calculations at the B3LYP/6-3#1+G** level using the B3LYP/6-
g% L) 31+G*-optimized geometry and at the MP2/6-32+G** level using
:'{ °} ? o the MP2/6-3%G*-optimized geometry.
Li: +3.9 Li: +15.3 candidate. VZ3 D is extremely unlikely based on its signifi-
E?’ - i’:_a”lg-g cantly higher ¢7.5 kcal/mol) energy. VN3H is the only

candidate VN conformer. However, it is 2.6 kcal/mol higher in
energy than the minimum energy structures and, therefore, seems
less likely to be the lowest-energy structure.

tions. A total of 49 structures of Vdli *(H,O); were optimized It should be emphasized that these experiments probe
at the B3LYP/6-31G* level. Twelve of these are shown in differences between the populated bound structure(s) and the
Figure 6. The relative energies of six of these structures at transition state(s) for dissociation. Under the conditions of the
several levels of theory are listed in Table 4. Three structures experiment, more than one conformer is likely to be present,
each of AlaOEdLi*(H,0); and BetLi*(H,O); are shown in and some of these conformers likely interconvert. For example,
Figure 7. There are many more energetically competitive nonzwitterion structure VN3A and the zwitterion structure
conformers for the trihydrated clusters than there are for the VZ3_A differ only by the position of the acidic proton. The
dihydrates. With the exception of VZD, all of the conformers barrier for proton transfer is likely to be very low. In contrast,
shown in Figure 6 are relatively close in energy, within 2.6 conversion of either of these structure to zwitterion VA3
kcal/mol, at the B3LYP/6-31t+G** level. Therefore, these  requires transfer of one water molecule from the lithium ion at
conformers cannot be discounted on the basis of their calculatedthe C-terminal end of the valine to the protonated N-terminal
energies alone. Several of these conformers are inconsistent witmitrogen. The barrier for this transfer should be substantial.
the experimental results and can be ruled out. The AA-Li  Although these structures could conceivably interconvert in these
H,O interactions in valine cluster conformations in which the experiments, the measured kinetics should depend most strongly
metal is bound to the C-terminus of valine (e.g., VN8—D, on the most populated (lowest-energy) structure. Therefore, we
VZ3_A) are well modeled by betaine clusters. Similarly, believe that the measured dissociation kinetics can probe these
conformations in which the metal is coordinated between the relatively subtle differences in structure.

nitrogen and carbonyl oxygen of nonzwitterionic valine (e.g.,  Overall, the combined experimental and theoretical results
VN3_E—G) are well modeled by the AlaOEt clusters. Clusters strongly suggest that the valine in Vail™(H,0); has a

for which there are not good model structures, and which zwitterionic form. The third water of the cluster appears to be
therefore cannot be ruled out based on experimental results, arehe first water molecule which hydrogen bonds to the valine
VN3_H and VZ3_B—D. As discussed before, VZ3B is the anddoes nointeract directly with the metal iofThis third water
lowest-energy structure and therefore, we believe, the most likely molecule changes the mode of metal ion binding from NO

Figure 4. B3LYP/6-31G*-optimized structures and relative energies
(in kcal/mol) for AlaOEtLi*(H,0), and BetLi*(H,0), clusters.
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Figure 6. B3LYP/6-31G*-optimized structures of V4lit(H,0)s
clusters. Relative energies (in kcal/mol) are indicated at the B3LYP/
6-311++G** level for M = Li and Na and at the B3LYP/LACVP*
level for M = K.

coordination to OO coordination. Moreer, this third water
molecule appears to stabilize the charge separation of the
zwitterion sufficiently to cause the proton-transfer to occur,
resulting in the transformation efaline into its solution-phase
conformation.

AA-Lit(H20),, n = 4—7: Dissociation Kinetics. The
relative dissociation kinetics for AAi*(H,0), clusters,n =
4—7 are shown in Figure %€f. All of these data were measured
at a very low nominal temperature 100°C. Attaining sufficient
ion signal to measure kinetics far= 7 is difficult, so there is
significant scatter in the kinetics shown in Figure 1f. lro+

Jockusch et al.

is slower than that of the fifth! This is not the case for the
AlaOEt and Bet clusters. For both of these clusters, as well as
for all clusters of lower hydration, the dissociation of timet

1)th water molecule is faster than that of tite when measured

at the same temperature. Presumably, this is due to the stronger
binding of thenth water molecule compared to the { 1)th
water, although it is also true that the larger cluster will absorb
photons and become activated faster than the smaller cluster.
The fact that the sixth water molecule is slower to dissociate
from the valine cluster than the fifth indicates that \Kaf-
(H20)s is unusually stable relative to Wl (H,0)s.

