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Abstract

Na'-bound heterodimers of amino acids (AA) are produced in the gas phase by electrospray ionization (ESI). The diss
ciation kinetics of these AA-Na"™—AA ions are determined by collisionally activated dissociation (CAD) and converted to
a ladder of relative Nh affinities via the Cooks kinetic method. The affinities derived follow the order (k3'hotlative
to Gly): Gly (0), Ala (6), Val (12), Leu (13), Cys (14), lle (15), Ser (31), Pro (35), Thr (36), Phe (37), Tyr (40), Asp (42),
Glu (43), Asn (45), Trp (49), GIn (51), His (57). Absolute N&inding energies are estimated by anchoring the relative
values to the N4 affinity of Ala (167 kJmot?), measured by the same approach using4daund dimers of Ala and a
series of acetamide derivatives. The*Nainding energies of the acetamide reference bases and of representative aliphatic
and side-chain functionalized amino acids (Gly, Ala, Pro, Cys and Ser) are determined by ab initio theory. Experimental ar
ab initio affinities agree very well. The combined data show that functional side chains increase the'Aderdastrength
by providing an extra ligand to the metal ion. Aromatic and carbonyl substituents in the side chain bring about substanti
increases in the Nabinding energy, with particularly large increments observed for amide and electron-rich (N-containing)
aromatic groups. A poor correlation is found between sodium ion and proton affinities, strongly suggesting thdt the Na
complexes do not have salt-bridge structures involving zwitterionic amino acids (in which the most basic site is protonatec
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction regulatory and structural functions. For a better un-
derstanding of these interactions, information about
Sodium ion is one of the most abundant metal ions the intrinsic binding modes of Nato appropriate,
in biological systems, where it is involved in a variety  simple model systems is necessary. The present study
of processes, including osmotic balance, the stabiliza- addresses this subject by using the kinetic method de-
tion of biomolecular conformations and information Ve|oped by Cooks and Coworkei§,6] to determine

transfer via ion pumps and ion channgls-4]. Na* the thus far largely unknown relative Naaffinities

interacts with peptides and proteins to perform such of o-amino acids, the building blocks of peptides and
C ding author. Tekt1-330-972-7699 proteins.
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alanine (Ala), proline (Pro), serine (Ser), cysteine
(Cys), phenylalanine (Phe), tyrosine (Tyr), trypto-
phan (Trp) and arginine (Arg) have been examined
by ab initio and/or density functional theofy—20].
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agreement with predictions by DFT calculations but
the relative affinity between Phe (17f)7] and the
value reported by Bojesen et al. for Ala (165 kJ mio|
[21] was markedly smaller than the increment in-

These investigations showed that the most stable dicated by theory (31kJmol) [16,17] Gapeev

[AA + NaJ* isomers generally result from charge
solvation of N& by the carbonyl oxygen, amine ni-
trogen and, if present, side-chain functional group
of AA. Pro (a secondary amino acid) deviates from
this behavior, favoring the formation of a salt bridge,
in which Na" is bound between the O atoms of the
carboxylate group, while carboxylate and ammonium
centers interact through a hydrogen bofic,20]
With amino acids other than Pro, such zwitterionic

and Dunbar reexamined the thermochemistry of the

Ala—Na"™ and Phe—N& bonds via ligand-exchange

equilibrium measurements and anchored these affini-

ties to the well-known N& affinity of pyridine, which

led to AHxgg values of 159 and 188 kJ mdl for Ala

and Phe, respectivel23]. The relative or absolute

energetics of other AA—Nabonds remain unknown.
Concerning the structures of [AA- NaJt com-

plexes, ion mobility experiments on sodiated glycine

geometries lie higher in energy than charge-solvated and methylated analogs were unable to distinguish
geometries, except for Arg, where both types of'Na  between charge-solvated and zwitterionic structures,
complexation have approximately equal energetics both of which are predicted to have nearly iden-

[14]. Based on the computational studies reported
thus far, Nd affinities increase from aliphatic to

tical collision cross section$l5]. Insight on this
topic was provided by the dissociation character-

side-chain functionalized amino acids because of the istics of Na -bound dimers of fifteeru- and two

extra ligand provided by the side chdit,16,17,20]
Within aliphatic [AA + NaJt complexes, the Na
binding energy is augmented with increasing sub-
stituent size at the-carbon and whenever salt bridges
can be formed (e.g., with Pr¢}5,18,20]

Limited experimental data are available about the
binding energy of N&a to amino acids. In an early
study, Bojesen et al. used the Cooks kinetic method
to deduce the order of Naaffinities of the com-
mona-amino acids based on the dissociation kinetics
of Nat-bound heterodimers AA-Nar—AA,, where
AA1 and AAy represent two different amino acids
[21]. Actual Na" affinities were given only for Gly,
Val, sarcosineN-methyl glycine), glycine methylester
anda-aminobutyric acid based on their relative affini-
ties vs. Ala, whose Nabinding energy was estimated
at 75% of the Ala—LT bond energy. A later study
by Kebarle and coworkers determined the absolute
sodium ion affinity AHagg) of Gly by threshold
collision-induced dissociation (153kJmd) [22].
More recently, a kinetic method investigation by
Cerda and coworkers derived the Naffinities of
Phe (174), Tyr (175) and Trp (180 kJ mé) [17]. The
increments between Phe, Tyr, and Trp were in fair

B-amino acids and the corresponding methyl esters,
AA-Nat—AAOCHjz, which revealed the Na affin-

ity order AA < AAOCHg3 for the examined amino
acids besides Prf20,24] These trends corroborated
the computational prediction that most AA molecules
bind sodium ion via charge solvation (i.e., with the
AA ligand as a free acid), except for Pro which binds
Na® with its zwitterionic form in a salt bridge ar-
rangemenf10,13,16,20] Since AA methyl esters are
incapable of forming zwitterions but are more basic
than AA due to the electron-donating properties of
the methyl groud25], a Na~ affinity increase from
AA to AAOCH3 is indicative of charge solvation in
the [AA + NaJ* complex [20,24] Conversely, the
Nat affinity decrease from Pro to ProOGHs diag-
nostic of a salt bridge in [Pre NaJ*; the salt bridge

is disabled in [ProOMet NaJ*, thereby removing
attractive ionic interactions, which in turn lowers the
Na' binding energy[20,24]

