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Abstract

Addition of individual water molecules to a number of protonated primary amines, RNH3
+, was studied experimentally by measuring

hydration equilibria in a mass spectrometer equipped with an ion mobility cell and theoretically using molecular mechanics and density
functional theory calculations. Water binding sites and energies in RNH3

+ · (H2O)n were examined as a function ofn and as a function of
the nature of the R-group. R-groups ranged from simple alkyls to amide containing groups potentially able to form hydrogen bonds to the
ammonium group. Effects of interest such as location and number of amideC=O groups in R and the effect of size of R were investigated
on carefully chosen molecules including alkylamines and lysine based systems, such as CH3(CH2)xNH2 (x = 0 and 9); acetylated lysine; and
lysine containing peptides Ac–AAKAA and Ac–AxK (Ac = acetyl, A= alanine, K= lysine;x = 4, 6, 8). For ammonium groups without
intramolecular hydrogen bonds it was found that three water molecules form hydrogen bonds to the three hydrogen atoms of the ammonium
group filling the first solvation shell. The fourth and fifth water molecules add to water of the first solvation shell (alkylamines) or at a
charge-remote site (peptides). Water binding energies in CH3NH3

+ · (H2O)n steadily decrease with increasingn (17, 14, 12, and 10 kcal/mol
for n = 1, 2, 3, and 4, respectively) due to increasing charge delocalization over the boundn − 1 water molecules, thereby obscuring the start
of a new solvation shell atn = 4. A simple electrostatic model, based on natural bond analysis (NBO) derived atomic charges, reproduces this
effect quantitatively. Hydration of systems RNH3

+ · (H2O)n with m = 1, 2, or 3 intramolecular hydrogen bonds is analogous to comparable
systems R′NH3

+ · (H2O)n+m with no intramolecular hydrogen bonds. For instance, theory indicates that lysine, whenN-acetylated on either
one of the two amines, exhibits one strong intramolecular hydrogen bond. In these systems the RNH3

+ · (H2O)n · · · H2O binding energies
are comparable to those of alkyl–NH3

+ · (H2O)n+1 · · · H2O and NBO calculations confirm that intramolecular hydrogen bonds remove a
similar amount of charge from the ammonium group as intermolecular hydrogen bonds. The pentapeptide (Ac–AAKAA)H+ was found to
be a system with two intramolecular hydrogen bonds; the polypeptides (Ac–AxK)H+ (x = 4, 6, and 8) are systems with a fully self-solvated
ammonium group. The binding energy of either charge-remote water or of water in a second solvation shell is≤10 kcal/mol. Larger values
occur for smaller systems, e.g., for CH3NH3

+ · (H2O)3 + H2O �H◦ = −10 kcal/mol, and smaller values occur for larger systems, e.g., for
(Ac–A8K)H+ + H2O �H◦ = −5 kcal/mol. A strong energy–entropy correlation of�S◦

n/�H◦
n = 0.0018 K−1 was experimentally found to

hold for all hydration processes studied here.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many salts readily dissolve in water not only for en-
tropic reasons, but also because the energy required to dis-
rupt the crystalline structure is significantly offset by the
ion–water interaction, which is unusually strong due to the
large dipole moment of water. Hence, water is most fre-
quently the solvent of choice to pursue solution-phase ion
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chemistry. But because the ion–water interaction is so strong,
it is often difficult to distinguish between effects caused by
the solute and those caused by solute–solvent interaction.
For instance, the ionic mobility (derived from the ionic con-
ductivity) of the lithium ion in liquid water is smaller than
that of the potassium ion[1], not because the lithium ion
is larger than potassium but because lithium interacts more
strongly with water. For polyatomic ions the question arises
whether the ion geometry is an intrinsic property of the
ion or whether it is largely determined by interactions with
water. This question can be addressed by a comparison of
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the solution- and gas-phase structures. For example, amino
acids are known to be zwitterions in aqueous solution. In
the gas phase, however, amino acids are not zwitterions,
which has been shown in a number of experimental and
theoretical studies[2]. Hence, amino acid zwitterions are
only stable in solution because of favorable solute–solvent
interactions.

