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The sodium ion affinities (binding energies) of nineteen peptides containing 2-4 residues have
been determined by experimental and computational approaches. Na*-bound heterodimers
with amino acid and peptide ligands (Pep,, Pep,) were produced by electrospray ionization.
The dissociations of these Pep,—-Na " —Pep, ions to Pep;-Na" and Pep,-Na" were examined by
collisionally activated dissociation to construct a ladder of relative affinities via the kinetic
method. The accuracy of this ladder was subsequently ascertained by experiments using
several excitation energies for four peptide pairs. The relative scale was converted to absolute
affinities by anchoring the relative values to the known Na™ affinity of GlyGly. The Na™*
affinities of AlaAla, HisGly, GlyHis, GlyGlyGly, AlaAlaAla, GlyGlyGlyGly, and AlaAlaAlaAla
were also calculated at the MP2(full)/6-311 + G(2d,2p) level of ab initio theory using
geometries that were optimized at the MP2(full)/6-31G(d) level for AlaAla or HF/6-31G(d)
level for the other peptides; the resulting values agree well with experimental Na™ affinities.
Increasing the peptide size is found to dramatically augment the Na™ binding energy. The
calculations show that in nearly all cases, all available carbonyl oxygens are sodium binding
sites in the most stable structures. Whenever side chains are available, as in HisGly and
GlyHis, specific additional binding sites are provided to the cation. Oligoglycines and
oligoalanines have similar binding modes for the di- and tripeptides, but differ significantly for
the tetrapeptides: while the lowest energy structure of GlyGlyGlyGly-Na™ has the peptide
folded around the ion with all four carbonyl oxygens in close contact with Na™, that of
AlaAlaAlaAla-Na™ involves a pseudo-cyclic peptide in which the C and N termini interact via
hydrogen bonding, while Na™ sits on top of the oxygens of three nearly parallel C=0

bonds.
Spectrometry
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biological systems. Its interactions with proteins

play an essential role in the regulation of body
fluids as well as in cellular metabolism and the stabili-
zation of biomolecular conformations [1-4]. For a better
understanding of the biological functions of Na™, ther-
mochemical and structural information about the in-
trinsic Na* binding modes to suitable model systems is
necessary. Complexes of sodium ion with amino acids
and simple peptides are most appropriate model
systems.

There have been several studies on the Na™ affinities
of amino acids [5-16], but studies with peptides are
scarce. Klassen et al. subjected the GlyGly-Na" com-
plex to threshold collision-induced dissociation (TCID)
experiments, which resulted in a Na™ affinity (AHy,) of
179 = 10 kJ/mol at 298 K [6]. Cerda and coworkers [17]

f ;odium ion is the most important electrolyte in
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measured a similar value, 177 = 10 k]J/mol, using the
extended kinetic method [18, 19] and the nucleobases
adenine, cytosine, and guanine as reference bases; the
same authors also investigated alanine containing
dipeptides, which were shown to bind Na™ slightly
more strongly than GlyGly [17]. Feng et al. [20] assessed
the relative free energies of Na* binding for a series of
GlyXxx dipeptides by the classical kinetic method [21],
but did not convert the experimental results to binding
enthalpies due to the lack of entropic data. Finally, a
more recent extended kinetic method study by Kish et
al. [22] paired GlyGly with amino acids and derived a
Na™ affinity of 203 = 8 kJ/mol.

Ab initio calculations at the MP2/6-311 +
G(2d,2p)/ /HE/6-31G(d) level of theory, including basis
set superposition error (BSSE) corrections, predicted a
GlyGly-Na™ bond enthalpy of 190 k] /mol at 298 K [17].
Recent computational work has demonstrated, how-
ever, that affinities obtained at a high level of ab initio
theory, similar to the one mentioned, lie closer to true
binding energies if no BSSE correction is performed
[11, 12, 23, 24]. Recalculation of AHy,(GlyGly) at the
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even higher MP2(full)/6-311+G(2d,2p)/ /MP2(full)/6-
31G(d) level without BSSE correction led to a GlyGly—
Na™ bond enthalpy of 200 kJ/mol [22], which coincides
only with the kinetic method value deduced by Kish
et al. from GlyGly-Na"-R; (R; = amino acids)
heterodimers [22].

It has been argued [22] that the underestimation of
AHp,(GlyGly) by Klassen et al. [6] was caused by
incomplete thermalization of GlyGly-Na" before TCID
and/or the use of incorrect parameters in the modeling
procedure necessary to convert experimental threshold
energies to 298 K binding enthalpies. The underestima-
tion of AHy,(GlyGly) by Cerda et al. [17] was ascribed
to the rigid and planar structures of the nucleobase
reference bases used, which could prevent the forma-
tion of the most strongly bound GlyGly-Na " conformer
upon heterodimer dissociation. A further reason for the
low AHy,(GlyGly) value of Cerda et al. [17] could be
the markedly different Na* binding modes of GlyGly
versus the reference bases adenine, cytosine, and gua-
nine, reflected by the considerable difference in Na*
binding entropy between GlyGly and these nucleobases
[22]; kinetic method experiments have been shown to
yield underestimated affinities in such cases [25-28].

In the present investigation, the relative sodium ion
affinities of a series of di-, tri-, and tetrapeptides are
determined by the kinetic method for the first time and
anchored to the experimental Na™ affinity of GlyGly
that is in accord with the theoretical prediction (i.e., 203
= 8 kJ/mol) to derive a scale of absolute Na™ binding
energies. Additionally, for AlaAla, GlyHis, HisGly,
GlyGlyGly, AlaAlaAla, GlyGlyGlyGly, and AlaAla-
AlaAla, binding modes and sodium ion affinities are
calculated at a high ab initio level including electron
correlation but excluding BSSE correction. The very
good agreement found between computed and experi-
mental Na* affinities validates the choice of AHy,
(GlyGly) = 203 = 8 kJ/mol, measured previously by
Kish et al. [22], as anchor for the conversion of experi-
mental relative energies into absolute Na™ affinities.
Further, the derived affinity map provides new insight
about the binding modes of side chain versus backbone
substituents and should be helpful for the estimation of
the unknown sodium ion affinities of similarly sized
peptides.