The computational and experimental studies de-
scribed clearly show that knowledge of the energetics
of the AA—-Na* bonds renders not only fundamental
thermochemical information but also structural in-
formation about the [AA+ Na]* complexes. In this
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investigation, we combine experimental and quantum and the RF amplitudeVp_p) was adjusted within
chemistry methods to determine the energetics of 0.55 4+ 0.17V to optimize the fragment ion yield.
Na™ binding to seventeen commam-amino acids, Thirty scans were averaged per spectrum and the
in order to evaluate the dependence of binding en- experiments were replicated 2—3 times to determine
ergy on the side-chain substituents. Relative affini- the standard deviation of relative abundances. An
ties are measured by applying the kinetic method to analogous procedure was followed for the acquisition
AA—Na"—AA, heterodimers produced by electro- of the CAD spectra of Ala—N&-B; (Bj = aliphatic
spray ionization (ESIJ26,27] The relative scale is  amides), which were measured at four distinct col-
anchored to the Na affinity of Ala, which is rein- lision energies, corresponding g, , amplitudes
vestigated by using Nabound dimers of Ala and of 0.4, 0.5, 0.6 and 0.7 V. The amino acids, amides,
a series of acetamides as reference bases. THe Na solvents and sodium trifluoroacetate were purchased
binding energies of the acetamides are establishedfrom Sigma or Aldrich (Milwaukee, WI) and were
by ab initio theory. New N& binding energies of  used in the condition received.

selected amino acids (Gly, Ala, Pro, Cys and Ser) are

also calculated at the ab initio level for comparison 2.2. Kinetic method

with and evaluation of the experimental results.

AA1—Na' + AA,£LAA —Nat—AA,-2 AA
2. Methods +Nat-AA; (1)

2.1. Experimental n (kl) B _[AGT — AG;F]

All experiments were performed with a Bruker ka Ret

Esquire-LC ion trap mass spectrometer (Billerica, _ [AST—ASE] [AHE—AHE] 5
MA) equipped with an ESI ion source. The ESI sol- o R B RTef 2)
vent used was a 2:1 mixture of water and methanol.
. Nt .
For the forr_natlon_of AA Na_ AA? dimers, 1 mg ky [ASﬁgp(AAl) . Asﬁgp(AAz)]
each of amino acid and sodium trifluoroacetate was In( — | = — R
dissolved in 1mL of solvent. The solutions were
A Hna(AA1) — AHna(AA
combined in the ratio AAAA:salt= 1:1:0.75 and + Na(AAL) Na(AA2)
the resulting mixture was introduced into the ion A(A Sa)2PP
source at the rate of 240-3pQ/h by means of a = _+
syringe pump. The entrance of the sampling capillary,
yringe pump pling capiiary. AHna(AA1) — AHNa(AA2)
which is orthogonal to the grounded spraying needle, +
was set at—4kV. Nitrogen was used as the nebu- Reft
- . . . AHna(AA1) — AHna(AA
lizing gas (10 psi) and drying gas (8 L/min, 18D). ~ AHNa( lI)RT Na(AA2) ©)
eff

Collisionally activated dissociation (CAD) tandem
mass spectra of AA-Na"—AA, were measured by The CAD spectra of AA-Na"—AA, show dom-
isolating the heterodimer ions and exciting them to inant fragment ions arising from dissociation of the
fragment with a radiofrequency (RF) that was reso- heterodimer into the individual metalated monomers,
nant with their frequency of motion in the trdp8]. Eq. (1) The abundance ratio of the AANa" and
The precursor ions absorb energy and are acceleratedNa™AA, peaks in a given spectrum represents an
in this process, thus undergoing CAD with the He approximate measure of the rate constant ratio of the
buffer gas in the trap. The excitation time was 40ms dissociations leading to these fragment iokgko.
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This assumption presupposes that other competingand specific structural features, especially in kinetic
pathways and mass discrimination effects are negli- method studies where the actual temperature of the

gible. Based on the thermodynamic formulation of
transition state theor{29], the natural logarithm of
ki/ko is a function of the relative free energy of ac-
tivation of the two competing dissociations of the
heterodimer, as shown Bq. (2) whereR s the ideal
gas constant andles is the effective temperature of
the dissociating dimer ionf30]. The free energies

ions under study is poorly defing8,6,30]

The examination of AA-Na"—AA, dimers pro-
vides relative affinities. AbsolutAH data can also be
obtained if the relative values are anchored to an amino
acid of known N& binding energy. The anchoringH
value can be determined by the same procedure, from
the dissociation kinetics of heterodimers AA-NB;

encompass the enthalpy and entropy componentsthat are composed of the anchor (AA) and reference

included inEqg. (2) The unimolecular reactions of
Eqg. (1)involve cleavages of electrostatic bonds, which

bases of well established affinity B This approach
has successfully been used in the measurement of pro-

generally proceed without appreciable reverse activa- ton [38,39], Cu™ [40—-42] and Agh [43] affinities of

tion energy[21,22,31-34] In such cases, the relative
enthalpy of activation becomes equivalent to the dif-
ference in binding enthalpies of Ndo AA1 and AAy,

cf. Eq. (3) [the binding enthalpy, also called bind-
ing energy or affinity in this study, is defined as the
enthalpy changeAH, of the reaction [AA-Na —

AA + Na*]. Further, the relative activation entropy
is replaced with an apparent relative entropy of ac-
tivation of the AA—Na"™ and AA—-Na" bonds (for
simplicity, also called apparent relative entropy or dif-
ference in the apparent Nainding entropies of AA
and AAp). The use of an effective temperature and
apparent entropy difference in place of a thermody-

amino acids.
2.3. Calculations

The calculations of binding enthalpies were carried
out following procedures which have been described
and used previously. The geometries of the neutral
ligands and sodiated complexes were determined
by full optimization followed by a vibrational fre-
guency analysis, both at the MP2(full)/6-31&vel,
where “(full)” indicates that there were no electrons
frozen in the MP2 calculations. Final energetics
were obtained at the MP2(full)/6-3315(2d,2p) level

namic temperature and entropy difference reflects the using the MP2/6-31G geometries. Previous work