The relative energy of different conformations of biolog-
ical molecules (e.g., native state versus unfolded state) is in
most cases expected to be dependent on the presence or ab-
sence of solvent and on the type of solvent. For instance,
NMR-data obtained from aqueous solutions indicate that the
Alzheimer’s amyloid�-peptide (A�-peptide) is collapsed
into a compact series of loops, strands, and turns without
�-helical or�-sheet structure and with a fairly well defined
hydrophobic core[3]. However, NMR-data taken in apolar
solvents suggest that the A�-peptide is >50% (possibly as
much as 82%)�-helical[4]. Gas-phase studies including ion
mobility measurements and replica-exchange based molec-
ular dynamics calculations indicate that the (free energy)
preferred gas-phase structure of the A�-peptide is more com-
pact than the structure in water and much more compact
than the�-helical structure (Baumketner et al., unpublished
results). Molecular mechanics results indicate that the com-
pact gas-phase structures are “inside-out” structures defined
by a network of strong electrostatic interactions (including
salt bridges) in the core of the peptide (Baumketner et al.,
unpublished results).

These examples demonstrate clearly that the intrinsic
(solvent-free) properties of an ion or polar molecule can
be very different from those observed in aqueous solution.
Hence, it is of paramount importance to understand the
effects of hydration on the solute molecule on a molecular
level. A promising approach to achieve this goal is to hy-
drate the solute molecule by adding water molecules one
by one. This can be done by studying solute–water clusters
composed of one solute molecule and a varying number of
water molecules in the gas phase.

A very successful example of this approach are gas-phase
equilibrium measurements involving water and small ions,
which have provided a wealth of data on ion–water inter-
actions[5]. With the development of soft ionization tech-
niques such as matrix-assisted laser desorption ionization
(MALDI) [6] and electrospray ionization (ESI)[7] to trans-
fer large molecules into the gas phase sequential addition of
water molecules can now be studied for biomolecules. ESI
initiated equilibrium experiments have been carried out by
a number of groups to study hydration of polyatomic ions
such as organic amines, peptides, and even proteins[8–12].
One of the major findings of these studies is that the num-
ber of ionic groups on the molecule (“charge state”) has
a tremendous influence on the number of water molecules
that cluster to the solute molecule under given experimental
equilibrium conditions[11]. Hence, understanding the sol-
vation of the ionic groups in a biomolecule is of particular
interest.

In our laboratory, we have systematically studied the hy-
dration of some of the ionic groups relevant for peptides and
proteins: the ammonium, the guanidinium, and the carboxy-
late group. Some of the work has previously been published
[11,13]. Here we focus on hydration of the ammonium
group. We attempt to understand in detail the interaction
between the ammonium group and each individual water
molecule that is sequentially added, and we investigate how
intramolecular hydrogen bonds to the ammonium group
affect these water–ammonium interactions.

2. Experimental section

All experimental data were obtained using an electrospray
mass spectrometer, which has previously been described in
detail[14]. Briefly, the ions were produced in an electrospray
ionization source, transported into a high-vacuum chamber
via an ion funnel, and injected into a drift cell filled with
either∼0.1–2.0 Torr of water vapor (hydration experiments)
or 5 Torr helium (cross-section experiments). The drift cell
is 4 cm in length and can be cooled by a flow liquid nitrogen
or heated by electrical heaters. Ions drift through the cell
under the influence of a weak uniform electric field provided
by a series of equally spaced guard rings inside the cell. Ions
leaving the drift cell through a small aperture are analyzed
by a quadrupole mass filter and detected.

For the present study, two types of experiments were car-
ried out on the same instrument: ion cross-section measure-
ments in helium and equilibrium hydration measurements.
For cross-section measurements the ion funnel is used to
convert the continuous ion beam produced by ESI into an
ion pulse[14], which is then injected into the drift cell filled
with helium. By measuring the drift timetD of the ions their
cross-sectionσ can be determined usingEq. (1),

σ = 3eV

16NL2

(
2π

µkBT

)1/2

tD (1)

wheree is the ion charge,V the drift voltage,N the helium
number density,L the drift length,µ the reduced helium–ion
mass,kB the Boltzmann constant, andT the temperature
[15].