Methods
Mass Spectrometry Experiments

The gas-phase sodium ion bound heterodimers (Pep,—
Na"-Pep,) were formed by electrospray ionization
(ESI) and their competitive dissociations to the meta-
lated monomers were examined by collisionally acti-
vated dissociation (CAD) in a quadrupole ion trap mass
spectrometer (Bruker Esquire-LC, Billerica, MA). The
ESI solvent used was a 2:1 (vol:vol) mixture of water
and methanol. One mg of each amino acid, peptide, and
sodium trifluoroacetate (NaTFA) was dissolved in 1 mL
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of solvent. Salt:Pep,:Pep, solutions were combined in
the ratio 0.75:1:1 to make the sprayed solution. The
latter solution was introduced into the ion source by a
syringe pump at a rate of 240 uL/h. The spraying
needle was grounded and the entrance of the sampling
capillary was set at —4 kV. Nitrogen was used as the
nebulizing gas (10 psi) and drying gas (8 L/min, 160 °C)
and He as the buffer gas in the ion trap (~10~° mbar).
The precursor dimer ions were isolated and excited to
fragment in the ion trap for CAD with a rf that was
resonant with their frequency of motion in the trap. The
excitation time was 40 ms and the RF amplitude (V,.,)
was adjusted in the 0.32 to 0.55 V range to maximize the
abundance of the sodiated monomers without causing
appreciable competitive and/or consecutive dissocia-
tions (<16% of total fragment ions arose from the latter
processes). Thirty scans per spectrum were collected
and the experiments were reproduced three times. The
solvents (water, methanol; HPLC grade) were supplied
by Sigma-Aldrich (St. Louis, MO) and NaTFA by Al-
drich (Milwaukee, WI). The amino acids Pro (P), Thr
(T), Phe (F), and Trp (W), and the peptides GlyGly (GG),
AlaGly (AG), GlyAla (GA), AlaAla (AA), GlyLeu (GL),
SerGly (SG), AlaTrp (AW), TrpAla (WA), GlyGlyGly
(GGG), AlaGlyGly (AGG), GlyHis (GH), LeuGlyPhe
(LGF), HisGly (HG), GlyHisGly (GHG), and GlyGly-
GlyGly (GGGG) were purchased from Sigma (St. Louis,
MO). The peptides GlyPhe (GF), PheGly (FG), AlaAla-
Gly (AAG), AlaAlaAla (AAA), and AlaAlaAlaAla
(AAAA) were purchased from Bachem (King of Prus-
sia, PA). All chemicals were used without further
purification. The amino acids and peptides used in this
study were chosen based on their side chains and their
ability to form Na*-bound heterodimers.

Kinetic Method

The kinetic method experiments involved formation of
gaseous Pep,—Na"-Pep, dimers and subsequent CAD
of these dimers to the sodiated monomers according to
eq 1. For simplicity, the abbreviation Pep is used here
for both peptides and amino acids. The abundance ratio
of the Pep;-Na™ and Na"-Pep, fragments in the result-
ing CAD spectrum represents an approximate measure
of the rate constant ratio (k;/k,) of the dissociations
leading to these fragment ions. This assumption pre-
supposes that other competing pathways and mass
discrimination effects are negligible. Based on the ther-
modynamic formulation of transition-state theory [29],
the natural logarithm of k;/k, is a function of the relative
free-energy of activation of the two competing dissoci-
ations of the heterodimers, as shown in eq 2, where R is
the ideal gas constant and T, is the effective tempera-
ture of the dissociating dimer ions [19]. The enthalpy
and entropy components of the free energies are in-
cluded in eq 2. The unimolecular reactions shown in eq
1 involve cleavages of electrostatic bonds, which gen-
erally proceed without appreciable reverse activation
energy [5, 6, 17, 21, 30-32]. In such cases, the relative
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enthalpy of activation becomes equivalent (with oppo-
site sign) to the difference in binding enthalpies of Na*®
to Pep; and Pep,, cf. eq 3, where the Na* binding
enthalpy or Na' affinity (also called Na® binding
energy) is defined as the enthalpy change, AHy,, of the
reaction Pep-Na® — Pep + Na'. Analogously, the
relative activation entropy can be replaced by an appar-
ent relative entropy [33] of the Pep;—Na™ and Na"-Pep,
bonds.

k1 k2

Pep;—Na" + Pep,<—Pep,—Na" —Pep,—Pep, + Na"
—Pep, @

In(k,/k;) = —[AG," — AG,']/RT, = [AS,* — AS,']/R
— [AH,’ — AH,']/RT 2)

In(ki/k,) = —[ ASna(Pep;) — ASx,(Pep,) /R
+ [ AHy,(Pep;) — AHy,(Pep,) |/RT = —A(ASy,)/R
+ [ AHy,(Pep;) — AHy,(Pep,) |/RT ®3)

ln(kl/kz) = [AHNa(Pep1) - AHNa(Pepz)]/RTe“
= A(AHy,)/RT (4)

Because the Na"-bound dimers are not in thermal
equilibrium with their surroundings and their internal
energy distributions are not Boltzmann-shaped [18, 22,
33-34], an effective temperature and apparent entropy
difference are used instead of a thermodynamic tem-
perature and entropy difference. On the basis of recent
studies [12, 22, 33-36], A(ASy\,°FF) depends on the
identity of the decomposing dimer ions and on T, and
its value can range from ~0 to the corresponding actual
(thermodynamic) entropy difference of the bonds com-
pared in the Na™-bound dimer. The peptides used (vide
infra) will be shown to have very similar apparent Na*
entropies; when A(ASy,"PF) =0, eq 3 is simplified to eq
4, which relates the experimental k;/k, data to relative
Na" binding affinities. Relative sodium ion affinities
obtained through the examination of Pep;—Na"-Pep,
dimers can be converted to absolute AHy, data if the
relative values are anchored to a known Na™ binding
energy.