AA-Li*(H20)e: Structures. To further investigate this
surprising phenomenon, several possible structures of Mal
(H.0)s were examined. These are shown in Figure 8. Unlike
the conformations for the doubly and triply hydrated clusters,
the hexahydrated conformers shown are not derived from an
extensive search of the potential energy surface for this cluster.
Instead, a limited number of structures were examined and the
representative lowest-energy structures are shown in Figure 8.
All of the low-energy clusters exhibit extensive hydrogen
bonding. The zwitterionic valine complex has three charge sites
available for hydrogen bonding vs only one in the nonzwitte-
rionic complex. In all of the low-energy conformers of the VZ
complex, all six water molecules coordinate directly to charge
sites, and the lithium ion is tetrahedrally coordinated by a
combination of water molecules and heteroatoms of the valine.
According to high-level calculations, tetrahedral coordination
is the preferred coordination geometry of lithithwater clus-
ters#647In the VN structures, the lithium is pentacoordinate,
and two or three of the water molecules are not coordinated to
charge sites. This indicates that water binding to the VN
structures will be weaker than that to the VZ structures and
suggests that the VZ clusters will be more stable. However,
this does not explain the special stability of Mal"(H,0)s vs
Va|‘Li+(H20)5.

One possible explanation is that, with five waters, the valine
in the lithiated cluster is nonzwitterionic and that the conforma-
tion changes to zwitterionic with the inclusion of a sixth water
molecule. As indicated above, water should bind more strongly
to the zwitterionic complex, which would explain the slower

4 and 5, the dissociation rates of both of the model clusters aredissociation of the sixth vs the fifth water molecule. However,

within 30% of the Val cluster, with AlaOEt being the closer of
the two. There is no obvious interpretation of this kinetic data
in terms of structure. It is somewhat surprising that the fifth
water molecule dissociates more quickly from the valine cluster
than from the Bet cluster. It seems unlikely that, with three
waters, lithiated valine adopts a zwitterionic structure but goes
back to nonzwitterionic form with four and five waters, although
this is a possible interpretation of the= 4 and 5 kinetic data.

A more probable explanation is that AlaOEt and Bet are not
good models for the clusters of higher extents of hydration and
that the binding of the fourth and fifth water molecules in all
of these clusters is extremely weak. The similar relative kinetics
are due to similar weak binding interactions (i.e., primarily
hydrogen bonding interactions) in all of the clusters and reflect
slight differences in cluster photoactivation rates. Likewise, the

because of the strong evidence for the zwitterionic form of valine
in the trihydrated cluster, we do not believe that this is the most
likely explanation. An alternative, and we believe more probable,
explanation is that the conformation of the valine in the-Val
Li*(H.0)s cluster is somewhat strained compared to that of
valine in clusters with four and six water molecules. This would
decrease the binding energy of the fifth water molecule. A
scenario describing this is detailed below for \(ZA, the most
stable cluster conformation identified.

On Figure 8, we have numbered the water molecules by
probable order of attachment to VZ@&. Water molecules 1,
2, and 3 are basically the same as the three water molecules in
VZ3_B (Figures 5 and 6), the most likely candidate for the
structure of the VaLi*(H,0)s cluster. Position 4 is probably
the next most stable water-binding site based on lithium’s ability

fast dissociation and similarity of the measured dissociation ratesto comfortably accommodate four ligands and on the similar

for all threen = 7 clusters (Figure 1f) suggests the binding of
water to these clusters is weak and probably nonspecific.
The kinetics for the loss of the fifth and sixth water molecules

energies computed for conformers V\ZA and VZ3_B (Figure
6). The fifth water molecule would likely bridge between the
N and C termini of the valine, forming two hydrogen bonds at

(Figure 1d-e) were measured at the same nominal temperaturethe expense of a small distortion in the backbone of the valine,
and have been plotted with the same scale. The dissociationthe C terminal end of which is rotated from its most favorable

rates are listed in Table 1. Remarkably, the rate for the
dissociation of the sixth water molecule from the valine cluster

position. Thus, the valine in the cluster with five waters is
somewhat strained in order to form the maximum number of
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TABLE 4: Relative Energies, in kcal/mol, of the Most Competitive VatLi*(H,0); Conformers

method/basis VN3A VN3_F VN3_H VZ3_A VZ3_B Vz3_C
B3LYP/6-31G* 0.6 17 2.9 0 2.8 2.7
6-31+G* 1.9 3.8 4.0 0.8 0 1.4
6-311H+G** @ 0 2.1 2.6 14 0 19
MP2/6-31G* 2.6 1.8 4.2 0.3 0.3 0
6-311-+G** @ 0 0.1 3.6 2.2 3.0 3.1

a Single-point energy calculation at 6-BG*-geometry optimized structure.

(H20)s and VatM*(H,0)s clusters, it is only one of a number
of possible explanations. What is certain is that something
unusual happens at this extent of hydration.