In the equilibrium experiments ions are continuously in-
jected into the drift cell filled with pure water vapor. Ions
drifting through the cell are hydrated and quickly reach an
equilibrium distribution of hydrated species (M + H)+ ·
(H2O)n. The distribution ofn-values is analyzed by means
of mass spectrometry in the quadrupole mass filter following
the drift cell. Mass spectra obtained at different drift times
(1–2 ms) were found to be identical, confirming that equilib-
rium is established inside the cell under the conditions used.
Since the intensityIn of the(M +H)+ · (H2O)n peak is pro-
portional to the ion concentration [(M + H)+ · (H2O)n], the
ratio In/In−1 yields the equilibrium constantKn (Eq. (2)) for
the equilibrium given inEq. (3).
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Kn = In

In−1

760 Torr

P(H2O)
(2)

(M + H)+ · (H2O)n−1 + H2O � (M + H)+ · (H2O)n (3)

P(H2O) in Eq. (2) is the measured water pressure. For a
series of measurements at constant temperature but variable
pressure the equilibrium constantKn is obtained from the
slope of a plot ofIn/In−1 versus pressure. Repeating this
procedure at various temperatures yields the temperature
dependence ofKn and hence�G◦

n (Eq. (4)).

�G◦
n = −RT ln Kn (4)

�G◦
n = �H◦

n − T�S◦
n (5)

From a plot of�G◦
n versusT (Eq. (5)), values for�H◦

n

and�S◦
n are obtained from the intercept and the slope of a

straight line through the data, respectively.

3. Theory

In an attempt to theoretically understand experimental
trends, hydration was also studied by computer simulations
using molecular mechanics/molecular dynamics (MM/MD)
and density functional theory (DFT) methods. MM/MD was
used to generate model structures by a simulated annealing
protocol identical to that previously used[16]. These calcu-
lations employ the AMBER suit of programs together with
the standard AMBER force field to generate at least a hun-
dred candidate structures[17]. For the water molecule the
TIP3P model[18] is used with modified charges of+0.329
on hydrogen and−0.658 on oxygen (Kollman, private com-
munication) to account for the gas-phase water dipole mo-
ment of 1.85 D[1]. The set of MM-structures is analyzed in
terms of energy and cross-section for comparison with ex-
periment where available. Orientation-averaged projection
cross-sections are obtained using atomic collision radii pa-
rameterized to account for the ion–helium interaction poten-
tial [19]. For the molecules of this study it is found that the
lowest energy structure located in each system is a typical
representative of the entire family of low energy structures.
Hence, the lowest energy structures were chosen for figures,

Table 1
Experimental and theoretical water binding energies (kcal/mol) reported in the literature for the first through fifth water molecule adding to protonated
primary n-alkylamines

1 2 3 4 5 Reference

CH3NH3
+ Experiment 18.8 14.6 12.4 [23]

Experiment 16.8 14.6 12.3 10.3 [24]
DFT 16.9 13.9 11.9 9.3 [11]

C2H5NH3
+ Experiment 17.5 14.7 13.2 [23]

n-C3H7NH3
+ Experiment 15.1 11.6 10.3 9.9 [24]

Experiment 15.6 [10]
n-C6H13NH3

+ Experiment 15.2 [10]
n-C10H21NH3

+ Experiment 14.8 12.1 9.6 7.5 6.7 [11]
MM 13.9 12.6 11.4 7.8 7.7 [11]

numbers in tables, and in selected cases for further analysis
by higher level theory including DFT-based Natural Bond
Orbital (NBO) analysis calculations using the unrestricted
open shell B3LYP functional[20,21] and a 6−311++G**
basis set as implemented in the GAUSSIAN98 software
package[22].

4. Results and discussion

Protonated primary alkylamines are a good choice for
studying hydration of the free –NH3+ group with a min-
imum of interference by other functional groups in the
molecule. Experimental and theoretical water binding ener-
gies reported in the literature for protonatedn-alkyl amines
are compiled inTable 1. Interestingly, all experimental
studies agree that the first water molecule is most strongly
bound, and that each additional water molecule is less
strongly bound (by 15–20%) than the previous one. At
first glance this is not necessarily expected. Model struc-
tures show that more than one H-bond to –NH3

+ per water
molecule is not feasible even for the first water[11]. Hence,
for a free protonated primary amine (i.e., not engaged in
any intramolecular hydrogen bonds) it could be argued that
the first three water molecules are expected to bind about
equally strongly, because each water molecule has the op-
portunity to form the same type of hydrogen bond with one
of the three amine hydrogens in –NH3

+. Model structures
also indicate that there is no steric interference between
three waters around a protonated amine[11]. Yet both ex-
periment and DFT theory indicate that the water binding
energy is steadily decreasing from the first through the third
water molecule[10,11,23,24].