Calculations

Ab initio calculations were carried out at levels which
have been shown in previous work to provide rea-
sonably accurate geometries and sodium ion affini-
ties [37]. Geometries were optimized at the HF/6-
31G(d) level; vibrational analyses were carried out at
the same level to determine zero-point vibrational
energies, thermal corrections to total energies, and
entropies. All frequencies were found to be real as
expected; no special treatment was applied to hin-
dered rotors. Final energetics were determined at the
MP2(full)/6-311+G(2d,2p) level using the HF/6-
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31G(d) geometries [11, 12, 22]. Extensive comparison
with MP2(full) /6-31G(d) geometries has been done in
previous work; both levels were shown to yield very
similar results. No BSSE corrections were performed
for the reason mentioned in the introduction [22-24].
Comparison with final energetics at the MP2/aug-cc-
pVTZ level has shown this procedure to be converged
with respect to basis set extension to within <5
kJ/mol [12].

While the structures of bare and sodiated amino
acids studied previously could be determined by con-
structing guesses based on chemical intuition, this be-
comes less appropriate as the peptide grows bigger. The
sodium complexes remain relatively easy to study,
since the ion charge provides a structuring effect, lead-
ing to peptide wrapping to maximize ion chelation. It
was found, however, that even for dipeptide complexes
such as GlyHis-Na* and HisGly-Na™, systematic
searches become necessary to locate all low-energy
structures. This is even truer for bare peptides, in which
the main structuring effect is a network of hydrogen
bonds, which quickly becomes very difficult to guess
exhaustively. Thus, we resorted to a nonlocal explora-
tion of the potential energy surface, as a preliminary
step before local geometry optimization with the ab
initio methods mentioned above. Monte Carlo sampling
with the Metropolis criterion was carried out, in which
random values were generated for the torsion angles
around all single bonds between nonhydrogen atoms
except the peptide bonds. To keep this procedure
computationally tractable, simplified energy calcula-
tions were made using the Amber 94 force field with
RESP atomic charges [38]. Random sampling was sys-
tematically followed by local geometry optimization at
the same level. Several independent runs were carried
out in each case, with a limit of 500 geometry optimi-
zations for each, after elimination of structures bearing
close contacts. The Amber 94 force field leads to an
energy ordering of isomers and conformers which may
deviate significantly from that obtained with accurate
ab initio calculations. To locate all low lying structures,
a large sample of the most stable structures arising from
each Monte Carlo search was selected and subjected to
geometry reoptimization at the HF/6-31G(d) level, typ-
ically between 10 and 20 distinct structures. Systematic
searches were not performed for oligoalanine peptides.
The several most stable structures obtained for each
oligoglycine were taken and the appropriate hydrogens
transformed into methyl groups; typically the four to
five most stable conformers were included, to ensure
that the most stable conformer of the corresponding
oligoalanine was identified. Sodium is a stereogenic
center in such complexes; therefore, diastereomers were
generated as described in the Results section. Monte
Carlo calculations were carried out with HyperChem
6.0 [39], while ab initio calculations used the Gaussian
03 suite of programs [40].
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AA-—Na® 1b (+3)

AA-Na* 2a (+2)
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AA-Na* 2b (+10)

Figure 1. AlaAla-Na™ isomers with L-alanine. 1a/1b and 2a/2b are diastereomers differing in the
orientation of the methyl side chains; eq and ax denote roughly equatorial and roughly axial positions,
respectively. The numbers next to the bonds give bond lengths in A; the numbers in parenthesis are

relative energies in kJ/mol.

Results

Ab Initio Calculations for Oligoglycines
and Oligoalanines and Their Sodium Complexes

The potential energy surfaces for both the sodiated and
bare species have been explored. Although the con-
formers of the bare peptides were searched previously,
we have found new, lower-energy structures for the tri-
and tetrapeptides. Sodiated GlyGly [15, 16, 41], and
potassiated GlyGly and AlaAla [42] were also studied
in earlier work, and a nonexhaustive study of sodiated
GlyGlyGly and GlyGlyGlyGly was published [43]. In
these cases, too, the structures reported herein are of
lower energy than those previously reported. The
present investigation appears to be the first on sodiated
tri- and tetraalanines.

The low-energy structures of GlyGly-Na*, GlyGly—
K*, and GlyGly have been studied extensively [17, 42].
For GlyGly-Na™, there are two low-energy geometries
of essentially identical energies, both involving chela-
tion of sodium ion to both carbonyl oxygens. They
differ in the orientation of the NH, terminus, which
may either provide a third chelation site, or interact
with the peptide NH bond. The latter was found to have
a slightly more favorable entropy of complexation [17].
The computed Na™ binding enthalpies of both struc-
tures were too close to be distinguished on the basis of
experimental results [17]. A few additional structures
have been found to be of relatively low-energy (al-

though they are unlikely to be formed experimentally),
including one in which Na™ is bound to the amino
nitrogen and to the carbonyl oxygen of the peptide
bond. When these three structures were used to gener-
ate isomers of AlaAla-Na*, the same energy order was
obtained, in agreement with the results of Tsang et al.
for AlaAla-K* [42]. There is, however, a significant
difference between oligoglycines and oligoalanines: the
sodium ion binding is strong enough that sodium may
be regarded as a stereogenic center. Consider for in-
stance isomers 1a and 1b of AlaAla-Na™ (Figure 1). The
central carbonyl may lie on either side of the plane
defined by Na™, the carbonyl oxygen at the C terminus
and the N terminus. This generates two structures,
which may be considered as diastereomers. In 2a and
2b, it is the puckering of the chelate ring that is inverted.
When the two carbonyl groups bound to sodium ion are
nearly coplanar, the methyl positions may be described
as roughly axial and equatorial with respect to the
seven-membered pseudo-cycle generated by Na™ che-
lation. This leads to a significant energy difference, e.g.,
8 k] /mol between 2a and 2b. When the two consecutive
C=0 groups are far from coplanar, as in isomer 1, the
two possible methyl positions become more similar
and, thus, the energy difference is also smaller; e.g., 3
kJ/mol between 1a and 1b. As a result of these effects,
the two lowest energy structures are 1a and 2a, the next
two are the less stable diastereomers 1b and 2b, and the
fifth is isomer 3, in which Na* is not stereogenic
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AAA-Na* 2a (0)

AAA-Na* 2b (+7)

Figure 2. Most stable conformers of the GlyGlyGly—Na* and
AlaAlaAla—Na* complexes; 2a/2b are diastereomers differing in
the orientation of the L-alanine side chains. The numbers next to
the bonds give bond lengths in A; the numbers in parenthesis are
relative energies in kJ/mol.

because sodium ion chelation generates a nearly planar
five-membered ring. (Figure 1).

