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The gas-phase structures of alkali-metal cation complexes of serine (Ser) are examined using infrared multiple
photon dissociation (IRMPD) spectroscopy utilizing light generated by a free electron laser, in conjunction
with ab initio calculations. Spectra of 1(Ser) and Na(Ser) are similar and relatively simple, whereas
Cs'(Ser) includes distinctive new IR bands, ant{8er) and Rb(Ser) exhibit intermediate behavior. Measured
IRMPD spectra are compared to spectra calculated at a B3LYP/@(d,p) level to identify the structures
present in the experimental studies. On the basis of these experiments and calculations, the only conformations
accessed for the complexes to the smaller alkali-metal catiohsarid Na, are charge-solvated structures
involving tridentate coordination to the amine and carbonyl groups of the amino acid backbone and to the
hydroxyl group of the side chain, M1[N,CO,OH]. For the cesiated complex, a band corresponding to a
zwitterionic structure, ZW[C@], is clearly visible. K'(Ser) and Ri(Ser) exhibit evidence of the charge-
solvated analogue of the zwitterions, M3[COOH], in which the metal cation binds to the carboxylic acid
group. Calculations indicate that the relative stability of the M3[COOH] structure is very strongly dependent
on the size of the metal cation, consistent with the range of conformations observed experimentally.

Introduction whereas K(Gly) prefers to bind to the carboxylic acid group,
M3[COOQOH]. Our analysis of the trends in the interactions of
these metal cations with the functional components of glycine
indicate that this change in structure occurs largely because the
binding energy to the amino group is relatively weak for the
larger potassium cation (or relatively strong for the smaller
sodium cation) compared to the other functional sites on glycine.
The conformation of N&Gly) has been documented using IR
spectral? although no similar results are yet available for

Recently, the pairwise interactions of serine (Ser) and
threonine (Thr) with the alkali-metal cations,",.iNa", and K,
were studied using guided ion beam mass spectrometry.
Quantitative bond dissociation energies were determined and
found to be consistent with theoretical values predicted for the
ground state conformations, charge-solvated structures involving
tridentate binding to the amine and carbonyl groups of the amino
ﬁc'g ba(I:kbone C&Tmnw W'|t_|h mtericulon ‘?"th tze f;lq_e-che;m K*(Gly). Given these trends, it is of interest to explore the
ydroxyl group, [N,CO,0H] (see below for a definition o conformations of metal cationized serine for the heavier alkali-

the nomenclature used). A quantitative assessment of suchmetal cations, Rb and Cs. As threshold collision-induced

_pa|rW|tse tlntlergctlons E’ :oot_en}lallyt usefL::I as tthey play d_an dissociation measurements are not sufficiently precise to enable
Important role in many biological Systems. For INStance, Sodium ¢4 yifferences in conformational energy to be distinguished,

cations drive the transport of free serine and threo.mne and t.he'rthe use of infrared multiphoton dissociation (IRMPD) is used
peptide forms into an as_acc_haronUc, gram-negative bacterlumto examine whether the conformations of experimentally gener-
called porphyromonas gingivafis. N ated complexes change as a function of metal cation size.
In the case of the M(Ser) complexes where M= Li™, N, |qenification of the conformations present is achieved by
and K, the Ml[N’CO*OH] ground state conformation is comparison to IR spectra derived from ab initio calculations of
qalculated to lie well bgloyv>(8 kd/mol) any other conforma- o low-lying structures of these complexes with optimized
tions, such that quantitative bond energy measurements areycqres and vibrational frequencies determined at the B3LYP/
sufficient to determine the identity of the complexes formed 6-311G(d,p) level of theory. In a companion stuésimilar
experimentally. However, calculations also show that the energy measurements and calculations are performed for the analogous

gaps between the ground state and excited conformations narrov, +(Thr) complexes and the results are compared to the present
as the size of the metal cation increases. This is consistent Withfindings for M*(Ser)

observations made in our laboratory regarding the ground state

conformation of metalated glycine, NgGly) vs K*(Gly),*“as Experimental and Computational Section
well as other metal cationized amino actds! For Na"(Gly),

the predicted ground state conformer is M1[N,CO] where the
metal cation binds to the backbone amine and carbonyl groups