M = Na

AA-Nat(H,0), Dissociation Kinetics.Figure 9 shows the
dissociation kinetics for AMNa*(H,O), clustersn = 2—6. The
dissociation rates for these clusters are listed in Table 1. The
difference in the rate of dissociation for the second water
molecule between the ANa*(H,0), clusters is much smaller
than it is for the AALIT(H,O), clusters. At 55°C, all three
clusters dissociate with virtually the same rate (data not shown).
However, at a nominal temperature of°G, the kinetic data
indicate that the dissociation of the second water molecule from
Val-Na"(H,0), resembles that from Béda"(H,0),, whereas
the second water molecule dissociates from AlaQ&t(H.0),
somewhat £20%) faster (Figure 9a and Table 1). The lower-
temperature data suggest that the sodiated valine cluster with
two waters closely resembles the Bet cluster, not the AlaOEt
Figure 7. B3LYP/6-31G*-optimized structures and relative energies c|uster. Furthermore, the faster dissociation rate of the second
(in keal/mol) for AlROEtLI*(Hz0): and BetLi*(H20)s clusters. water molecule from the sodiated clusters than from the lithiated

VN6_A VNG_B VNG_C clusters sgggests that the second Wgtqr is bound more weakly
9 to the sodiated clusters than to the lithiated ones.

o ;. S @ AA -Na*(H,0), Structures. Conformers of AANa+(H20),
Y T T N q“i%rﬁ were manufactured from the set of AAT(H.O), cluster
- %o & e’ ‘ve conformations, the most important of which are illustrated in
" @ o g Figures 3 and 4. The relative energies for the sodiated clusters
GETEE g W are listed in Table 3. B3LYP/6-3#1+G** calculations indicate
6-31+4G* +1.9 — that the OO-coordinated valine conformers VNR and
VZ6_A vVze_B VZ6_C VZ2_A are the most stable cluster structures. Because the
»° t} g - ' 4 S i dissociation of water from both VN2A and VZ2_A is likely
D%{ “go : . & ’? N to be well modeled by the betaine cluster B, the experiment
& 7 of 2 °f -:#-"% g cannot distinguish between these structures. Both of these
5*‘-3 8.4 P . e conformers are consistent with experimental results suggesting
Baith: A0a ? @8 o e s that tr_le spdium and waters are coordinated fo the C terminus
6-314G° 0 +01 +03 of valine in VatNa*(H,O), clusters. At the highest level of
VZ6.D VZ6_E VZ6_F theory, VN2_A is marginally (0.8 kcal/mol) more stable than
. . € " % VZ2_A. Zero-point energy and thermal energy corrections
Bl 7 g} o . Y » 4 e . increase this difference to 3 kcal/mol (Table 5). In thé tluster
m 3 5 ° % ® . calculations, MP2 theory stabilizes the VN clusters relative to
? 44 ® A& J & & L ‘g the VZ clusters, and it is likely that a similar effect would occur
' ? e in the sodiated clusters. Thus, calculations indicate that VA2
6-31G*  +35 +44 +6.3 is the most stable conformation of Vala™(H0),.
o3E o~ =8 = In VN2_A, the conformation indicated for Valla(H-0),,
Figure 8. B3LYP/6-31G*-optimized structures for Vil *(Hz0)s the sodium ion is coordinated to the C terminus of the valine.

clusters with relative energies (in kcal/mol) from B3LYP/6-31G* and | the singly hydrated sodium cluster, the metal is coordinated
B3LYP/6-31+G* optimization. Proposed ordering of water molecule between the N and C termini of the valine. If this were the case
attachment is noted for VZ6A. . . . S

for the doubly hydrated sodium clusters, the dissociation kinetics
hydrogen bonds. Water molecule 6 breaks one of those hydrogerfor Val-Na*(H,0), should have been similar to those of Ala®Et
bonds but forms three new H bonds, relieving the valine Na*(HO),. Both the similar dissociation rate to Bétat(H,0),
backbone strain. Interestingly, the coordination geometry of and the calculated lowest-energy conformation indicate that the
waters 4, 5, and 6 form a stable three-member group of hydrationaddition of the second water molecule has altered the preferred
as seen in conformer VZ3D (Figure 6). This scenario is  binding site of the metal ion in this clusterhis is in contrast
consistent with the measured kinetics for the= 5 and 6 to the lithiated cluster results, which indicated that the second
clusters. Although the conformer VZ6A and scenario above  water molecule had little apparent effect on the mode of metal
can explain the unusual dissociation kinetics of the-Mdk ion binding.
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Figure 9. Blackbody infrared dissociation kinetics for the evaporation
of water from AANa"(H.O), clusters forn = 2—6.

AA-Nat*(H,0); Dissociation Kinetics. The dissociation
kinetics for AA‘Na*"(H,0); are shown in Figure 9b. These

Jockusch et al.

cluster than from either the AlaOEt or Bet cluster. These data
indicate that the third water molecule binds differently to al
Na' than it does to clusters of either of the model compounds.