A second interesting observation is that the decrease from
the third to fourth water molecule follows the same trend
established by the first three waters. The start of a new hy-
dration shell by the fourth water molecule is not reflected in
the binding energies. This is even true for DFT calculations
where we know for a fact that the fourth water molecule
is indeed in the second solvation shell[11]. On the other
hand, binding energies obtained by a molecular mechanics
approach (AMBER) show a clear solvation shell pattern:
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the first three water molecules have similar binding energies
(11.4–13.9 kcal/mol), the following water molecules in the
second solvation shell are substantially less strongly bound
(<8 kcal/mol)[11].

The DFT and experimental findings can qualitatively be
rationalized by a partial delocalization of the charge on
the –NH3

+ group over the associated water molecules. The
more water molecules ligated the more the charge is delocal-
ized. Hence, the electrostatic interactions with successively
ligated water molecules are successively weaker. In molec-
ular mechanics calculations, on the other hand, the point
charge on each atom is kept constant. Therefore, charge de-
localization never occurs and as a result a solvation shell
pattern is observed for the binding energies.

In order to obtain quantitative information on charge de-
localization we performed NBO calculations on protonated
methylamine with zero through four water molecules added,
using the same level of theory as employed for the water
binding energy calculations inTable 1 [11]. On the basis of
simple electrostatics these calculations provide a tool to test
whether the amount of charge delocalization can account
for the water binding energy pattern observed.Table 2lists
the NBO charges on all of the atoms of interest. It can be
seen that the negative charge on N changes from−0.672
for non-hydrated CH3–NH3

+ to −0.750 for the quadruply
hydrated molecule. Similarly, the positive charge on amino
hydrogens not engaged in a hydrogen bond decreases from
+0.442 (no water) to+0.414 (two waters). The overall de-
crease of charge on the amino group is compensated for by
an increase of the charge on the water molecule(s) added:
+0.048 (one water),+0.076 (two waters),+0.096 (three
waters),+0.102 (four waters). Hence, the trend in the NBO
charge distribution agrees qualitatively very nicely with the
decrease of water binding energies as a function of water
addition.

For a quantitative comparison with water binding energies
the NBO charge distributions are converted to energies using
Coulomb’s law. For simplicity the charge distribution spread
over an orbital centered at a particular atom is treated as
a point charge at the location of the atom, a simplification
that will lead to an overestimation of Coulomb terms. Using
these point charges the electrostatic contributionEel to the
water binding energy is calculated as the sum of pair-wise
point charge interactions between each atom of the water
molecule added (atomsi = 1–3) and each of the remaining
atoms (j = 4 through 8+ 3n) in the CH3NH3

+ · (H2O)n
system (Eq. (6))

Eel = −
3∑

i=1

8+3n∑
j=4

qiqj

rij
(6)

where the point charges on atomsi and j separated byrij

areqi andqj, respectively. Using the values inTable 2for
qi and qj, we find the quantityEel decreases steadily as a
function ofn as can be seen inFig. 1 (× symbols), with the
decrease inEel from n to n + 1 comparable to the decrease

Table 2
NBO charges for bare and hydrated CH3NH3

+

Atom Molecule

CH3NH3
+ H2O CH3NH3

+ · H2O

N −0.672 −0.698
H1 +0.442 +0.472a

H2 +0.442 +0.428
H3 +0.442 +0.428

O1 −0.916 −0.960
Ha1 +0.458 +0.504
Hb1 +0.458 +0.504

Atom Molecule

CH3NH3
+ · (H2O)2 CH3NH3

+ · (H2O)3 CH3NH3
+ · (H2O)4

N −0.722 −0.746 −0.750
H1 +0.464a +0.454 +0.450a

H2 +0.464b +0.454 +0.450b

H3 +0.414 +0.454 +0.460c

O1 −0.958 −0.956 −0.956
Ha1 +0.498 +0.494 +0.492
Hb1 +0.498 +0.494 +0.492

O2 −0.958 −0.956 −0.956
Ha2 +0.498 +0.494 +0.492
Hb2 +0.498 +0.494 +0.492

O3 −0.956 −0.986
Ha3 +0.494 +0.486
Hb3 +0.494 +0.518d

O4 −0.952
Ha4 +0.490
Hb4 +0.490

a H-bond to O1.
b H-bond to O2.
c H-bond to O3.
d H-bond to O4.