fact that the Na&-bound dimers have non-Boltzmann
energy distributions and are not in thermal equilib-
rium with their surroundings. Recent studies by Ervin
[35] and ug36] have revealed thak (A S*P) depends
on the identity of the decomposing dimer ion and on
Teff @and can range from-0 to the corresponding ac-
tual (i.e., thermodynamic) entropy differenegAS)

of the AA.—Na" and AA—Na" bonds. If the appar-
ent entropies of Na attachment to AA and AAy
are comparable, which will be shown to be true for
most molecules compared here (vide infi&ag, (3)is
simplified as shown, now linking directly the experi-
mentalki/k- ratios to the relative N affinities of the
amino acids compared in the heterodimers. Affinities,

has shown that Na binding energies of various
small and medium-sized molecules computed at this
level are accurate, probably due to a cancellation of
(small) errorg[13,44] No basis set superposition er-
ror (BSSE) correction was applied to the res(dts].
Zero-point vibrational energies and thermal correc-
tions at 298 K were obtained from the vibrational anal-
ysis and used to derive the 298 K binding enthalpies
reported. Binding entropies were also obtained at
the MP2(full)/6-31G level. All calculations used
five-componend sets and seven-compondrgets.

The above procedure reproduces our previous cal-
culations for Gly[10], Ala [20], Ser, Cys and Pro
[13], except for two differences: (a) the present results

which are much less dependent on temperature thanreplace HF/6-31G with MP2(full)/6-31G* geome-

free energieg37], are more suitable for establish-
ing correlations between intrinsic thermochemistry

tries and vibrational frequencies, which leads to very
minor changes on the computed binding enthalpies;
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(b) no BSSE correction is applied, leading to binding
enthalpies which are larger than the ones corrected
by the full counterpoise method by 8-12kJ mbl
depending on whether sodium ion complexation is
mono-, bi- or tri-dentate. The accuracy of this compu-
tational level was checked by comparing the binding
enthalpies resulting for the Nacomplexes of ac-
etamide and serine to those obtained at higher levels
of theory. With both complexes, the basis set for final
energetics was extended to aug-cc-pVTZ for H, C, N
and O and aug-cc-pCVTZ for Nd6]. For acetamide,
the geometry was optimized at the MP2/6+33*
level, and final energetics led to an enthalpy of bind-
ing to Na© of 158.2kJ mot?, i.e., 3kIJmot?! higher
than the MP2/6-31+G(2d, 2p)//IMP2/6-316G value.

For serine, the MP2/6-31Ggeometry was retained,
and the improved level yielded a correction of only
—1kJmof ! on the final enthalpy. These results indi-
cate that the level used provides satisfactory accuracy
without the need for BSSE corrections. Typical ac-
curacies of the calculated values aré kJ mot-?! for
AHna and £8Jmol 1K1 for ASya. All computa-
tions were carried out using the Gaussian 98 program
packagg47].

3. Results and discussion

3.1. Na affinity order of amino acids

The CAD spectra of more than fifty AANa—AA,
heterodimers were evaluated; ca. thirty of them exhib-

ited acceptable signal:noise ratio and detectable abun-

dances for both sodiated monomers, i.e.,1ANat
and Na—AA,. Two representative spectra, corre-
sponding to Gly—N&-Ala and Ala-Nd-Val, are
depicted inFig. 1 Most dimer precursor ions undergo
only the competitive decompositions leading to the
metalated monomers (as thosé-ig. 1). A few dimers
produce additional, minor products upon CAD, in-
volving the loss of HO (from Ala-Na —lle and
GIn—Na"—His), NHz (Asp—Na"—Tyr, GIn—-Na"—His,
Glu—Na—Tyr and GIn-Na-Trp), CG (Asn—-Na —
GIn) and COrH20 (Asp—Na —Tyr and Glu-Na—Tyr).

513
Ala-Na’
(a)
G'y"\ia Gly-Na-Ala
30 60 100 140 180 miz
Val-Na*
(b)
Ala-Ta* AIa-Nla*-VaI
50 100 150 200 250 300 m/z

Fig. 1. CAD mass spectra of (a) Gly—NaAla (m/z 187) and (b)
Ala—Na"—Val (m/z 229) heterodimers.

The minor fragments suggest that CAD induces con-
densation reactions in a small population of AA
Nat—AA,, especially when side-chain functionalized
amino acids are present. The relative abundances of
the minor fragments are very sensitive to ESI and
activation conditions, in contrast to the abundance
ratio of AA;—Nat vs. Na"—AA», which is much less
dependent on these variables and quite reproducible
even within months (see below for standard devia-
tions); hence, the minor CAD products do not influ-
ence significantly the Ikg/k>) values from which the
relative Na affinities are derived.

A peculiar fragmentation pattern is observed in
the CAD spectrum of the Ser—NaMet heterodimer
(Fig. 2). In addition to the expected sodiated mono-
mers, which appear at/z 128 and 172, respectively,
this spectrum contains an abundant peaknéat 150
(basepeak), nominally corresponding to protonated
methionine, i.e., Met-H, and/or the N& adduct of
the sodium salt of serine, i.e., [SerH 4 Na]-Na'.

The MS/MS/MS spectruni28] of m/z 150 is consis-
tent with the latter composition and differs substan-
tially from the reference CAD spectrum of protonated
methionine (not shown). Based on these experiments,
them/z 150 fragment ion irFig. 2 consists entirely of
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150 In(Ku/Key)
0 A Gly
172 3.46 1.65
277 1.65+0.10 —¢ Ala
128 1.92
3.52 £0.20 Y Val
140 160 180 200 220 240 260 280 m/z 2.62 0.67 0.37
_ _ 3.89+0.21 C Leu
Fig. 2. CAD mass spectrum gf Met—NaSer he_terqdlmer_n(Vz 077 011
277). Them/z 150 fragment indicates contamination with the v v
isobaric N&-bound homodimer of the sodium salt of serine, 4.10+0.21 A Cys
[Ser— H + Na]-Na —[Ser— H + Na]" (see text). 4.88 [0.23
430+022—Y—Y¥ X lle
4.71
[Ser— H + Na]-Na", which indicates contamination 8.89+0.22 — L ¥ Ser
of the Ser—N&-Met precursor ion by the isobaric 1.97 1.63
homodimer [Ser- H + Na]-Na"—[Ser— H + Nal]. 10.52 +0.23 a3 Thr
The described problem, compounded by the fact that 0.36
Met could only be paired with Ser under the ESI 10.87+0.28 N 107 Phe
conditions employed, prevented us from assessing the 163 |
relative Na affinity of Met. 11.59 +0.25—¢ y'y X Tyr
A sufficient number of AA-Na"—AA, dimers 2.26 1l "0-51
gave rise to useable CAD spectra, allowing for the 12.13+0.24 ” s Asp
construction of a Na affinity ladder for sixteen of ' v v
the twenty commonx-amino acids. The ladder is 12.47+0.24 7 Y Glu
presented in stair-step form Fg. 3. The amino acid i 0.50
pairs compared in Nabound dimers are connected 12.99£0.27 4 el
by arrows, at which the corresponding kifkz) ra- 1.71
tios are labeledk; was assigned to the dissociation 14.1520.57 F TP
yielding the more abundant sodiated monomer, in v ,,0'55
. . o . 14.70+0.35 GIn
order to obtain consistently positive ka(ko) ratios. 4
From the individual, experimental lkf/k,) data, av- ,,2'02 .
16.72+0.37 His