Mass Spectrometry and PhotodissociationA 4.7 T Fourier-
transform ion cyclotron resonance (FTICR) mass spectrometer
'was used in these experiments and has been described in detalil
" University of Utah. elsewheré?"1> Tunable radiation for the photodissociation
*Wayne State University. experiments is generated by the free electron laser for infrared
8 FOM Institute for Plasma Physics “Rijnhuizen”. experiments (FELIX}E For the present experiments, spectra
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were recorded over the wavelength range 18m(520 cnt?) o f s ey
to 5.5um (1820 cnl). Pulse energies were around 50 mJ per
macropulse of &s duration, although they fell off to about 20
mJ toward the blue edge of the scan range. The fwhm bandwidth

of the laser was typically 0.5% of the central wavelength. Serine ‘J
was obtained from Aldrich. Cationized amino acids were formed

by electrospray ionization using a Micromass Z-Spray source
and a solution of 3.0 MM amino acid and 6.5.0 mM alkali-
metal chloride in 70%:30% MeOHH® solutions. Solution flow Na®(Ser)
rates ranged from 15 to 3dL/min and the electrospray needle o .
was generally held at a voltage 0f3.2 kV. lons were
accumulated in a hexapole trap for abdus prior to being
injected into the ICR cell via an rf octopole ion guide.
Electrostatic switching of the dc bias of the octopole allows
ions to be captured in the ICR cell without the use of a gas
pulse, thus avoiding collisional heating of the idAsAll j
complexes except IF{Ser) were irradiated for 3 s, corresponding
to interaction with 15 macropulses, whereas thée(8er)

Intensity

a

K*(Ser)

complexes were irradiatedrfd s and thus interacted with 20 Rb"(Ser)
macropulses. Y
Computational Details. In previous work Ye and Armen- J\/‘f
trout examined all likely conformers of serine and its complexes j:‘(jirv
with Li*, Na", and K" using a simulated annealing procedure
that combines annealing cycles and ab initio calculatfons. J\:., / : : :

Briefly, the AMBER program and the AMBER force field based ! —
on molecular mechanitswere used to search for possible stable 600 800 1000 1200 1400
structures in each system’s conformational space. All possible Frequency (cm ")
structures identified in this way were further optimized using Figure 1. Infrared multiphoton dissociation action spectra of(ger)
NWCheni® at the HF/3-21G level®2° Unique structures for ~ complexes where M= Li*, Na", K*, Rb", and Cs.

each system within 50 kJ/mol of the lowest energy structure

(~30 for each complex) were further optimized using Gaussian 6-3114+-G(d,p) level of theory. Frequencies were scaled by
03! at the B3LYP/6-31G* levéP-23with the “loose” keyword 0.9804, to eliminate known systematic errgr&or comparison
(maximum step size of 0.01 au and an rms force of 0.0017 au) to experiment, calculated vibrational frequencies are broadened
to facilitate convergence. Because serine has 2S chirality, thisusing a 20 cm?* fwhm Gaussian line shape.

property is constrained throughout the annealing simulations.

The 10-15 lowest energy structures obtained from this proce- Results and Discussion

dz(rjefslvere rt1hen clholsetin Lor h'?nhe(; liv?l g]ceﬁr?ie'[r:ylct)ﬁtlmlz?[t)lg_rll; IRMPD Action Spectroscopy.Photodissociation of N(Ser),
a equency calculations using censity functiona’ theory where Mf = Na*, K*, Rb", and C8, result in the loss of the

_ 24,25 i
at the B3LYP/6-312G(d,p) level=This level of theory has intact ligand to form the atomic metal cation, consistent with

Igeen shown to provide reas_onably accurata structural qescr'p’collision-induced dissociation (CID) results for the sodiated and
tions of comparable metaligand system$# Single point

. . otassiated complexédRMPD action spectra are taken from
energy calculations were carried out for theX% most stable P P P

~ the relative intensity of the Mproduct cation as a function of
tsr:;ugt%rf;gzztzezg?t;ﬁ;' Ssﬂpgfﬁoagcinvzﬁgx:grlzrgfe?;;ng laser wavelength, as shown in Figure 1. No corrections for laser
. o " e Lo . _power were applied but would primarily enhance the intensities
(ZPE) corrections were determined using vibrational frequencies P bp b y

observed at the highest laser frequencies.
g?lcc)lgggedgﬁat the B3LYP/6-341G(d,p) level scaled by a factor For Li*(Ser), where the metal cation binding affinity is the