observed in the experimental binding energies−�H◦
n (dots

in Fig. 1). The absolute values ofEel and−�H◦
n are offset

from each other by 7 kcal/mol. However, quantitative agree-
ment of absolute values is not expected for several reasons.
First, the charge on the ammonium group ofn-decylamine is

Fig. 1. Experimental (dots) and MM-based theoretical (circles) water
binding energies for the first through fifth water molecule adding to
n-decylamine. Also indicated is the trend of the electrostatic interaction
(×) between thenth water molecule and the (n − 1)th n-decylamine
hydrate based on CH3NH3

+ NBO-charges (the scale of the electrostatic
interaction is reduced by 7.0 kcal/mol; see text).
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Table 3
Measured and calculated collision cross-sections

Cross-section (Å2)

Measureda Calculatedb

Nε-Ac–Lysc 79 81
N�-Ac–Lysd 79 79
N�-Ac–Lys–OMee 85 85
Ac–AAKAA 146 148
Ac–AAAAK 148 146
Ac–AAAAAAK 178 180
Ac–AAAAAAAAK 209 210

a Cross-section determined at 300 K. Error±2%.
b SeeSection 3.
c Nε-Acetyllysine (see footnote 1).
d N�-Acetyllysine (see footnote 2).
e N�-Acetyllysine methyl ester.

expected to be smaller than that of methylamine because the
large alkyl group provides increased intramolecular charge
delocalization (refer toTable 1). Second, electrostatics is not
the only factor contributing to the water binding energy. And
third, the point charge approximation in the model is rather
poor yielding a model water dipole moment of 2.58 D, a
factor of 1.4 too high. Nevertheless, the electrostatic model
reproduces the experimentaltrend very nicely and therefore
offers a reasonable explanation for why the water binding
energy steadily decreases with water addition and why the
start of a new solvation shell at the fourth water molecule is
not reflected in a significant decrease of−�H◦

4 compared
to −�H◦

3.
For peptides and proteins the situation is somewhat more

complex because these molecules provide at least one in-
tramolecular hydrogen bond acceptor (backboneC=O) per
residue that potentially competes with water for solvating
protonated amines. Molecular modeling results indicate that
the protonated N-terminus of very short peptides (two or
three residues) cannot efficiently be solvated by the back-
bone carbonyl groups for steric reasons[11,25]. Much bet-
ter self-solvation can be achieved by flexible side chains
with electron-rich functional groups.Nε-acetyllysine1 is an
example where the side chain carbonyl oxygen forms a
perfect intramolecular hydrogen bond with the protonated
N-terminus (Fig. 2a). Good charge solvation can also be
achieved inN�-acetyllysine2 and its methyl ester with the
protonated side chain amino group solvated by the carbonyl
of the N�-acetyl group (Fig. 2b and c). Note, that although
the structures shown inFig. 2 are based on a low level
theoretical approach (MM potential search with subsequent
DFT optimization), they are in very good agreement with
experimental cross-section data (Table 3) and therefore very
plausible.

The experimental water binding energies of the three
derivatized lysine systems, summarized inTable 4, indi-

1 Lysine with acetylated amino group in�-position (side chain).
2 Lysine with acetylated amino group in�-position.

Fig. 2. Molecular structure of protonated (a)Nε-acetyllysine (see footnote
1), (b) N�-acetyllysine (see footnote 2), and (c)N�-acetyllysine methyl
ester obtained by molecular mechanics and subsequent DFT-optimization.
Shown as a blue dashed line is the strong intramolecular hydrogen bond
between the ammonium group and the acetamide oxygen atom.
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Table 4
Theoretical binding energiesa En and experimental�H◦

n and�S◦
n values for the sequential (n − 1 → n) hydration of the protonated species indicated

n En (kcal/mol) −�H◦
n (kcal/mol) −�S◦

n (cal/(mol K))

Nε-Ac–Lysb,c 1 11.2 10.1 16.7
2 10.4 8.9 16.0
3 10.0 7.7 15.9

N�-Ac–Lysb,d 1 12.0 10.6 17.6
2 9.6 8.4 14.6
3 9.7 8.3 16.7
4 6.4 7.2 14.7

N�-Ac–Lys–OMeb,e 1 10.7 10.4 17.8
2 8.9 7.8 13.5
3 8.5 7.1 13.7

Ac–AAKAA f 1 11.5 8.5 17.9
2 9.7 7.4 13.9

Ac–AAAAK f 1 10.4 6.9 13.5

a Obtained by molecular mechanics (AMBER).
b Error levels are±0.3 kcal/mol for�H◦

n and±1 cal/(mol K) for �S◦
n.

c Nε-Acetyllysine (see footnote 1).
d N�-Acetyllysine (see footnote 2).
e N�-Acetyllysine methyl ester.
f Error levels are±0.7 kcal/mol for�H◦

n and±2 cal/(mol K) for �S◦
n.