erage cumulative Iikaa /kgly) values were calculated
through a least-squares procedure; these are includecFig. 3. Lnku/ky) ladder for Na-bound amino acid dimers,
; ; ot —Na"—AA;. The ki/k; ratios were calculated from the abun-
in Fig. 3and enable a quantitative assessment of the AA1-Na ~AA2 vko
i 9 L q . ) . . dances of AA-Na* and AA,—Na' in CAD spectra. The AAAA
Na b'nd'ng energy of any given amino acid relative pairs of the dimers investigated are connected by arrows. The data
to glycine. Based on the reproducibility of relative presented under the headingkgf /kgy) are average cumulative
abundances in the CAD spectra the absolute errorsvalues relative to Gly and include the numbers in parenthesis give
L . - . the compounded error limits resulting from the reproducibility of
O]f 'nde_ual In(kl/kZ) values lie within 010 i 0.10; relative abundances. The ladder does not include the/kaj val-
Fig. 3 gives the convoluted errors resulting upon ues of Lys—Na—Trp (102-:0.10) and Arg—Nd—His (1850.10)
buildup of the Inkaa/kgly) scale. which are subject to entropy effects and provide only lower limits
. . for Lys and Arg; the resulting cumulative kxa/kgly) values are
Several AA molecules could.b.e palreq with more 51517+ 0.38 and >1857+ 0.38, respectively.
than one AA. In these cases, it is possible to reach
a certain Inky/kp) ratio via different routes. We gen-

erally find very good agreement betweenkiriky)
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data obtained in one vs. several steps. For example, IN(Kan/Key)

In(kje/kala) measured directly (82 + 0.05) agrees 8.89+0.22 = Ser
within experimental error (cfFig. 3) with the value 1.63 |1.16
calculated by summing lfe/kvar) and Invai/kaia), 10204028 ———— Pro
viz. 2.69(+0.06) = 0.77(%0.04) +1.92(40.04). Sim- 266 ' 0.44
ilarly, the direct comparison of Asp and Thr renders 10.52 +0.23 - 4 Thr
1.63 (@0.10), which is in accord with the cumula- 078 |1.07

tive In(kasp/kthr) of 1.58 (0.10) obtained by com- 11.59 +0.25 4 + Tyr
paring first Tyr to Thr (107 £ 0.10) and then Asp 1.81 0.51

to Tyr (0.51 4 0.03). The largest discrepancy in the 12.13+0.24 h 4 Asp
In(k1/k2) scale ofFig. 3 is found for the ranking of 1.41

Glu vis & vis Thr, with the Glu—N&-Thr dimer lead- 12.99 +0.27 —X. A 4 Asn

ing to 2.26 0.06) but the stepwise comparison via _ o
Fig. 4. Lnkai/kz) ladder for N&-bound amino acid dimers com-

Glu_Na+_Tyr (0.57+0.02) and Tyr_Né:_Thr (107+ posed of Pro and Ser, Thr, Tyr, Asp, or Asn. The data presented
0.10) to 1.64 £0.10); nonetheless, both these values under the heading Ikga /kgly) are average cumulative values rel-

place Glu between Asp and Asn and their difference ative to Gly and include the compounded error limits resulting

. from the reproducibility of relative abundances. The dashed ar-
adds an uncertainty of Only ca. 1-2kmbito the row identifies the AA—Na"—AA, dimer whose Iy /kp) value is

relative Na affinity of Glu (vide infra). inconsistent (see text).

Previous computational and experimental stud-
ies indicated that the amino acids listed Hig. 3
preferentially form charge-solvated complexes with entropy effects. It is difficult to discern, however, why
Na' [10-14,16-2Q] Pro, which was not included in  such effects are not duplicated with other Pro contain-
the ladder ofFig. 3, is an exception, binding Na ing heterodimers. An alternative explanation could be
differently, viz. through a salt bridgf3,20] In or- that the Tyr—Na—Pro dimer produced upon ESI has
der to inquire whether this structural change would a distinct structure, that is not formed when Pro is
cause Pro-N&-AA dimers to produce inconsis- paired with other amino acids. Unfortunately, no hints
tent Inki/kz) data, we compared Pro to five amino on this scenario are provided by the CAD spectra,
acids (Ser, Thr, Tyr, Asp and Asn), and the resulting in all of which the sodiated monomers are the only
In(ki/k2) ladder is displayed separately fiig. 4. The significant fragments. For an appraisal of the™Na
Pro dimers with Ser, Thr, Asp and Asn invariably set affinity of Pro relative to Gly, the deviating dimer was
the Na" affinity of Pro between those of Ser and Thr. excluded. The four remaining dimers yield an average
There is very good agreement between cumulative cumulative Inkpro/kgly) value of 1020+ 0.28 (Fig. 4)
and added sequential ka(kz) values in these cases; and the order Sex Pro < Thr. Inclusion of the out-
for example, Itkasn/kpro) = 2.66 (:0.20) matches  lying result does not affect this order and results in a
within experimental error the sum of (lrnr/ kpro) + very similar value for Inkpro/kgly) of 10.324 0.28.
In(ktyr/kthr) + In(kasn/ktyr) = 0.44(£0.04) + Thirteen of the seventeen amino acids listed in
1.07(£0.10) + 1.41(4+0.12) = 2.92(+0.16). In con- Figs. 3 and 4could be examined in at least three
trast, the dimer of Pro and Tyr suggests that thé Na and up to six heterodimers. The overall acceptable
affinity of Pro lies between those of Thr and Tyr and self-consistency of the experimental data in these
the respective Iikyr/kpro) ratio (0.78 & 0.08) differs cases lends support to the assumption that the ma-
markedly from the one predicted by combining the ra- jority of amino acids have comparable apparent Na
tios of the Thr/Pro and Tyr/Thr pairs:44(+0.04) + binding entropies and that the apparent relative en-
1.07(£0.10) = 1.51(40.11). The conflicting behav-  tropy of the bonds compared in AANa—AA; is
ior of the Tyr—Na—Pro dimer could originate from  negligible, for appreciable apparent relative entropies
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tend to be non-additive and cause severe dispari-ties (AH2gg) were calculated by ab initio theory; we
ties between one-step and cumulativek{fi{z) ratios did not utilize existing experimental data, assessed via