) largest, the CID spectra exhibit several low-energy channels
For the R and Cs' complexes studied here, all conforma-  ¢orresponding to loss of 4, H,0 + CO, CHO, COs, and
tions considered previously forSer) were used as starting 4,0 + CO, from the complex as well as formation of
points for geometry and vibrational frequency calculations |j+(H,0)1 The first three of these product channels are observed
optimized at the B3LYP/HW*/6-31+G(d,p) level where HW*  pon photodissociation with 4 loss having the highest
indicates that Rb and Cs were described using the effective corgntensity (about twice that of the other two channels). This is
potentials (ECPs) and valence basis sets of Hay and Wadt i, rough agreement with the CID results that show that these
with a single d polarization function (exponents of 0.24 and three product ions have the largest cross sections among the
0.19, respectively) includeti.Relative energies are determined  sjy observed channels, with,8 loss being about twice as large
using single point energies at the BSLYP, B3P86, and MP2- 35 the other two channels, which in turn are about twice as large
(full) levels using the HW*/6-31+G(2d,2p) basis set. In s the Li(Ser-COy,) and Lit(Ser—H,0—COy) channels. For-
addition, similar HW* calculations were performed for the mation of Lit(H,0) is a higher energy channel, explaining its

1600 1800

K*(Ser) complexes to assess the accuracy of the-égdt absence in the IRMPD results. The sum of these three channels
ECP/ valence basis sets (exponent of 0.48 for the d polarizationjs shown as the IRMPD action spectrum in Figure 1. No
function on K). significant effect of the laser frequency on the branching ratio

Vibrational frequencies and intensities were calculated using of the HO and HCO fragmentation pathways was observed
the harmonic oscillator approximation and analytical derivatives over the range of wavelengths investigated, whereas & H
of the energy-minimized Hessian calculated at the B3LYP/HW*/ + CO channel exhibits mild variations compared to thgH
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TABLE 1: Relative Energies & 0 K and Free Energies at 298 K (kJ/mol) of Low-Lying Conformers of M*(Serf