In agreement with Bowers and coworkers [44], the
most stable structures of GlyGlyGly-Na™ are found to
have all three carbonyls interacting with the sodium ion
(Figure 2). As with the dipeptides, additional binding of
the amino terminus to the ion (isomer 1) leads to a
binding enthalpy that is essentially equal to that of
isomer 2 in which the amine group is folded towards
the next amide N-H bond. Isomer 3 also has the three
carbonyl oxygens as sodium ligands; it differs from 2 by
the conformation of the peptide backbone, which is
more folded in 2, leading to the Na—O bond closest to
the N terminus being shorter than in 3 and, thus, to a
slightly more favorable enthalpy of binding. The en-
thalpy of 3 at 298 K is higher than that of 2 by only 2
kJ/mol. Consequently, our computations predict that a
mixture of isomers 1, 2, and 3 should be formed
experimentally. The next most stable structure (not
shown) involves a folded peptide with a hydrogen
bond from the carboxyl to the amino terminus, and the
sodium ion bound to the three carbonyls in a nearly
parallel orientation. This isomer is less stable than 1 by
23 k] /mol. A number of other structures have been fully
characterized, but all are higher in energy.

The distinction between diastereomers discussed
above for AlaAla—Na* must be extended to AlaAlaAla-
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Na®. As with AlaAla-Na™, the energy splitting be-
tween stereoisomers strongly varies with the type of
structure considered. Here, the most stable structure
derives from isomer 2 of GlyGlyGly-Na". As shown in
Figure 2, diastereomer 2a contains a pseudo-equatorial
methyl group, which is axial in diastereomer 2b. This
leads to an enthalpy difference of 7 kJ/mol in favor of
2a. The latter is lower in energy than both diastereomers
with the amino terminus bound to sodium ion (as in
isomer 1 of GlyGlyGly-Na™), by 2 to 3 kJ/mol. It is also
more stable than both diastereomers with the GlyGly-
Gly-Na" 3 backbone, by 9 to 10 kJ/mol. Note that the
energy splitting between AlaAlaAla—Na " stereoisomers
amounts to less than 1 kJ/mol for both 1a and 1b as well
as 3a and 3b. All other isomers are significantly less
stable, as for GlyGlyGly-Na".

The conformers of bare GlyGlyGly have been stud-
ied by Strittmatter and Williams [45], who found that
the most stable one involves a y turn between the two
peptide linkages. Hopkinson et al. [46] have reconsid-
ered the conformers of GlyGlyGly and found a lower
energy structure which contains a y turn as well as a
hydrogen bond between the amino terminus and the
carbonyl oxygen of the C terminus. As shown in Figure
3, our own calculations lead to the same result for

GGG 1

AAA 1a

Figure 3. Lowest-energy conformers of bare GlyGlyGly and
AlaAlaAla. “C,” indicates that an n-membered pseudo-cycle is
formed by hydrogen bonding. C, is equivalent to a y turn.
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AAAA-Na™ 4a (0)

AAAA-Na* 3a(+1)

Figure 4. Most stable conformers of the GlyGlyGlyGly—-Na* and
AlaAlaAlaAla-Na™ complexes. The numbers next to the bonds
give bond lengths in A; the numbers in parenthesis are relative
energies in kJ/mol.

GlyGlyGly, and find a completely analogous conformer
for AlaAlaAla.

The lowest energy structures of GlyGlyGlyGly—-Na™*
follow the same trends as those of the smaller peptides,
in that they involve chelation of sodium ion to all
carbonyl oxygens (Figure 4). Here we find that the most
stable structure, 1, does not involve binding of the
amino terminus to Na™; however structures 2 and 3,
which do, are only 3 and 4 kJ/mol higher in energy,
respectively. The latter two differ by the relative posi-
tions of the various C=0 bonds relative to the average
backbone plane. Isomer 4 has the peptide folded onto
itself so as to allow for a hydrogen bond from the C to
the N terminus. It is 12 k] /mol less stable than 1, a value
that is significantly smaller than the 23 kJ/mol found
for the analogous difference in GlyGlyGly-Na*. This
has a strong impact on the relative energies of isomers
for AlaAlaAlaAla—Na™. This folded structure generates
diastereomers with a 8 k]J/mol energy difference, with
the equatorial case being the most stable of all Ala-
AlaAlaAla—Na™ isomers (see 4a in Figure 4). Clearly
this capped structure generates the smallest steric strain
for the four methyl groups. The next most stable isomer
is 3a, only 1 k] /mol higher in energy than 4a, while the
five next structures (derived from 1, 2, and 3 of Gly-
GlyGly-Na™) are within 4 kJ/mol of the most stable
isomer 4a.
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For GlyGlyGlyGly, the lowest energy structure
found by Strittmatter and Williams [45] involves two vy
turns and an O-H—N hydrogen bond from the C-
terminal OH group to the nitrogen of the N terminus.
We have identified two conformers that lie lower in
energy at the MP2/6-311 + G(2d,2p)//HF/6-31G(d)
level. The most stable (see 1 in Figure 5) is very closely
related to the above, the only significant difference
being the O—H-N bond between the carbonyl oxygen
of the C terminus and one of the NH bonds of the N
terminus. This is found to be the lowest energy struc-
ture; however, the next isomer (2 in Figure 5) is only 1
kJ/mol higher in energy. It has the same interaction
between the two termini, but the peptide folding gen-
erates a B and a vy turn, instead of the two vy turns in 1.
Many other conformers were fully characterized, the
next most stable being 11 k] /mol less stable than 1. The
energetic picture is very similar in AlaAlaAlaAla, if the
most stable diastereomer is considered in each case. The
energy difference between isomers la and 2a is 0.3
kJ/mol; therefore, here again, the calculations cannot
provide a definitive conclusion as to which structure is
the most stable, and likely they coexist in the gas phase.