AA-Nat(H,0); Structures. The same set of conformers
investigated for AALi*(H,0)s (Figures 6 and 7) was used to
study the structure of the sodiated clusters. ForNat(H20)s,
the lowest-energy conformer is VN (Figure 6). However,
there are many conformers of similar energy. Conformers
VN3_D, VN3_H, and VZ3_B are all within 1 kcal/mol of
VN3_A, and several more conformers are within 2 kcal/mol.
It is unlikely that VN3_A is the conformation of VaNa'-
(H20)3 because the dissociation kinetics for this cluster are so
different from those of the betaine cluster. The measured relative
kinetics can also be used to discount other conformers. All of
the VN clusters that have the metal ion at the C-terminal end
of valine (VN3_A—D) resemble Bet clusters. All of the NO-
coordinated VN clusters (VN3E—G) have AlaOEt cluster
analogues. The only VN conformer identified that does not
resemble any of the model clusters is V3. This is a possible
structure for ValNat(H,O)z and is calculated to be within 0.8
kcal/mol of the minimum. Among the VZ clusters, VZ2\ can
be ruled out because of its similarity to Ba. VZ3_B—-D
are all possible conformations for Vhlla*(H,O)s. Among these,
VZ3_B is the most likely based on its lower energy. Thus, for
M = Na, it is unclear whether the valine adopts a nonzwitte-
rionic form, VN2_H, or a zwitterionic form such as VZ3B.

AA-Na*(H,O),, n = 4-6, Dissociation Kinetics. The
dissociation kinetics for AANa*(H,O),, n = 4—6, measured
at a nominal temperature 6f100°C, are shown in Figure 9¢
e. Forn = 4, the rate of dissociation for both of the model
clusters is within 10% of the valine cluster. For= 5, this
difference is somewhat larger. As was the case for the lithiated
clusters of the same extents of hydration, there is no obvious
structural interpretation for these data. It is doubtful that AlaOEt
and Bet are adequate structural models for either of the two
forms of valine with this number of water molecules present.
The similarity in rates can be explained by the similarly weak
water-binding interactions present in all of the clusters.

The dissociation of the sixth water molecule from the sodiated
valine cluster is slower than that of the fifth; the same
phenomenon that was observed for the lithiated clusters. Again,
these results indicate that the sixth water molecule is especially
stable relative to the fifth. Calculations have not been done on
sodiated clusters with = 6, but we speculate that this cluster
has a zwitterionic conformation similar to that of AA™(H,O)e
based on the special stability of these clusters.

M =K

Dissociation Kinetics. Dissociation kinetics for AAK™-
(H20),, n = 2—5 are shown in Figure 10. The ion signal was
insufficient to measure the kinetics far= 6. Dissociation of
the nth water molecule from the potassiated clusters is much
faster than that from the lithiated or sodiated clusters at the same
nominal temperature. The dissociation data shown in Figure 10
was measured at very cold nominal temperatureldQ to—150
°C). The dissociation rates are given in Table 1.

AA-K*(H20),. At —100 °C, the second water is slower to
dissociate from the valine cluster than from either of the model

kinetics were measured at the same nominal temperature as thoselusters. The difference in rates is only moderate for the AOEt

for the loss of the third water from the lithiated cluster5
°C. Qualitatively, the kinetics are similar to the lithium data,

cluster (24% difference in rate) and much larger (47% differ-
ence) for the Bet cluster. These data suggest that the valine

although the sodiated clusters are somewhat faster to dissociategluster does not resemble either of the potassiated model clusters.
and the rate spread between isomers is not as great. The third Interpretation of the potassiated data is difficult because the
water molecule dissociates much more slowly from the Val water molecule binding sites involve relatively weak interac-
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TABLE 5: Relative Energies, in kcal/mol, of the Most Competitive VatNa*™(H,0), Conformers

method/basis VN2A VN2_B VN2_C VZ2_A VZ2_D
B3LYP/6-311+G**2 0 0.6 25 0.8 47
RHF/6-31-G* AZPE 0 -0.3 0.5 1.2 0.6
AG(0°C) 0 1.5 0.8 0.9 -0.2
AG(55°C) 0 1.9 1.0 1.1 -0.3
total B3LYP (0°C) 0 1.8 3.8 3.0 5.0
total B3LYP (55°C) 0 2.2 4.0 3.2 4.9

a Single-point energy calculation at B3LYP/6-8G* geometry optimized structure.
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Figure 10. Blackbody infrared dissociation kinetics for the evaporation
of water from AAK*(H,0), clusters fom = 2—5.

siated clusters than the lithiated or sodiated due to the weaker
binding of water in these clusters.