[35,36,40,43]

With the amino acids Lys and Arg, the only dimers
that gave acceptable CAD spectra were LystNEp
and Arg—Na—His. The corresponding Ik{/ky) val-
ues (seeFig. 3) convey the Na affinity order Trp<
GIn < Lys < His < Arg and place Lys and Arg
at 1517 + 0.38 and 187 + 0.38, respectively, in
the cumulative Iriy/ko) scale vs. glycine. The basic
side-chain substituents of Lys and Arg most likely par-
ticipate in the coordination of metal ions, as shown by
theory for the [Argt- NaJt complex[14]. Because the
side chains of Lys and Arg are much longer than those
of other functionalized amino acids, the Nainding

entropies of Lys and Arg are expected to be substan-

tially higher compared to those of other AA molecules;

threshold collision-induced dissociatif22], because
these vary over a wide range depending on the param-
eters selected to correct for kinetic shifi@ble J).

k
In (L'a)
ke,

_ AHna(Ala) — Teff A(ASN2)*PP

RTeff
A Hna(Bi
_ RI\_II?( i) (4)
eff

slope= ———— 5
p R (5)

x-intercept= A Hya(Ala) — Tet A(ASna)?PP
~ AHya(Ala) (6)

The study of Ala—N&-B; provides bothTes as

such a trend has been reported for the copper(l) andel| as the absolute Naaffinity (AHNa) of alanine,

silver ion complexes of Lys and Argl0,42,43] The
unequal entropies of the metal ion-ligand bonds in
Lys—Na—AA and Arg—Na&-AA dimers can cause
considerable differences in the apparent Neénding
entropies of Lys vs. AA or Arg vs. AA, leading to
underestimated relative affinities for Lys and Arg (be-
cause the experiment probA& = AH — Te AS?PP,

cf. Eqg. (3) [35,36). The cumulative I ys/kgiy) and
In(karg/Kly) values quoted above should, therefore, be
regarded as lower limits of the Niabinding energies
(AH) of lysine and arginine relative to glycine.

3.2. Relative affinities anchored to Ala—Na

Conversion of the Irki/ko) ladders ofFigs. 3 and 4
to a scale of relative Naaffinities in kJ mot! neces-
sitates knowledge of the effective temperatuFes|
of the AA;—Nar—AA, dimers at the activation condi-
tions used. This can be achieved by the examination
of AA—Na™—B; dimers composed of a suitable amino
acid and a series of chemically similar reference
bases of known N& affinity (Bj). The B set must
form dimers with AA, which dissociate to yield both
AA-Na™ and Na—B;. These requirements could be
met with the Na'-bound dimers of Ala and the three
aliphatic amides listed iable 1, whose Na affini-

which then can be used to anchor the relative affini-
ties of the other amino acids. Application Bfy. (3)

to Ala—Na"—B; heterodimers results inteq. (4) The
kala/kp, ratios are determined from the CAD spectra
of Ala—Nat—B;, which were measured at four differ-
ent collision energies, corresponding to four differ-
ent effective temperaturg86,48] The spectrum of
Ala—Nar—CH;CONHCH; obtained with a resonance
excitation amplitude \(_p) of 0.5V is depicted in
Fig. 5. A plot of the Inkala/ks; ) ratios at each collision
energy againsthHna(B;) yields four regression lines,
such as the one shownfiig. 6, which refers to &p_p

of 0.5V. The slopeEq. (5) andx-intercept,Eq. (6)

Ala-Na’-MA

Ala-Na”

MA-Na*

|

100 120 140 160 180 m/z

60 80

Fig. 5. CAD mass spectrum of the Néound dimer of alanine
and N-methylacetamide (MA), Ala-Na-MA (m/z 185).
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Nat affinities (in kJ mot?) and complexation entropies (in JméIK 1) of the reference bases;{Rused in the determination of the Na

affinity of alanine

Bi AHna (298K)

(MP2(full)/6-311+G(2d,2p)//

AHna (298K) (Exp?) ASva (298K)

(MP2/6-31G)

MP2/6-31G)
CH3CONH, acetamide 155.6 145.2, 145.2, 145.2 102.5
CH3CONHCH; N-methylacetamide 164°4, 165.3¢ 163.2, 141.0, 149.4 107590.8
CH3CON(CHs)2 N,N-dimethylacetamide 168.6 195.4, 147.3, 156.9 86.6

aUsing threshold collision-induced dissociatif#2]. The first number is uncorrected for kinetic shifts10 kJ mot). The second and
third numbers result after correcting for kinetic shifts with a different value of the two lowest frequencies of the transition state.

b Amide methyl group pointing toward or away from Na

¢The mean value of 164.9 kJ mdl was used for plots according q. (4)

of the regression line ifrig. 6 and the lines obtained
similarly at the other collision energies are summa-
rized in Table 2 These slopes and intercepts provide
information aboufTe and AHng(Ala), respectively.