Ab Initio Calculations for HisGly
and GlyHis and Their Sodium Complexes

The sodium affinities of several pairs of isomeric dipep-
tides, differing by their amino acid sequences, have
been determined experimentally (vide infra). Within
this subgroup, we have considered in detail the dipep-
tide pair HisGly and GlyHis, for which the sequence
effect on Na™ affinity was measured to be the largest.
The structures and relative energies of both peptides
and of their sodium ion complexes have been described
in detail elsewhere [47]. We focus here on the features

AAAA 1a(0) AAAA 2a(0)

Figure 5. Most stable conformers of bare GlyGlyGlyGly and
AlaAlaAlaAla. The numbers in parenthesis give relative energies
in kJ/mol.
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Figure 6. Most stable conformers of the N*>-H tautomers of
GlyHis and HisGly and of the GlyHis-Na" and HisGly-Na"
complexes containing the N*>~H tautomers. The numbers next to
the bonds give bond lengths in A.

which are relevant to the calculation of the Na™ affini-
ties of GlyHis and HisGly. Depending on the imidazole
tautomer present in the His side chain, a His residue
can exist in the N*’-H or the N**~H tautomeric form. In
the N®'-H tautomer of histidine, the imidazole nitrogen
nearest to the backbone (N°') is protonated and the
other nitrogen (N?) is deprotonated; the opposite con-
nectivity is found in the N**-H tautomer. For both
GlyHis and HisGly dipeptides, the lowest energy con-
formers of the two tautomeric forms were found to be
of similar energies, yet the N°'-H tautomer is more
stable for GlyHis (by 1 kJ/mol), while it is the N**~-H
tautomer for HisGly (by 4 kJ/mol) [47]. The structures
of the most stable conformer of both peptides in their
N®-H tautomers are shown in Figure 6. Both bear a
trans carboxylic group which acts as a hydrogen bond
donor, in a network where the amino terminus, peptidic
N-H bond and N®' imine nitrogen of the imidazole are
also involved, albeit in a different manner in the iso-
meric peptides. Contrary to the bare peptides, both
GlyHis-Na® and HisGly-Na" are much more stable
with the N*>~H tautomer, by 39 and 43 kJ/mol, respec-
tively [47]. This is due to the ability of the N°®' site to
provide a third chelation point to Na™ when it is not
protonated, while the N*®? site is too distant for such an
interaction (see Figure 6). Both complexes have the
sodium ion bound to the two carbonyl oxygens and to
the imidazole N°'. Assuming that complex dissociation
occurs experimentally without tautomerization, then
two distinct sodium ion affinities may be computed for
each peptide, which are markedly different because the
stabilities of the N°'-H and N**-H tautomers are sig-
nificantly different in the corresponding Na® com-
plexes but not in the bare peptides themselves. The
computed affinity values at 298 K are 201 and 245
kJ/mol for GlyHis, and 219 and 260 kJ /mol for HisGly
(in their N®*'-H and N®-H tautomers, respectively).
Comparison with experimental results (vide infra) in-
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dicates very good agreement only with the N*-H
tautomer in both cases. Calculations on the peptides at
their geometries in the sodium ion complexes indicate
that the deformation energy of HisGly is much smaller
than that of GlyHis. While the interaction energy with
sodium is stronger in the latter case, it cannot compen-
sate for the internal energy loss of the peptide, leading
to the observed sequence effect in sodium ion affinity.

Experimental Sodium lon Affinity Scale
of Peptides

The CAD spectra of about 100 Pep,-Na*-Pep, het-
erodimers were evaluated; only 53 of them produced
acceptable signal-to-noise ratio and detectable abun-
dances for both sodiated monomers, Pep,~Na* and
Na*-Pep,. Representative spectra, corresponding to
AGG-Na"™-WA and AAG-Na'-LGF, are shown in
Figure 7. Most dimer ions solely undergo dissociation to
the metalated monomers (Figure 7). A few het-
erodimers that involve side-chain functionalized amino
acids or peptides also show minor losses of H,O and
NH; or consecutive dissociations from the sodiated
monomers under the experimental conditions used. The
relative abundances of the latter products are consis-
tently low compared with those of the sodiated mono-

(@  Na"—AGG
AGG-Na'—WA
Nat*—WA
200 300 400 500 m/z
(b) LGF-Na'™-AAG
LGF-Na*
AAG-Na*
|
300 400 500 m/z

Figure 7. CAD mass spectra of heterodimers (a) AlaGlyGly-
Na*-TrpAla (m/z 501) and (b) AlaAlaGly-Na"-LeuGlyPhe (m/z
575) measured at an excitation amplitude of 0.40 V.



548 WESDEMIOTIS ET AL.

P K 3 y
y 048(0.03) | 059 2.33
T Foasooy [0 T, 005
F 1173022) | 55, |©00) ]
a6 306006 (O 5, T 6 1
AG ¥ ; .
GA Lis @D OSDT & | o33
Tos20.04) | ©08)F 5 0o [e29 ],
AA X y v
Tosswon T g5 | ©0D | (0.26)
w A (0'17) X y
GL I 0.67(0.03) ™7 255 | 178 '
11.04004) | 342 | 170 |(©08) [(0.06)
S(F} 0.46 (0.03) | (033) [(0.10) |
A
PG pLeSO0) o
AW v210ID T ‘
WA v ©OD T 305 322
GGG} 1.94 (0.07) 235 {(0»04) ‘ (0.27) “
AGG ¥036008) O T o0 Thigo
r Y
GH %4700 | 070 , (007 | 017 . 136 | 1.60
AAG 3028009 4 0049 ' 0.87 | 305 | ©09] 023
A
AAA 9058000 T233 | 262 (0.05) | ©04) |
LGF 1178 0.04) 009 |(006) ]
HG Y6023 T 558
GHG 3273014 ¢ 029 134
A
GGGG y 0.63(0.10) | 1809 ©22
AAAA y 123007 (0.06)