Table 5
NBO charges on selected atoms of protonated acetyllysine systems

Atoma Molecule

Nε-Ac–Lys (Fig. 2a) N�-Ac–Lys (Fig. 2b) N�-Ac–Lys–OMe (Fig. 2c)

N −0.725 −0.718 −0.720
H1 +0.463b +0.472b +0.472b

H2 +0.430 +0.446c +0.449c

H3 +0.431 +0.419 +0.417
O1 −0.698 −0.730 −0.731
O2 −0.533 −0.652 −0.663

a N, H1, H2, and H3 are atoms of the ammonium group; O1 is carbonyl oxygen of amide; O2 is carbonyl oxygen of carboxylic acid/ester.
b Intramolecular H-bond with acetyl carbonyl oxygen.
c Intramolecular interaction with C-terminus carbonyl oxygen.

cate that the intramolecular hydrogen bond weakens the
water–ammonium interaction. This effect can be ratio-
nalized by the same argument used above. Part of the
positive charge on the protonated amine is transferred to
the intramolecular H-bond acceptor thereby decreasing the
electrostatic interaction between the ammonium group and
water. An NBO-analysis on these derivatized lysine sys-
tems demonstrates this effect very clearly (Table 5). The
ammonium nitrogens with an internal H-bond are more
negative (−0.72) compared to free amines (−0.67) and the
hydrogens less positive (seeTables 2 and 5). It could be
argued that the intramolecular H-bond in the lysine systems
assumes the charge solvating power of the intermolecular
H-bond in alkyl–NH3

+ · H2O. This is supported by the ex-
perimental hydration enthalpies compiled inTables 1 and 4,
which indicate that�H◦

n of the lysine systems are roughly
equivalent to�H◦

n+1 of C10H21NH3
+.

The functional group providing intramolecular charge sol-
vation in all three lysine systems shown inFig. 2 is the car-

boxyl amide C=O group. The carboxylic acid and ester
C=O groups, also present in all three systems, are less

favorable for charge solvation because of steric considera-
tions (particularly important inNε-acetyllysine,Fig. 2a) and
for electrostatic reasons. The NBO calculations summarized
in Table 5provide quantitative information for the qualita-
tive effect3 that carboxyl amide oxygens are more negative
than their carboxylic acid counter parts (by 0.08–0.16 charge
units).

Model structures of C10H21NH3
+ · (H2O)7 indicate that

the seven water molecules form a water cluster around the
–NH3

+-group [11]. For peptides the situation is different.
Water molecules like to bind in charge-remote locations
if the charge is already solvated by a first solvation shell
of intra- or intermolecular interactions. For instance, in

3 For example, the dipole moment of acetamide is 3.7 D, that of acetic
acid 1.7 D. See Ref.[1].
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Fig. 3. Molecular mechanics structures of (a) (Ac–A4K)H+·H2O, (b)
(Ac–AAKAA)H +·H2O, and (c) (Ac–A8K)H+.

protonated dialanine hydrated by five water molecules,
(AA )H+ · (H2O)5, the charge-remote C-terminus is a pre-
ferred binding site[11]. In this system the ammonium
group is fully solvated by the intermolecular interactions
with three water molecules. Similarly, AMBER molecular
modeling results indicate that the acetylated and protonated

pentapeptide (Ac–AAAAK)H+ is a system where the lysine
ammonium group is fully solvated by three intramolecular
H-bond acceptors (backbone carbonyls) and provides an-
other example where theory predicts charge-remote water
addition (Fig. 3a). The comparatively small experimental
(Ac–AAAAK)H +· · · H2O binding energy of 6.9 kcal/mol
(Table 4) provides support for the theoretical result. For
the (Ac–AAKAA)H+ system of identical size the water
binding energy is measured to be 8.5 kcal/mol. In this sys-
tem theory indicates that the lysine ammonium group is
involved in only two intramolecular H-bonds and that the
water molecule adds directly to the charged –NH3

+-group
(Fig. 3b).