name structure B3LYP B3P86 MP2(full)
Li*(Ser) M1[N,CO,OH]- cis-OH 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
M1[N,CO] 23.8 (21.0) 23.1(20.3) 29.6 (26.8)
M8[CO,OH] 24.7 (22.1) 24.1 (21.5) 35.8 (33.2)
M1[N,CO,OH]4rans-OH 26.0 (25.0) 25.7 (24.7) 27.1(26.1)
M5[N,OH,OH] 20.7 (28.4) 30.8 (29.5) 25.4 (24.1)
ZW[CO;, ] 33.7 (30.9) 29.6 (26.8) 36.6 (33.8)
TS(M3-ZW) 56.7 (54.1) 47.7 (45.4) 61.6 (59.2)
M3[COOH] 61.1 (51.1) 55.7 (45.7) 66.0 (56.0)
Na‘(Ser) M1[N,CO,OH]- cis-OH 0.0 (0.0) 0.0 (0.0) 0.0 (0.0), (kO
ZW[CO;, 7] 20.5 (18.2) 16.0 (13.6) 23.6 (21.3), 28.7
M1[N,CO] 21.6 (18.6) 20.9 (17.9) 26.0 (23.0), 44.4
M8[CO,OH] 24.2 (21.8) 22.3 (20.0) 32.7(30.3), 50.6
M1[N,CO,OH]+ransOH 26.3 (26.1) 25.7 (25.5) 26.9 (26.7)
M5[N,OH,OH] 27.8 (27.4) 29.2 (28.8) 24.8 (24.4), 25.1
TS(M3-ZW) 31.4 (29.5) 22.0 (20.1) 34.9 (33.0)
M3[COOH] 31.8 (28.1) 26.7 (23.0) 35.0 (31.3)
K*(Ser) M1[N,CO,OH]- cis-OH 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
M3[COOH] 10.1 (6.6) 8.9 (5.4) 17.9 (14.4)
11.2 (7.4) 7.7 (4.0) 17.9 (14.1)
ZW[CO;, ] 11.0 (9.3) 8.2 (6.5) 18.5 (16.9)
13.1 (11.5) 8.8(7.2) 21.6 (20.0)
TS(M3-ZW) 14.3 (12.7) 7.7 (6.1) 22.2 (20.6)
16.2 (14.5) 7.4 (5.7) 23.8 (22.0)
M8[CO,OH] 14.5 (11.8) 15.6 (12.9) 25.9 (23.1)
15.9 (13.2) 14.6 (11.9) 26.7 (24.0)
M1[N,CO] 15.3 (12.8) 15.9 (13.3) 21.6 (19.0)
16.4 (14.0) 16.2 (13.7) 23.6 (21.2)
M1[N,CO,OH]+rans-OH 24.1 (22.5) 25.0 (23.4) 26.2 (24.6)
25.2 (24.9) 24.9 (24.6) 24.8 (24.4)
M5[N,OH,OH] 25.0 (24.4) 27.5(26.9) 23.7 (23.2)
25.9 (25.3) 26.9 (26.4) 22.2 (21.7)
Rb*(Ser) M1[N,CO,OH]- cis-OH 0.0(1.0) 1.0 (4.1) 0.0 (0.0)
M3[COOH] 2.1(0.0) 0.0 (0.0) 11.0 (7.8)
TS(M3-ZW) 10.5 (10.5) 2.9 (5.0) 19.5 (18.5)
ZW[CO; ] 10.6 (10.5) 7.4(9.3) 20.4 (19.2)
M8[CO,OH] 12.1 (10.0) 12.0 (12.0) 23.0 (19.9)
M1[N,CO] 13.0 (11.5) 14.0 (14.7) 20.2 (17.7)
M1[N,CO,OH]+ransOH 24.7 (25.2) 25.5 (28.1) 25.7 (25.2)
M5[N,OH,OH] 24.8 (25.1) 26.6 (29.1) 22.0 (21.3)
CsH(Ser) M3[COOH] 0.0 (0.0) 0.0 (0.0) 5.3 (2.1)
M1[N,CO,OH]- cis-OH 4.0(7.2) 6.8 (10.0) 0.0 (0.0)
TS (M3-ZW) 11.2 (13.7) 5.6 (8.1) 16.3 (15.6)
M8[CO,OH] 13.3 (13.5) 15.1 (15.3) 19.5 (16.6)
ZW[CO; ] 13.5 (15.8) 11.8 (14.2) 19.1 (18.2)
M1[N,CO] 14.0 (14.7) 17.0 (17.8) 16.7 (14.3)
M5[N,OH,OH] 27.6 (30.1) 31.0 (33.5) 21.7 (21.0)
M1[N,CO,OH]rans-OH 28.1 (30.8) 30.6 (33.2) 25.0 (24.5)

aFree energies in parentheses. All values calculated at the level of theory indicated using tReGgR1,2p) basis set with structures and zero
point energies calculated at the B3LYP/6-31G(d,p) level of theory. Values in italics use the HW* basis set on the meRdference 34.

loss channel. In this secondary product channel, the bands abands in the middle (980 and 1170 thexhibit minor shifts
620, 700, and 1230 cm have about half the intensity of the to the red for the heavier metal cations.
primary HO loss channel, those at 980 and 1720 tare about Theoretical Results.A detailed discussion of the structures
one-third the intensity, and that at 1160 Thabout 80% of the of serine and its metal cation Comp|exes WitH'LNa+, and
intenSity. In addition, there is a S|Ight blue shift in the 1720 K* can be found elsewheteAs described above, Comp|exes
cm~1 band for HO loss compared with those for the other two with Rb™ and C< were calculated here at the B3LYP/HW*/
channels. This behavior is consistent withHloss being the  6-311+G(d,p) level starting with the structures of all low-lying
lowest energy dissociation channel, as previously found in the potassiated complexes located previously, a total of seven
CID results! In IRMPD spectroscopy, a slight red shift in  conformations. The nomenclature used to identify these different
absorption bands is often observed for higher energy dissociationstructural isomers is taken from that established previously for
channels and is caused by the increased influence of vibrationalnatGly.3:31.32Briefly, neutral serine is designated as Where
anharmonicity’?-%° x indicates one of three main types of structural isomers with
Comparison of the spectra in Figure 1 shows that the featuresdifferent modes of intramolecular hydrogen bonding. This is
observed in the Lfi(Ser) spectrum are retained for all of the followed by a notation that indicates the relative position (either
metal cation complexes, but that new spectral features begin totrans= t or gauche= g) of the —OH group to the carbonyl
appear for K(Ser) and become very obvious for'@Ser). The carbon and its relative position to the amino nitrogen. Confor-
band at 1720 cmi shifts to the blue as the metal cation becomes mations of M (Ser) are identified as l(wherey refers to a
heavier, those at 620 and 700 chshift to the red, and the  specific structure as first designated by Jensen for glycine
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Figure 2. Gibbs free energies (kJ/mol) calculated at the B3LYP level
of theory (Table 1) of five conformations of \Ser) complexes as a