Figure 8. Ln(k,/k,) values calculated from abundances of the
sodiated monomers in the CAD spectra of Na"-bound amino
acid/peptide heterodimers. The two components of a sodiated
heterodimer are connected by arrows. The corresponding In(k; / k)
values are shown next to the arrows; k; is assigned to the
dissociation that produced the more abundant sodiated monomer
to have positive In(k, /k,) values. Standard deviations of In(k,/k,)
are given in parentheses. They range between 0.03 and 0.51 and
have an average value of 0.11.

mers (>84% of the total fragment ion population).
Adding the intensities of the consecutive dissociation
products to those of the sodiated monomers did not
affect the peak ratios of the sodiated monomers outside
experimental error; therefore, such corrections were not
undertaken [12, 22].

Fifty-three pairs of Pep;—Na"—Pep, dimers produced
acceptable CAD spectra, which allowed for the con-
struction of a Na™ affinity ladder for 24 amino acids/
peptides. The ladder is presented in Figure 8. The Pep,
and Pep, components of the sodiated heterodimers
studied are connected by arrows. The corresponding
In(k, /k,) values (and the standard deviations) are listed
at the right side of the arrows and were calculated by
assigning k; to the dissociation that produced the more
abundant sodiated monomer. Except for AlaAlaAlaAla,
all other amino acids/peptides were examined in at
least three and up to seven heterodimers. Added se-
quential In(k,/k,) values generally are in very good
agreement with values obtained in one step. For exam-
ple, the In(k,/k,) value for the AlaAlaAla/GlyGlyGly
pair resulting from direct comparison of AlaAlaAla
with GlyGlyGly, In(kajaman/kcycrycry) = 1.60 (£0.23),
matches within experimental error the cumulative
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value calculated from the stepwise comparison of the
GlyGlyGly/AlaGlyGly, AlaGlyGly/AlaAlaGly, and
AlaAlaGly/AlaAlaAla pairs, viz. In(kaaiaikcrycrycry)
= Inkawcar/kaycyey) + WMkanawcr/Kawcycr) +
ln(kAlnAlnAln/kAlaAluGly) = 0.36 (iOOS) + 0.70 (t004) +
0.58 (*0.06) = 1.64 (*=0.11). The largest discrepancy is
observed for the LeuGlyPhe/GlyHisGly pair, where the
In(kpyHiscry/Kreuciypne) Tatio from the one-step compari-
son is 3.58 = 0.26, while the cumulative ratio calculated
from the sequential LeuGlyPhe/HisGly (1.16 * 0.23)
and HisGly/GlyHisGly (2.73 * 0.14) comparisons is
3.89 + 0.27; still, these ratios match within experimental
error. Such independence on the pathway in which the
relative affinities are probed, supports the assumption
that the apparent relative entropy, A(ASy,*F), of the
Pep,-Na® and Na‘-Pep, bonds in the sodiated het-
erodimers studied here is negligible; it has been shown
that apparent relative entropies are nonadditive (i.e.,
pathway-dependent) and cause severe disagreement
between added sequential and one-step In(k,/k,) ratios
[26, 48, 49]. It is conceivable that entropy effects operate,
but are of the same magnitude or compensate each
other in one- and multistep comparisons. That this
scenario would apply to all pairs investigated in one
and multiple steps is, however, unlikely. Corroborating
evidence that apparent relative entropies are negligible
is provided by select extended kinetic method experi-
ments, as explained below.

Since each peptide of unknown AHy, cannot be
paired with at least three reference bases, the extended
kinetic method cannot be applied directly (i.e., on
Pep-Na"-R; pairs). Indirect information on the magni-
tude of A(ASy\,FP) can, nevertheless, be obtained by
examining the dependence of In(k/k,) on the excitation
amplitude (V,,,) used in the CAD experiments. Varying
V,., changes the internal energy deposited into the
heterodimer ions and their T, and even small changes
in T, significantly affect In(k; /k,) ratios, if A(ASy;,*FP) is
considerable [12, 22, 26, 50-53].

Four pairs of peptide dimers from the bottom part of
the ladder (where A(ASy,"F) should be more signifi-
cant), viz. GlyHis-Na"-LeuGlyPhe, GlyHis—Na"—
GlyGlyGly, AlaGlyGly-Na"-LeuGlyPhe, and GlyHis-
Gly-Na"-GlyGlyGlyGly were subjected to CAD at
different excitation energies. In the collision energy
window probed (V,,, = 0.35 to 0.55 V), the dimer ions
yield the most abundant peaks at the lowest collision
energy, while the monomer ions dominate and essen-
tially all dimer ions have dissociated at the highest
collision energy. The corresponding In(k, /k,) ratios do
not change appreciably with collision energy, however,
and there is no meaningful correlation between these
variables (Table 1). The opposite trends would have
been observed if entropy effects were significant, which
would make In(k;/k,) ratios particularly sensitive to
collision energy changes [50, 51]. The data of Table 1
are, thus, taken as an additional indication that the
apparent relative entropies of the bonds being compared
in the studied heterodimers are negligible.
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Table 1. Ln(k,/k,>) values of four peptide heterodimers from CAD spectra acquired using different excitation amplitudes

(V,, = 0.35-0.55 V)*

In(ky/k,) (std. dev.)® 0.35V 0.40V 0.45V 0.50 V 0.55 V Mean R?

GGG-Na*-GH 0.69 (0.07) 0.86 (0/02) 0.84 (0.02) 0.86 (0.05) 0.81 (0.08) 0.56921
AGG-Na*-LGF 3.18(0.09) 3.13 (0.04) 3.29 (0.11) 3.27 (0.06) 3.22 (0.10) 0.5414
GH-Na"-LGF 2.76 (0.03) 2.69 (0.07) 2.82 (0.05) 2.70 (0.18) 0.6869
GHG-Na"-GGGG 0.64 (0.18) 0.63(0.06) 0.68 (0.08) 0.59 (0.06) 0.64 (0.11) 0.1220

2 The V,,_, range selected leads to detectable fragments and precursor peaks.

bStandard deviations are given in parentheses.