It is evident fromTable 2 that the x-intercepts do
not change appreciably withef (i.e., with the colli-
sion energy). Thus, it appears that the differences in
the apparent entropies of Nébinding for these sys-

In(Kyo/ks)

-1

T T T T T T T
154 156 158 160 162 164 166 168 170
AH,.(B) (kJ/mol)

Fig. 6. Plot of Inkaa/ks;) VvS. AHna(Bj) for heterodimers
Ala-Na"—B;; B; is the set of aliphatic amides listed Table 1 The
Kaia’kg; ratios were calculated from the abundances of Ala-Na
and B-Na' in CAD spectra of Ala—N&-B; (Vp—p = 0.5V). The
relationship between Infl/kg;) and AHna(B;) is given inEq. (4)
the correlation coefficient of the regression limé)(is 0.999.

tems (i.e.,A(ASya)®"P) are quite small. Under these
conditions, thex-intercepts directly provide the Na
affinity of alanine according tdeq. (6) The value
derived, AHna(Ala) = 1668kJmol L, is based on
the 298K affinities of B (Table 1 and, hence, also
corresponds to a 298 K affinity; it is assigned an error
of £5kJmot !, mainly reflecting the uncertainty in
AHNa(Bi)-

It is worth noting that the average thermody-
namic entropy of the B-Na" bonds,A Sna(Bi)avg =
97 + 10JmoltK~1 (Table 1), is distinct from
the thermodynamic entropy of the Ala—Nabond
(117 ImottK—1 [20]). As mentioned earlier, the ex-
periment probes the apparent quantityA Sy,)2°F,
not the actual A(ASya) difference. Generally,
A(AS)BPP ~ 0 if A(AS) ~ 0[35,36] On the other
hand, our result with the Ala—NaB; dimers and
other studieg35,36] have demonstrated that a negli-
gible or very smallA(AS)#PPmay correspond to a siz-
able A(AS); consequently, apparent relative entropies
from kinetic method experiments should not be used
to determine absolute thermodynamic entropy data.

The average collision energy¥{_p) in the CAD
experiments of Ala-N&-B;j, 0.55 4+ 0.13V, is very
similar with that used for CAD of the AA-Na"—AA»
heterodimers (5 + 0.17 V). Collision energies de-
termine the internal energy deposited into the dimer
ions. The effective temperature gauges the latter en-
ergy, but also depends on experimental conditions
[30,49,50] since the CAD spectra of Ala—NaB;
and AA.—Na—AA, were acquired under constant
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Effective temperatureles, of Ala—Na—B; dimers activated at different collision energies, and sodium ion affinity of alanikip,(Ala),

deduced from CAD of Ala—N&-B; according toEq. (4)

Collision energy,Vp_p (V)2

0.4 0.5 0.6 0.7
Slope ofEq. (4) —0.318 (0.022) —0.309 (0.003) —0.291 (0.002) —0.247 (0.025)
Tert from Eq. (5) (K)© 378 389 413 487
x-Intercept ofEq. (4f 166.4 (0.4) 166.5 (0.1) 167.4 (0.1) 166.9 (0.7)

AHna(Ala) from Eq. (6) (kJ mot1)

Mean value ofx-intercept= 166.8

aThe linear correlation coefficients?) of the regression lines are 0.995 (0.4 V), 0.999 (0.5V), 0.999 (0.6 V) and 0.990 (0.7 V).

bThe numbers in parentheses give standard deviations.

¢The mean value of the four slopes, 0.291 (0.032), corresponds to a mean effective temperature of 413 (45) K.

experimental conditions,Ter of AA;—Na —AA,
should lie within the range of effective temperatures
measured for Ala—Na-B;, which is 413+ 45K (cf.
Table 2. This value was utilized to calculate via
Eg. (3)the Na" affinities of amino acids relative to
Gly, A Hna(AA)—A Hna(Gly) = A(AHya), from the
cumulative Ink;/kp) ratios discussed in the previous
section and included iRigs. 3 and 4Gly was chosen
as the reference point of relative affinities because
it is the AA with the smallest N& binding energy.
The ensuing scale is presented Table 3 which
also contains the absolute Naaffinities obtained
by anchoring the relative values ta Hya(Ala) =
1668kJImol?t. The uncertainty inTes (£45K)
and abundance ratios (less or equal thaB.37 in
In(k1/k2) units, cf. Figs. 3-3 introduce an error of
+1-6kJmot? in the relative Nd affinities (average
error =4 kI molY); this error mainly originates from
the uncertainty iMef, which uniformly affects all rel-
ative affinities and does not modify the affinity order.
The error in absolute affinities, which is convoluted
by the added uncertainty inHng(B;), is estimated
at+8kJmol?.

The Na© affinities of Gly, Ala, Pro, Cys and Ser
were also calculated by ab initio method&kle 3.

plexes are thus representative systems of the metal ion
coordination modes possible with AA ligands. In all
five cases the concert between our experimental and ab
initio affinities is very good to excellenTéble 3. The
kinetic method measurements do not reproduce the
theoretically predicted order Cys Pro < Ser (they
suggest Cys< Ser < Pro), but calculated and experi-
mentalAHyna do not disagree beyond their error limits
(+£4 and+8 kdmolL, respectively). Interestingly, the
Na* affinities of Gly, Ala, Phe, Tyr and Trp calculated
by density functional theory using a smaller basis set
and BSSE correctiond 6,17] are very similar to our
high-level MP2 and kinetic method valueEaple 3.

Our AHna(Ala) agrees well with the affinity re-
ported by Bojesen et al. (165kJmd), which is
rather coincidental considering the arbitrary manner
in which the latter value was estimatfgil]; the Na"
affinity of Ala deduced here also is in fair agreement
with a recent value measured by ligand exchange equi-
libria (159 kJmot? [23]). A significant discrepancy
is, however, observed between our new Nfinities
of the aromatic amino acids Phe, Tyr and Trp and older
values from our laboratory, obtained via the kinetic
method with FAB-generated AA—-Nanucleobase
dimers[17]. The new data Table 3 reveal a rel-

As has been mentioned, the lowest-energy structure ofative affinity of 31+ 4kJmol! between Phe and

[Pro+Na]" contains the proline zwitterion (i.e., a salt
bridge)[13,20], while those of the other four [AA-
Na]* ions involve metal ion solvation by the free acid
form of AA in a bidentate (Gly, Ala) or tridentate
(Cys, Ser) fashiorf7—13,15-20] The selected com-

Ala; in contrast, the previous studyl7] reported
9+ 8kJmol?, while an independent investigation of
the relative N& affinity of Ala/Phe via stepwise ligand
exchange equilibria has yielded a difference of429
8kJmot! [23]. On the basis of these comparisons,
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Table 3
Sodium ion affinities of commom-amino acids (AA). Proton affinities and relative copper(l) ion affinities are included for comparison.
All data are in kJmot?