The structures for singly hydrated (Ac–AAAAK)H+ and
(Ac–AAKAA)H + shown inFig. 3a and bare distinctly dif-
ferent. The structure for (Ac–AAKAA)H+, where lysine is
placed in the middle position, is a random coil providing
only partial self-solvation of the charge. The molecule with
lysine at the C-terminus, however, folds into a structure di-
rectly analogous to the C-terminal end of the�-helix found
in longer homologous peptides (Ac–A8K)H+ (Fig. 3c) and
(Ac–A20K)H+ [9,26]. In the helical structures, confirmed
by cross-section measurements (Table 3and Ref.[9]), the
three dangling backboneC=O hydrogen bond acceptors
are nicely capped by the lysine side chain. In addition,
the positive charge on lysine lines up favorably with the
helix dipole. Hence, the homologous series of structurally
related (Ac–AxK)H+ peptides provides an opportunity to
study the effect of system size on the water binding energy
for charge remote binding. Hydration mass spectra shown
in Fig. 4a–cindicate that water addition becomes increas-
ingly more difficult with increasing system size. In con-
trast to the smaller (Ac–A4K)H+ system, both of the larger
(Ac–A6K)H+ and (Ac–A8K)H+ molecules stay preferen-
tially dehydrated even under the most favorable experimen-
tal conditions (260 K, 1.3 Torr water vapor) making accurate
measurements of�H◦

n and �S◦
n of hydration impossible.

However,�G◦
1-values obtained at 260 K are listed inTable 6

along with estimated�H◦
1-values demonstrating the signif-

icant decrease in the water binding energy with increasing
system size.

A possible explanation for this trend is that electrostatic
interactions between the water dipole and the charged pep-
tide are still important even for charge remote water binding

Table 6
Experimental Gibbs free energy and enthalpy changes for the addition of
one water molecule to the peptides (Ac–AxK)H+

x −�G◦
1 (260 K) −�H◦

1

4 3.4 6.9
6 3.1 5.8b

8 2.6 4.9b

20 <2.3a <4.3b

a Estimated using−�G◦
1 (243 K) <2.5 kcal/mol [26]; −�G◦

1 (260 K)
∼= −�G◦

1 (243 K) − 17 K × �S◦
1; and�S◦

1
∼= −13 cal/(mol K) (Table 4).

b Estimated using−�G◦
1 (260 K) andEq. (7).
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Fig. 4. Mass spectra of Ac–AxK (a) x = 4, (b) x = 6, and (c)x = 8
recorded after passing the ion beam through the drift cell filled with
1.3 Torr of water vapor at 260 K. Numbers above the peaks indicate the
number of water molecules added to the protonated species. Peaks due
to impurities are labeled with an asterisk (*). The Ac–A8K spectrum (c)
shows intense peaks corresponding to potassiated species.

sites. Molecular mechanics simulations provide support for
this possibility: the preferred water binding sites are found to
be on the C-terminal side of the molecule in relatively close
proximity to the charge (Fig. 3aand Ref.[26]). With increas-
ing peptide size the helix dipole moment becomes increas-
ingly larger as the positive end of the helix dipole (located
on the N-terminus) is moved away from the positive lysine
residue (located at the C-terminus). Hence, increasing the
space between N- and C-termini moves part of the positive
charge farther away from the C-terminus where the water is
preferentially bound and consequently reduces the electro-
static contribution to the water−peptide interaction energy.

The equilibrium experiments carried out for this study
not only yield energetic but also entropic information about

8 10 12 146
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Fig. 5. Plot of entropy versus enthalpy of hydration measured experimen-
tally for the protonated species ofn-decylamine (open circles), acetyllysine
systems (red and blue dots), and the acetylated pentapeptides Ac–AAKAA
and Ac–AAAAK (+ symbol). Data with above average�S◦

n/�H◦
n ratio

are red, data below average blue, data in between black, and data much
below average green. The red and blue lines are linear regressions through
the origin and the data of the same color.

hydration.Fig. 5 shows a plot of�S◦
n values versus the

corresponding�H◦
n values for all the systems included in

this study. It is evident that there is a strong correlation
between the change of entropy and the change of enthalpy
upon addition of a water molecule to any system, which can
be quantified byEq. (7).