From the experimental In(k,/k,) ratios displayed in
Figure 8, average cumulative In(k/kg;,c;,) ratios were
calculated through a least-square procedure; the result-
ing values and corresponding standard deviations are
summarized in Table 2 and provide a quantitative
measure of the Na™ affinities of a series of peptides and
amino acids relative to GlyGly.

Conversion of the In(k,/k,) Scale to Na™
Binding Affinities

To convert the cumulative In(k/kg), ) scale into relative
Na™ affinities, the effective temperature of the dissoci-
ating heterodimers is needed, cf. eq 4. T4 can be
calibrated from the In(k/kg;,c,) values of ligands in-
cluded in Figure 8 whose Na™ affinities were deter-
mined in previous studies, specifically Pro (AHy, = 196
kJ/mol) [12], Thr (197) [12], Phe (198) [12], GlyGly (203)

[22], and Trp (210) [12]. Plotting In(k/kgy,cy,) of these
molecules (Table 2) against the corresponding AHy,
values leads to the regression line shown in Figure 9.
The slope of this line, 1/RT.¢ = —0.3327 (*0.0155),
leads to an effective temperature of 362 K (=16 K),
which was used to calculate Na™ affinities relative to
GlyGly, according to eq 4, as well as absolute affinities
by adding the relative values to AHy,(GlyGly) = 203
kJ/mol (see Table 2). The standard deviations of the
slope of the line in Figure 9 and of the T derived from
it are relatively small due to the excellent correlation
between In(k/kg,cr,) and AHy, of the five sodium ion
ligands included in the plot. It is understood, however,
that the effective temperature obtained this way is an
estimate for all other 23 ligands listed in Table 2. Since
T.¢ may depend on the size and binding energy of the
heterodimers subjected to CAD [21, 54, 55], the uncer-
tainty in the T, value used to calculate relative affini-

Table 2. Experimental and calculated sodium ion affinities in kJ/mol and calculated Na" binding entropies in J/moleK

Amino acid or peptide In(k/ksg) (std. dev.) A(AHy,)*P(std. dev.) AHy.P(std. dev.) AHy,theory ASy, theory
P —2.40 (0.17) -7.2(1.0) 196 (8) 195°¢ 109°¢
T —2.03(0.16) —6.1(0.9) 197 (8)

F -1.79 (0.22) —5.4(0.9) 198 (8)

GG 0.00 0.0 203 (8) 203° 125°¢
AG 0.69 (0.06) 2.1(0.3) 205 (8)

GA 1.24 (0.07) 3.7 (0.5) 207 (8)

AA 1.75 (0.31) 5.3(1.1) 208 (8) 207¢ 129¢
W 2.24 (0.23) 6.7 (1.1) 210 (8)

GL 2.76 (0.25) 8.3(1.3) 211 (8)

GF 3.91 (0.25) 11.8 (1.6) 215 (8)

SG 4.55 (0.26) 13.7 (1.9) 217 (8)

FG 6.20 (0.35) 18.7 (2.5) 222 (8)

AW 8.40 (0.36) 25.3 (3.3) 228 (9)

WA 9.36 (0.35) 28.2 (3.7) 231 (9)

GGG 11.37 (0.37) 34.2 (4.4) 237 (9) 242¢ 1284
AGG 11.69 (0.41) 35.2 (4.6) 238 (9)

GH 12.19 (0.39) 36.7 (4.7) 240 (9) 245¢

AAG 12.44 (0.41) 37.4 (4.8) 240 (9)

AAA 13.03 (0.41) 39.2 (5.1) 242 (9) 2524 126¢
LGF 14.86 (0.41) 44.7 (5.7) 248 (10)

HG 16.02 (0.47) 48.2 (6.2) 251 (10) 260¢

GHG 18.60 (0.49) 56.0 (7.1) 259 (11)

GGGG 19.28 (0.51) 58.0 (7.4) 261 (11) 2774 129¢
AAAA 20.46 (0.50) 61.6 (7.8) 265 (11) 278¢ 1294

20btained using To¢ = 362 (=45 K).

PThe standard deviations of the relative affinities, A(AHy,), were calculated from the experimental uncertainties in In(k/kGyyGr,) @and Tegr. The standard
deviations of the absolute affinities, AHy,, were calculated from the standard deviations of the corresponding relative values and the uncertainty in

AHy, of the GlyGly anchor (8 kJ/mol).
°MP2(full)/6-311+G(2d,2p)// MP2(full)/6-31G(d) values.
AMP2(full)/6-311+G(2d,2p)//HF/6-31G(d) values.



550 WESDEMIOTIS ET AL.

3.007 P
T
2.00 7
3 1007
<
= 0007
= =-0.3327x + 67.611
-1.007 ’ R23307;99j76
-2.00 w
-3.00 T T T ]
195 199 203 207 211
sodium ion affinity (kJ/mol)
Figure 9. Plot of cumulative In(k/kg,c,) ratios versus

AH,,(Pep). The Na" affinities were taken from references [12]
(Pro, Thr, Phe, Trp) and [22] (GlyGly).

ties was increased to 45 K, which covers the window
of effective temperatures found in our ion trap in the
collision energy range used in the CAD experiments
[12, 22].