The same set of conformers of dihydrated clusters, illustrated
in Figures 3 and 4 for M= Li, were considered for M= K.
Table 6 lists the energies of the five most likely of these
conformers, including zero-point and thermal energy corrections.
The lowest-energy structure at the B3LYP/LACYRP** level
of theory is VN2_A. In this conformer, the metal ion is bound
to the C terminus of nonzwitterionic valine, and it is the most
likely structure of VaiNa™(H,0),. If VN2_A is the correct
structure of the potassiated cluster, then-KalH,0), should
dissociate with approximately the same rate as&fH,0),.
However, the dissociation of the betaine cluster is approximately
50% faster than the Val cluster at100 °C (Table 1). This
suggests that VN2A is not the correct structure of Vad*-
(H20),, although we cannot entirely discount the possibility that
the binding energy of water to the nonzwitterionic valine cluster
is slightly different from the binding energy of water to the
(zwitterionic) betaine cluster. An explanation more consistent
with experimental results is that the structure of the valine cluster
does not resemble either of the model clusters. Of the conform-
ers we examined, VZ2F is the most likely candidate based
on its calculated energy. However, calculated zero-point and
thermal energy corrections (Table 6) significantly destabilize
this conformer with respect to the minimum-energy conformer.

AA-K*(H,0)s. Forn = 3, the dissociation kinetics measured
for the potassiated clusters do not show the dramatic differences
in rates measured for the clusters containing lithium and sodium.
Instead, the Val and AlaOEt clusters dissociate at approximately
the same rate, and the Bet cluster dissociates somewBR&#4)
faster. As with the AAK*(H,0), clusters, these dissociation
kinetics were measured at a very cold nominal temperature,
—150 °C, indicating that the binding is extremely weak. One
possible interpretation of the kinetic data is that the metal ion
and water binding in VaK(H,0); resembles that in AlaOEt
K*(H20)s. However, because the dissociation kinetics of the
second water suggested that the valine cluster is not modeled
well by either AlaOEt or Bet, this seems unlikely. Rather, it is
more probable that the clusters have different structures which
have similar, weak water-binding energies.

Among the structures illustrated in Figure 6, the lowest-energy
conformer of ValK*t(H,O); is VZ3_D. The only structure
within 3.5 kcal/mol of VZ3_D is VN3_H. Neither of these
conformers is well modeled by Bet or AlaOEt clusters, despite
the similarity of the ValK*(H,0); and AlaOEtK™(H,O)3
kinetics. This underscores the likelihood that clusters which do
not resemble each other structurally may have similar dissocia-

tions: hydrogen bonds or coordination to the very diffuse tion kinetics when the binding energy is so weak.

positive charge of the potassium ion. The weak binding energy ~ AA-K*(H2O),, n = 4—5. The dissociation rate for the fourth
of water molecules to all of the potassiated clusters means thatand fifth water molecules from Ve{" clusters is approximately
small changes in the binding energy make larger differences inthe same as that from the Bkt clusters and moderately
the observed dissociation rates than is the case for more stronglydifferent from the AlaOEK™ clusters. Again, we do not believe
bound clusters. It is possible or even likely that the relative that the similarity in measured dissociation rates reflects a
kinetics are no longer a good probe of structure for these similarity in structure. Rather, the relative kinetics are no longer
clusters. This occurs at lower hydration number in the potas- a good probe of structure due to the lack of good models for
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TABLE 6: Relative Energies, in kcal/mol, of Most Competitive VakK *(H,0), Conformations

method/basis set VN2A VN2_C VZ2_A VZ2_F VZ2_H
B3LYP/LACVP++**a 0 1.9 2.0 1.3 4.1
RHF/LACVP+* AZPE 0 0.5 1.1 1.7 2.5
AG(—100°C) 0 -0.3 -05 0.1 0.9
total B3LYP (~100°C) 0 2.1 2.6 3.1 7.5
a Single-point energy calculation at B3LYP/LACMP geometry optimized structure.
TABLE 7: Effect of Transition State Entropy on Modeled the energies listed for the sodiated and potassiated clusters are
Dissociation Rates for VaiM*(H20), almost certainly somewhat lower than the true dissociation
“neutral” “loose” energies for the reason discussed above. The dissociation energy
modelEy TS Rate TS Rate for Val-Li T(H20),—1 is in good agreement with the dissociation
M T(°C) (kcal/mol) (s (s energy for the reaction {H»0)s—s, determined to be 17 kcal/
Li 55 16.0 0.427 0.686 mol by Armentrout and co-workers, assuming a loose transition
Na 0 125 0.106 0.127 state?® The dissociation energy for the potassiated clusters is
K —100 7.5 0.0071 0.0074 somewhat higher than the5 kcal/mol binding of the water

dimer. The modeled dissociation depends on the cluster’s photon
absorption/emission rateg,, and AS. The effect of each of
these parameters on the modeled dissociation rate is discussed
AA-M*(H,0),: Master Equation Analysis below.