�S◦
n = 1.8 ± 0.2

1000 K
�H◦

n (7)

This correlation is not surprising, because a tightly bound
water molecule gives rise to both a large binding energy
and a large loss of entropy. However, there are systematic
deviations from the linear correlation. The data shown in
Fig. 5 can be grouped into data with above average (red)
and below average (blue)�S◦

n/�H◦
n ratio.

A closer examination of then-decylamine data[11],
shown as circles inFig. 5, indicates that the entropy loss
upon addition of the first water molecule (green circle) is
rather small compared to the large binding energy, sug-
gesting that the C10H22NH3

+ · H2O complex is relatively
floppy. The�S◦

n/�H◦
n ratio for the second water molecule

(black circle) is about average, whereas the data for the
third, fourth, and fifth water (red circles) are part of the red
data set with large�S◦

n values. A similar trend is observed
for the derivatized lysine systems (dots),N�-acetyllysine,
N�-acetyllysine methyl ester, andNε-acetyllysine. For all
three systems addition of the first and second water molecule
yields below average�S◦

n/�H◦
n ratios (blue dots), addition

of the third and fourth water yields ratios above average (red
dots). The (Ac–AAAAK)H+ and (Ac–AAKAA)H+ sys-
tems with more extensive self-solvation of the charge (red
crosses) form water clusters with relatively little flexibility
(large�S◦

n/�H◦
n ratios).

Hence, the entropy data suggest that there is a corre-
lation between�S◦

n/�H◦
n ratio and the degree of charge
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solvation (intra- and/or intermolecular). Water addition to
systems with no or single solvation of the –NH3

+ group
yield data belonging to the blue set (relatively floppy hy-
drates), whereas addition of water to systems with a filled
first solvation shell around the –NH3+ group belong to
the red data set (relatively rigid hydrates). The exact loca-
tion of the switch from red to blue appears to be system
dependent.

5. Conclusions

In this work we examined the hydration of a variety of
protonated amines. The issues include the effect of existing
intramolecular hydrogen bonds on both structural and ener-
getic aspects of water addition; the effect of prior water ad-
dition on new water addition; and the competition between
charge proximate and charge remote water addition sites.
We arrive at the following conclusions.

1. Sequential hydration energies of a number of protonated
alkylamines, from CH3NH3

+ to n-C10H21NH3
+ have

been reported in the literature. These binding energies
fall off in a gradual manner with no indication a first
solvation shell fills and a second is initiated. Theoretical
work (DFT and MM/MD) reported here indicates a first
solvation sphere of three waters (one bonding to each
H-center on –NH3+) with subsequent water molecules
bonding to other water molecules only. DFT calculations
yield water-binding trends in agreement with experiment
where no shell filling drop-off is observed.

2. The experimental trend in hydration energies is quantita-
tively fit using an electrostatic model and atomic charges
on the –NH3

+ group and attached water molecules cal-
culated using an NBO analysis. No shell filling drop-off
is predicted.

3. MM calculations give good agreement with absolute hy-
dration energies but show a definite shell-filling effect.
This occurs because the charges on all atoms are inde-
pendent of the degree of hydration whereas DFT calcu-
lations naturally incorporate these changes.

4. In N-acetyllysines the protonated amino group is pre-
dicted to have one intramolecular H-bond and a shell fill-
ing on addition of two water molecules. The measured
binding energies of these molecules is comparable to ad-
dition of the second and third water molecules to compa-
rable sized alkylamines (free –NH3

+ group), in support
of the theoretical prediction.

5. In the protonated pentapeptides (Ac–AAKAA)H+ and
(Ac–AAAAK)H + the amino group on the lysine has two
and three intramolecular hydrogen bonds, respectively,
according to MM calculations. The measured hydration
energies are 8.5 and 6.9 kcal/mol, respectively, for adding
the first water molecule in support of theory.

6. Experimental cross-sections for all peptides consid-
ered here are in excellent agreement with theoretical

cross-sections, supporting the theoretical structures used
in analyzing the hydration data.

7. Water binding becomes dramatically weaker as chain
length increases in the helical peptides (Ac–AxK)H+.
The apparent cause is the increased separation of charge
(i.e., increased helix dipole) as chain length increases
destabilizing addition of water.

8. Experiment indicates a strong entropy/enthalpy of hydra-
tion correlation that subtly varies with degree of hydra-
tion. An approximate ratio of�S◦

n/�H◦
n of 0.0018 K−1

is found for the systems studied here.
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