AA A(AHnNg) (this study) AHna (this study) AHna PA2 A(AHc)P
Exp® Expd Calc® Exp. Calc.
Gly 0.0 161 164 159 153 168" 887 0.0
Ala 5.7 167 167 165 159 170" 902 7.1
Val 12.1 173 175 911 15.5
Leu 13.4 175 915 17.2
Cys 14.1 175 180 903 36.0
lle 14.8 176 917 18.0
Ser 30.5 192 200 915 13.0
Pro 35.0 196 195 921 20.1
Thr 36.1 197 923 19.2
Phe 37.3 198 174188 201 923 335
Tyr 39.8 201 175 202 926 34.7
Asp 41.7 203 909 20.9
Glu 42.8 204 913 30.1
Asn 44.6 206 929 28.0
Trp 48.6 210 180 218 949 48.1
GIn 50.5 212 938 41.0
Lys >52.K >213 996 875
His 57.4 219 988 55.6
Arg >63.& >225 1051 96.5
a[25].
b40].

¢Relative N& affinities based orFigs. 3—4(+4 kJ mot1).

d Absolute N& affinities, anchored to the value of Ala-8 kJmot2).

& MP2(full)/6-3114+G(2d,2p)//IMP2/6-31G without BSSE corrections. The Nabinding entropies computed at the MP2/6-31@vel
are (in JmotK-1): Gly, 116; Ala, 117; Cys, 124; Pro, 109; Ser, 123. The uncertainties in the calculated enthalpies and entropies ar
estimated at:4 kI mol! and £8 Jmol! K—1, respectively.

f Using the kinetic method21].

9 Using threshold collision-induced dissociatid@?].

h B3LYP/6-31+G(d) with BSSE correctiong16,17]

i'Using ligand exchange equilibri§23].

I Using the kinetic method17].

K Lower limits due to considerable activation entropies of"Nzinding, see text.

I'with consideration of activation entropies of Cibinding, [42].

it is concluded that absolute and relativeNafinities rather than the ionization technique (FAB vs. ESI)
of the aromatic amino acids were underestimated in causes the underestimation. Perhaps, the rigid and
our FAB-kinetic method experiments. It is noteworthy bulky nucleobase ligands used in the earlier study, viz.
that theAHy4 values of Gly, Ala and Val determined  adenine, cytosine and guanifi&], prevented the for-
here using ESI-generated heterodimers of amino mation of heterodimers (with aromatic amino acids),
acids (161, 167 and 173 kJ md| respectively) match  from which the most stable [AA- Na]t complexes
within experimental error those of Bojesen et al. could be produced upon dissociation. Experiments ex-
who employed FAB-generated heterodimers of amino amining this problem are currently under way in our
acids (159, 165 and 172 kJ md| respectively). The  laboratory.

latter results suggest that the ligand paired with AAin  Our calculations indicate that the entropies offNa
the heterodimer (nucleobases vs. other amino acids)complexation of Gly, Ala, Pro, Cys and Ser are quite
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®
Na

Cs SB-a SB-b

Fig. 7. Charge-solvated_S) and salt-bridged9B-a and SB-b) structures predicted by quantum chemical methods for the ¢¢enplexes
of side-chain functionalized amino acifik3,14,20] X represents a heteroatom-carrying substituent. The most basic site of the amino acid
is the amine group ir8B-a and the X group irSB-b.

similar and that the relative entropies among them are side-chain functionalized amino acid. The isomers
small (see footnote c iffable 3. The corresponding  with salt bridges $B-a and SB-b) have a proton at-
apparent relative entropies, which tend to be smaller tached to the most basic site. If such “protonated”
than thermodynamic relative entropi¢35,36] are structures were probed in our experiments, the sodium
thus negligible, as assumed above and corroboratedion affinities of amino acids should correlate well with
by the self-consistency of one-step and cumulative the corresponding proton affinities (PAL5]. The
In(k1/k2) values in the ladders ofigs. 3—4 From data ofTable 3and the plot ofFig. 8 attest, however,
the seventeen amino acids contained in these laddersthat this is not true. The poor correlation observed is
Gly, Phe, Trp and His could not be examined in at instead consistent with charge solvation as the pre-
least three heterodimers to unequivocally confirm that dominant mode of N& complexation by AA CS)
their apparent N& binding entropies are similar to  [20]. In charge-solvated complexes, bonding results
those of the other AA molecules. The accord between from noncovalent electrostatic interactions, which
our experimentalhHna of Gly, Phe and Trp and the are fundamentally different from the covalent bonds
calculated Na affinities obtained by us (for Gly) or  formed by protons. This difference in AA-NgCS)
others (for Phe and Trpl6,17) strongly suggests vs. AA—H' bonding justifies the lack of a relationship
that the apparent relative entropies of the Gly, Phe between PA and\Hyga.

and Trp heterodimers investigated are indeed negli- The Na" affinities do not correlate with the respec-
gible. Only the apparent Nabinding entropy of His tive Cu™ affinities as well (cfTable 3andFig. 9). This
could not be cross-checked by self-consistency testsresult can be explained by the hard/soft acid/base prin-
or calculations; for this reason, the Naffinity of ciple [51,52] Na' is a hard Lewis acid, while Cu

His reported inTable 3might be underestimated due is a soft Lewis acid. Consequently, the former ion in-
to entropy effects, as explained for Lys and Arg (vide teracts most favorably with hard Lewis bases (such as

supra). hydroxy- and carbonyl-substituted amino acids), while
the latter ion prefers interactions with soft Lewis bases

3.3. Comparison of Nawith HT and Cu" affinity (such as the thiol group of Cy$30]. A further rea-

orders son for the deviating affinity orders of the two metal

ions is that, unlike N& ion, Cu" ion can undergo
Charge-solvated and zwitterionic geometries are s-d hybridization; such hybridization is most effec-
possible for the [AA+ NaJt complexes. Three rel- tive in bidentate complexes, in which the two binding
evant arrangements are illustrated Fig. 7 for a sites attach at 180to the transition metal ioff53].
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Fig. 8. Plot of the sodium ion affinities of amino acidsHna, vs. the corresponding proton affinities, PRable 3. The solid line is a

least-square fit to the data?(= 0.601).
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Fig. 9. Plot of the relative sodium ion affinities of amino acids,
A(AHna), vs. the corresponding copper(l) affinitiea(AHcy)
(Table 3. The solid line is a least-square fit to the data

(2 = 0.609).