Radiative Rates.In our previous report, we used a master
equation analysis to simulate the dissociation of all four AA’s
and found that the identity of the AA (and hence the calculated
Sibrational frequencies and radiative absorption intensities) had
only a moderate effect on the dissociation rate constant. Given
the same dissociation parametes and AS'), the calculated
dissociation rate for clusters containing the four isomers differed
by 0—10%242 Similar calculations done for the larger clusters
considered in this work also resulted in a variance of up to
~10%. This indicates that differences in experimentally mea-

clusters of higher hydration state and the weakness of water
binding to all of these clusters.

Numerical simulations of the BIRD experiment provide
insight into the relative effects of differences in activation
processes (photon absorption cross sections), transition stat
entropy ASY), and binding energy H,) on the measured
dissociation kinetics. A master equation formalism, described
elsewheré? can be used for this purpose. Briefly, Einstein
coefficients for radiative processes are calculated from theoreti-
cal vibrational frequencies and intensities. These are combined
with a Planck distribution at the temperature of the copper jacket

surrounding the ion cell to calculate photoactivation/deactivation sured rate constants greater thah0% are not merely due to

rates. Dissociation is included in the simulation via sets of . S - .
! . ; L differential infrared absorption rates. Rather, large differences
RRKM microcanonical dissociation rate constants calculated .

using a range oE, andASF values. If kinetic data is available in Kinetic rates result from differences in the dissociation

. . e%arametersEo andAS'. Modeled dissociation rates of different
at several temperatures, a master equation analysis may be us U nformers of the same AA and of VN vs VZ are even more
to determine dissociation energies.

For these experiments, a full analysis to determine dissociations?m”ar.’ generally Within 5%. The similarity in Qbsorption rates
energies was not done. The primary reason for this is uncertaintys'mp“f.Ies the modeling. In this repo+rt, we will focus on the
in the radiative energy density for experiments with a cooled moiellr;g ;esu:ts from OATIK Oni M;A (HZQ)” qonformer ;or
ion cell. Although the radiation emitted from the copper jacket eﬁc of t ehct;JSterS' .t ough p otoactgva'.uon f?tesh ohngt
surrounding the ion cell can be described by a temperature, there 1ange muc etween isomers (as was the mfcent n t. € choice
are several holes in the jacket. These allow radiation from other of AlaOEt and Bet for models of valln.e), the d|5300|at!on rate
sources that are not directly cooled to enter the ion cell and measurgd deﬁends jtrlor:jglyhon the tl)nfrargd absorptl(t))n ra(t)(gs.
interact with the ions. An analysis of these effects is underitay. Decreasing the modele P O.“’T‘ absorption rates by 10%
Qualitatively, the effective temperature experienced by the ions decreage; the modeled dissociation rate-5. ) o
is higher than the temperature of the copper jacket. The lower ~ Transition State Entropy. The effect ofAS" on dissociation
the temperature of the copper jacket, the greater the discrepancyates is relatively small, and it depends on the metal ion size.
between measured and effective temperature. This results inThe exact entropy of the transition state is not known for these
measured activation energies that are artificially low. Here, we 'éactions. For example, the entropy for loss of water from
do a master equation analysis of a limited set of kinetic data interconverting zwitterion and nonzwitterion forms of valine
measured at just a few temperatures. This analysis is intendedvould be expected to differ somewhat from the entropy for loss
to obtain a semiquantitative estimate of binding-energy differ- of water from either Bet or AlaOEt. However, the loss of water

ences of water to the different isomeric complexes of all three Should not be a geometrically constrained reaction for any of
metal ions. these isomers, and thus, the transition state is expected to be
Results from the master equation analysis of the-Mat quite loose.
(H20), kinetics data are listed in Table 7. Again, we would Table 7 lists dissociation rates of water from AAT(H,0),
like to stress the approximate nature of this analysis; these roughcalculated forAS* corresponding to a “loose” (Arrhenius A
calculations were performed in order to assess the effects offactor of 137 s™%) and a “neutral” (Arrhenius A factor of 19
dissociation parameters on the BIRD rate rather than to s?) transition state. This wide range of transition state entropies
determine the exact range of dissociation energies for the lossis used to bracket the value that one would expect for these
of water. The dissociation energies calculated for the loss of reactions. For M= Li, changing the modeled transition state
the second water molecule is quite small, ranging frermkcal/ from “loose” to “neutral” decreases the modeled dissociation
mol for the potassiated clusters+d.7 kcal/mol for the lithiated rate constant by40%. For M= Na, the effect is much smaller
clusters. These dissociation energies are reasonable for th€~15%). For M= K, the modeled dissociation rate is the same
clusters studied based on the coordination state gfdlthough for the “neutral” and “loose” transition states. These results
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indicate that the dissociation process for the potassiated clusterelative kinetics measured for more strongly bound clusters have
is in the so-called “truncated-Boltzmann” or “sudden death” more structural significance than those measured for the more
limit in which the rate-limiting step for dissociation is the weakly bound clusters.
activation above the threshold energy. The sodiated clusters are Taken together, the master equation analysis results indicate
close to this limit. Thus, for the clusters containing the larger that dissociation kinetics are an extremely sensitive probe of
metal ions, the results of the BIRD experiment are not expected binding energy for these clusters. For the more tightly bound
to depend significantly or\SF. lithiated clusters, differences in dissociation entropy have a
For the AALi*T(H.,O), clusters, the effect of transition state moderate effect on kinetics, but it is not large enough alone to
entropy is not inconsequential. However, it alone cannot accountaccount for experimentally observed rated differences. For the
for the measured differences in the kinetics. The measuredless tightly bound sodiated and potassiated clusters, entropy