Discussion

The agreement between our experimental and ab initio
affinities is excellent for Pro, GlyGly, AlaAla, Gly-
GlyGly, and GlyHis, where both methods give values
lying within 5 kJ/mol of each other. The differences
between experimental and calculated affinities are
somewhat larger for AlaAlaAla, HisGly, GlyGlyGlyGly,
and AlaAlaAlaAla but still fall near the corresponding
experimental error limits of (9 to 11) k] /mol (see Table
2). It should be mentioned at this point that the exper-
imental uncertainty in AHy, is larger than the calcu-
lated relative energies between the low-energy isomers
of some Pep-Na® complexes. In such cases, possibly
several isomers of Pep-Na™ are probed simultaneously
during the CAD experiments, as has been explained in
the discussion of the computational data. The calculated
Pep-Na® bond entropies (Table 2) are very similar
among each other and would result in negligible rela-
tive Na* binding entropies, A(ASy,), for Na"-bound
heterodimers. Since the corresponding apparent rela-
tive entropies, A(ASy,*FP), vary between A(ASy,) and
zero, they are predicted to be negligible, as indeed
found experimentally from the self-consistency of one-
step and added sequential In(k, /k,) ratios (vide supra).

It can be seen from Table 2 that increasing the
peptide size dramatically increases the Na* binding
energy. The sodium ion affinity is augmented by ~60
kJ/mol if GlyGly (203 kJ/mol) is extended to GlyGly-
GlyGly (261 kJ/mol). Further, it is noteworthy that the
sequential elongation Gly — GlyGly — GlyGlyGly —
GlyGlyGlyGly brings upon affinity increases of 42, 34,
and 24 kJ/mol after addition of the second, third, and
fourth glycyl residue, respectively; this trend is dupli-
cated for Ala to AlaAlaAlaAla. Hence, as the size of
peptides increases, the sodium ion affinities increase
with a gradually decreased increment.

The four pairs of isomeric dipeptides, GlyAla and

J Am Soc Mass Spectrom 2007, 18, 541-552

AlaGly, GlyPhe and PheGly, AlaTrp and TrpAla, and
GlyHis and HisGly were chosen to unveil the effect of
sequence. Table 2 shows that except for the GlyAla/
AlaGly pair (A(AHy,) = —2 kJ/mol), the higher sodium
ion affinity is observed for the peptide with the larger
side chain at the N terminus rather than at the C
terminus. Since the detachment of a peptide from the
heterodimer complex cleaves an electrostatic bond, any
side chain that increases the electron density of the
coordination site(s) will enhance the binding energy of
the peptide to the metal ion, but to a different extent at
the N and C-terminal ends. The sodium ion affinities of
GlyPhe, AlaTrp, and GlyHis are smaller than those of
PheGly, TrpAla, and HisGly by 7, 3, and 12 kJ/mol,
respectively, indicating that the electron density around
Na™ is raised less if a functional side chain, which also
is a potential binding site, resides at the C-terminal
residue.

In both HisGly and GlyHis, there are three hydrogen
bonds and in both sodium ion complexes, there is only
one, due to the peptide restructuration by Na™ (see
Figure 6). As described above, the deformation energy
required for the free peptide to reach its geometry in the
complex is much smaller for HisGly than for GlyHis,
leading to a larger Na ™ affinity for HisGly. This may be
due to the H bond networks in the free peptides, which
lead to both C=0 groups having similar orientations in
HisGly (therefore nearly prepared for simultaneous
binding to Na ™), but not in GlyHis. It is conceivable that
this effect is operative in many dipeptides involving
one functional side chain able to bind strongly to
sodium. If so, the stronger ligand of the two isomeric
dipeptides is the one with this side chain at the N
terminus.

To foresee what may be encountered in the determi-
nation of the sodium ion affinities of larger peptides,
calculations were carried out on the heterodimer Ala-
AlaAla-Na"-GlyGlyGly. Starting from a structure with
all six carbonyl oxygens bound to Na™, the best geom-
etry involved hydrogen bonding between the peptides,
with only four oxygens as sodium ligands (two from
each peptide). This comes as no surprise since our
studies on the Na® complexes of larger peptides
showed that with six residues or more, only four or five
oxygens are bound to Na™* [56]. Thus starting with
tripeptides, likely Na'-peptide binding in a dimer
involves a different structure than in the monomer.
Although this must change the associated binding en-
ergy, our present results show that it does not change
the binding energy difference in any significant manner,
presumably because the heterodimers of tri- and tet-
rapeptides studied herein involve very similar peptides
made of Gly and Ala only. Note that if formed, the
capped structure found for AlaAlaAlaAla is less
crowded around Na™ and should therefore be easily
compatible with another peptide bound to the sodium
ion. For larger peptides, and when various side chains
are involved, it is not clear how far the kinetic method
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will remain valid for the accurate determination of
sodium-peptide energetics.

Conclusions

We have used the kinetic method to evaluate the
relative Na™ affinities of nineteen simple di-, tri-, and
tetrapeptides, based on the dissociations of Pep;—Na ™~
Pep, heterodimers. The sodium ion affinity of GlyGly
(203 kJ/mol) [22] served as an anchor to deduce the
absolute affinities of these peptides. High level ab initio
theory has been used to predict the sodium ion affinities
of AlaAla, GlyGlyGly, GlyHis, AlaAlaAla, HisGly,
GlyGlyGlyGly, and AlaAlaAlaAla. Experimental and
theoretical results are in very good agreement. With the
Na"-binding energy range sampled (68.8 k] /mol), a T
of 362 K for the dissociating complexes yields experi-
mental Na' affinities that agree excellently with the
theoretical predictions.

Increasing the size of the peptides increases the
sodium ion affinities dramatically. This study provides
the sodium ion affinities of GlyGlyGly and GlyGly-
GlyGly and several simple di- and tripeptides for the
first time so that the augmentation in sodium ion
affinity upon addition of various types of residues can
be assessed. The increases in the sodium ion affinity on
going from Gly to GlyGly to GlyGlyGly to GlyGly-
GlyGly are 42, 34, and 24 kJ/mol, respectively. A
parallel trend is observed for alanine and the analogous
alanine oligomers. Given this behavior, the increase in
Na™ affinity on going from GlyGlyGlyGly to GlyGlyGly-
GlyGly can be expected to be less than 24 k] /mol, even
though calculations predict that all five carbonyl oxy-
gens are bound to Na* in the latter case [56]. In general,
an electron-donating group in the side chain increases
the binding affinity of the peptide to the metal ion and,
with dipeptides, this effect is more pronounced when
the side chain is located at an N terminal position.
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