Extending an amino acid side chain to accommodate
more easily a 180(i.e., linear) arrangement, should
thus improve Cti affinities much more than Na
affinities; this is substantiated by the affinity increases
from Asp to Glu and from Asn to GIn, which are
markedly larger for Cti than Na (Table 3andFig. 9).

3.4. Side-chain substituent effects

Amino acids with functional side chains generally
bind Na~ more strongly than aliphatic amino acids
(Table 3. The increased Naaffinity of the function-
alized molecules strongly suggests that the side-chain
substituent participates in the coordination of the metal
ion, enhancing the stability of the [AA- Na]™ com-
plex. There are two notable exceptions to this trend.
The bond energy of the [Cys Na]™ complex falls
within the range observed for aliphatic [Af Na]™
complexes, while the Pro—Nigbond energy resembles
those of the markedly stronger Phe=Nand Thr—N&
bonds.
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The low Na" affinity of cysteine can be ratio- where X represents the functional group of the side
nalized by the weak interaction expected between chain; the corresponding complexes have tridentate
the hard Nd& ion (acid) and the soft SH group of structuresCS (Fig. 7), except for Ala itself which
the cysteine side chain (base). Serine, in which the forms a bidentate complex. Based on the relative
side-chain heteroatom is replaced by a much harder Na* affinities between alanine and its functional-

OH site, forms a 17 kJ mof stronger bond with Na
(Table 3. The different N& binding properties of

ized analogs, the increments in overall bond energy
provided by the various Na---X interactions rise

Cys and Ser are reflected by the calculated structuresas follows (numbers give\(AHng) in kd mol1): H

of their Na™ complexeg13]. In both, Na" is bound to

(in Ala; 0) < SH (in Cys; 8)< OH (in Ser; 25)<

the carbonyl, amine and side-chain groups (structure phenyl (in Phe; 31k p-hydroxyphenyl (in Tyr; 34)

CSin Fig. 7). The Na - - - SH bond in [Cys+ Na]J*
(3.0A) is, however, much longer than the Na - OH
bond in [Ser+ Na]t (2.4A); the other two bonds
have very similar lengths in both complexes (all at
2.3-2.4A).

The high ranking of proline in the Na affinity
scale is attributed to the zwitterionic character of the
Pro—-N& bond. Ab initio calculations have revealed
that the high stability of zwitterionic [Pre- NaJ*
originates from the synergism of (a) the higher proton
affinity of secondary vs. primary aminesd (b) the
nearly linear geometry of the-—+ charges of the
salt bridge[13,20] The angle between the¢— and
—+ dipoles in salt bridges of side-chain function-
alized amino acids deviates significantly from 180
(see, for examplesB-a and SB-b in Fig. 7) [20],
which reduces the stability of the corresponding zwit-
terionic [AA + NaJ* complexes. As shown by theory
and experimen{13,14,20] a proton affinity above
PA(Arg) is necessary in order for AA with functional
side chains to form salt-bridged Nacomplexes that
are comparably stable with charge-solvated isomers.

The relative N& affinities measuredTable J in-
dicate that the strength of the electrostatic interaction
between Na& and the side-chain substituent increases
in the order SH(Cys « OH(Ser, Thr) < phenyl
(Phe Tyr) < COOH(Asp, Glu) < CONH, (Asn,
GIn) < indolyl (Trp) < imidazolyl(His). Amide and
electron-rich aromatic groups are among the intrinsi-
cally strongest binding ligands. A more quantitative
assessment of the Nigaside chain) contribution to the
AA-Na™ binding energy can be obtained by limiting
comparisons to substituted alanines, i.e., to amino
acids with the connectivity FNCH(CHxX)COOH,

< COOH (in Asp; 36)< CONH, (in Asn; 39) <
indolyl (in Trp; 43) < imidazolyl (in His; 52).

4, Conclusions

The kinetic method has been used to deduce
the relative Na affinities of the commonx-amino
acids based on the dissociations oftNaound het-
erodimers of different amino acids, and the absolute
Na* affinity of alanine based on the dissociations of
Na'-bound dimers of Ala with aliphatic amides. The
Na' affinities of the amide reference bases were de-
termined by high-level ab initio theory. Calculations
were also carried out on the Nainding energies of
Gly, Ala, Pro, Cys and Ser, in order to cross-check
the quality of experimental and computational results.
The relative and absolute values obtained by the ki-
netic method measurements agree very well with the
quantum chemistry predictions. Our study provides
first reliable N& affinity data for the amino acids
Val, Leu, lle, Pro, Cys, Ser, Thr, Asp, Glu, Asn, GIn
and His. For Gly and Ala, the Naaffinities reported
here are in reasonable agreement with previous exper-
imental data. On the other hand, substantially larger
affinities are found for the aromatic amino acids
Phe, Tyr and Trp, compared to earlier kinetic method
experiments employing heterodimers with the nucle-
obases adenine, cytosine or guanine. The latter result
is attributed to the sampling of less stable [AMNa]"
isomers in heterodimers with the rigid and bulky
nucleobases.

Na' affinities of amino acids do not correlate well
with the corresponding proton or copper(l) affinities.
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This behavior arises from the different types of bonds [18] T. Marino, N. Russo, M. Toscano, J. Inorg. Biochem. 79

formed by protons (covalent), Cu™ ions (electro-
static with some covalent character) and™Nmns
(purely electrostatic), as well as from the distinctive

Lewis acid properties of the three cations. The rel-
ative Na~ scale measured in this study reveals that

(2000) 179.

[19] T. Marino, N. Russo, M. Toscano, Inorg. Chem. 40 (2000)
6439.

[20] J.M. Talley, B.A. Cerda, G. Ohanessian, C. Wesdemiotis,
Chem. Eur. J. 8 (2002) 1377.

[21] G. Bojesen, T. Breindahl,
Spectrom. 28 (1993) 1448.

U.N. Andersen, Org. Mass

strong binding interactions are developed between [22] j.s. Klassen, S.G. Anderson, A.T. Blades, P. Kebarle, J. Phys.

Na™ and amino acid side chains that carry amide or

electron-rich aromatic substituents.
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