difference in rates between Val*(H,O),—; and BetLi*- effects are not significant. As the cluster size increases, the water
(H20)2—1 is 50% (Table 1) compared to the 40% maximum _binding energy decreases, whereas photon_absorption rates
modeled difference due to wide difference AS (Table 7). increase slightly. Thus, for the clusters of higher hydration

This 40% is a high estimate for the effect on rates because thenumber, the dissociation rate should not depend significantly
transition state for dissociation should be looser than that on the entropy of the transition state. For these clusters, the
modeled with an Arrhenius preexponential of 4G1. In relative dissociation kinetics should be a more direct probe of
addition, water bound in a fashion similar to different isomers binding energy. However, when binding is too weak, extremely
ought to have similanS, although one may argue that the small differences in binding energy result in large differences

transition state of Bet and VN clusters may be slightly different in kinetics. This complicates structural interpretation of the

because of their differing electronic configurations. Furthermore, weakly bound clusters.

although differences iAS’ could account for a portion of the

difference in measured AAi*T(H,0), dissociation rates at a  Conclusions

single temperature, it cannot account for the measured temper-

; A The combined experimental and theoretical results indicate
ature dependence of the relative rates. This is discussed below,
. o that only a few water molecules are necessary to transform Val
Dissociation Energy.For all of the AAM™(H,0), clusters,

Nt . M™ from its gas-phase to its solution-phase structure. For Val
kinetic data were measured at two or three different tempera- Li*(H,0), the metal ion is coordinated to both the nitrogen

tures. By combining an Arrhenius analysis of the limited an4 carbonyl oxygen of the valine. The two water molecules
temperature-dependent data with the master equation analySisiyaract solely with the metal ion. Upon the addition of a third
approximate values of the dissociation energy were obtained,yater molecule, both experiment and theory indicate that the

using procedures described elsewHer@. position of the metal ion changes. The most likely structure for
In addition to the kinetic data measured at €5 shown in Val-Li*(H:O)s is one in which valine adopts a zwitterionic form.
Figure 1a, relative kinetics for AAi*(H20),—1 were also Lithium binds to the C-terminal end of the valine, and again
measured at room temperature. The activation energies detertwo water molecules interact with the lithium. The third water
mined from the Arrhenius analysis of these data-agekcal/ molecule interacts with the protonated N terminus of the valine.
mol for AA = Val and AlaOEt and~11 kcal/mol for AA= Thus, the first water molecule that interacts directly with the
Bet. The similarity of the Val and AlaOEt activation energies valine and not the metal can stabilize the zwitterionic form.
indicates that these two isomers have similar dissociation For M = Na, the change in the position of the metal ion
energies, whereas the dissociation energy of the Bet cluster iSfrom NO to OO coordination occurs at = 2. Again, the
somewhat higher. The range of dissociation energies determinedheoretical results are consistent with experiment for this cluster.
by the master equation analysis of the Arrhenius dataisl6  Theory predicts that the third water molecule interacts solely
kcal/mol for AA = Val and AlaOEt and 1718 kcal/mol for  jith the metal ion, leaving the structure of the cluster essentially
AA = Bet. This span of dissociation energies takes into account ynchanged from that fan = 2. However, this is inconsistent
a wide range of transition state entropies, with Arrhenius A \ith experimental results which indicate that the mode of
factors ranging from 1§ to 10t s~*. Although the range of  coordination of the third water molecule does not resemble the
dissociation energies determined for \tal"(H-0), and Bet binding in any of the model clusters. Candidate conformations
Li*(H20). are very close, they do not overlap, even with the containing both nonzwitterionic and zwitterionic valine exist
extremely large range of A factors modeled. Thus, the difference for this cluster. Thus, we are unable to determine the form of
in measured kinetics reflects a difference in binding energy of valine in VatNat(H,0)s.
water to the Val and Bet clusters. For M = K, dissociation kinetics indicate that the structure
For VakNat(H;0),, kinetic data was measured at three of Val-K+(H,0) is not well mimicked by either of the model
nominal temperatures, ranging from 0 to 35. The span of  compounds. This suggests that the second water molecule does
dissociation energies determined from the master equationnot interact with the metal ion but rather with the valine itself.

analysis of these data wasl 113 kcal/mol. For VaK*(H20)., Al candidate structures for which this is true contain zwitte-
the dissociation energy determlne_d from kinetic data at nominal rionic valine. Thus, the experimental results suggest that Val
temperatures of-50 and—100 °C is ~7—8 kcal/mol. K™ (H20), contains the zwitterionic form of valine. However,

The dissociation rates are extremely sensitivief@specially the binding energy of the second water molecule to this cluster
for the more weakly bound clusters. For # Li, decreasing is extremely small, only slightly larger than a typical hydrogen
the modeled binding energy by 2.3 kcal/mol doubles the bond. Thus, structural information inferred from kinetic experi-
dissociation rate. For M= Na, a 1.4 kcal/mol decrease in ments in such weakly bound clusters is only tentative.
binding energy doubles the dissociation rate. For=\K, a It is difficult to draw structural conclusions for clusters with
difference of just 0.8 kcal/mol doubles the rate. Thus, differences higher states of hydration. In part, this is because the models
in the measured kinetics for extremely weakly bound clusters, we have chosen no longer mimic all of the favorable Val
such as those measured for A& (H,0),, reflect extremely metal-ion-H,0 interactions. A further complication is that the
small differences in binding energy. Therefore, differences in clusters have multiple weak water-binding sites, primarily sites
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to which hydrogen bonds can form. Thus, similar kinetics in (14) Chowdhury, S. K.; Katta, V.; Chait, B. Rapid Commun. Mass

; indi Spectrom199Q 4, 81—-87.
Weakly bound cIu_sters, though re_flectlng comparable b_|nd|ng (15) Rodriguez-Cruz, S. E.; Klassen, J. S.; Williams, EJRAmM. Soc.
energies, do not |mply conformathnal resemblance. It is also \jass Spectrom1997 8, 565-568.
likely that barriers to interconversion between structures are (16) Lee, S. W.; Freivogel, P.; Schindler, T.; Beauchamp, J. 1Am.

lower with increasing extents of hydration and that many Cheln;- ?{0015’93A 12(% 1175§‘2\1,7F§5-k ACan. 3. Cheml992 70. 1762
conformers are populated under the conditions of the experiment., ") Yt D+ Armstrong, D. A Rauk, ACan. J. Chemi992 70,

An intriguing result from this series of experiments is that (18) Jensen, J. H.; Gordon, M. $.Am. Chem. S0d.991, 113 7917
the sixth water molecule dissociates more slowly than the fifth 7924.

water molecule in the VaM+ clusters for M= Li and Na. 26&92)66'“”9' Y. B.; Krogh-Jespersen, IChem. Phys. Lett1992 199

This indicates that the sixth water molecule is bound more ~(20) jensen, J. H.; Gordon, M. $.Am. Chem. S0d.995 117, 8159
strongly than the fifth in these clusters. It is possible that the 8170.

binding of the fifth water introduces some strain in the backbone __(21) Suenram, R. D.; Lovas, F. J. Mol. Spectrosc197§ 72, 372~
in order to maximize hydrogen-bonding interactions and that (22) Locke, M. J.; Mclver, R. T., Jd. Am. Chem. So983 105, 4226-
the addition of the sixth water molecule relieves this strain. This 4232.

“magic number” provides further support for zwitterionic valine. (23) lijima, K.; Tanaka, K.; Onuma, 8. Mol. Struct.1991, 246, 257

This study indicates that only a few water molecules are 26?é4) Price, W. D.: Jockusch. R. A.: Williams, E. R.Am. Chem. Soc.

necessary to convert the most favorable gas-phase structure oigg7 119, 11988-11989.

an amino acid into the most stable form in bulk water. This  (25) Maksic, Z. B.; Kovacevic, B]. Chem. Soc., Perkin Trans1899

; ; 2623-2629.
result suggests that the gap in the understanding of the (26) Chapo, C. J.: Paul, J. B.: Provencal, R. A.: Roth, K.: Saykally, R.

differences between gas-phase and solution-phase structure caf 5 am. Chem. Sod998 120 12956-12957.
be bridged by the study of hydrated gas-phase ions as a function (27) Jensen, FJ. Am. Chem. Sod.992 114, 9533-9537.

of the number of water molecules attached. Studies such as these ggg Uv‘;)tfél#bsaéhoﬁngjsﬁg”GJheg‘; BEg\;}eJrggaa J;‘Alr;"fié;éfnﬁf’s-oc
will help determine how water effects biomolecule structure. 1998 120, 5098-5103. E e : e
. . . (30) Wyttenbach, T.; Witt, M.; Bowers, M. T. Am. Chem. So200Q
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