function of the alkali-metal cation identity relative to the energy of the MoleLRH) 2MCC=]
MZ1[N,CO,0OH]<is-OH conformer.

60 : : :
IM3[COOH :

50 M"(Ser)

40

30

ZW[CO,]
M8[CO,OH]

M1[N,CO]

Relative Gibbs free energy (kJ/mol)

complexe®) augmented by a notation in brackets that describes
the metal binding sites for each isomer. The zwitterionic
conformer is designated as ZW[GQ.

Single point energies including zero point energy (ZPE)
corrections calculated at three different levels of theory, relative

to the lowest energy isomer, are given in Table 1 fof(Bker).
M8[CO,0H]

The MP2/6-31G(d)//HF/6-31tG(d) results for Na(Ser) calcu-
lated by Hoyau et al* are also included in Table 1 and agree
well with our MP2(full) values determined at a higher level of Figure 3. Structures of the CgSer) complexes calculated at the
theory. Given this agreement, our values are used in the B3LYP/HW?/6-311+G(d.p) level of theory.
following discussion for consistency. Table 1 also lists the bond angle increases with the size of the cation, consistent with
relative free energies at 298 K of these conformers. These valueslongations of the M—OC and M —N distances. Notably the
may be more relevant in the determination of the experimental OMTOCGC, and ONC,CO dihedral angles increase and de-
distribution. Values for K(Ser) calculated using the HW* ECP  crease, respectively, from Lito Cs' for the same reason. For
rather than the all electron basis set give very similar relative example, tighter binding to the higher charge densityrioves
energies, within 3 kJ/mol for all enthalpies and free energies of the three ligating groups closer to the metal cation, such that
all conformations, Table 1. Therefore, the all electron values the OM*TOCGC, dihedral angle for Lf(Ser) is closer to planar
will be used throughout the remaining discussion. The overall than for the heavier metals, Table 2.
trends in the relative free energies are shown in Figure 2 for For Cs (Ser) and RbB(Ser), the DFT calculations indicate
the B3LYP results and are very similar to those of the relative that the M3[COOH] conformer is the ground state (or nearly
enthalpies at 0 K. The main difference arises because tridentatethe ground state), Table 1. The M3[COOH] conformation is
binding of the M1[N,CO,0OH] and M5[N,OH,OH] conformers closely related to the zwitterionic structure, ZW[€Q with
leads to a smaller entropic contributions for these conformers the main difference being the location of the proton bridging
such that they become relatively less stable compared to thethe COH and amine groups, Figure 3. The zwitterionic structure
bidentate binding conformers, by about£2 kJ/mol. lies 26-30 and 16-12 kJ/mol lower than the M3 structure for
All three levels of theory find that the N2-g,g structure is Li*(Ser) and N&(Ser), respectively, whereas ZW lies above
the ground state conformer of serihé&ive other low-lying M3 by 7—-10 and 12-14 kJ/mol for RB(Ser) and C5(Ser),
conformations have also been described and are found to lierespectively. For K(Ser), the two structures are nearly isoen-
within 10 kJ/mol at all levels of theoyThe N2 type of structure  ergetic, lying within 1 kJ/mol of one another at all levels of
is characterized by a COHN hydrogen bond (1.92 A) with  theory.
an additional GO-+HN hydrogen bond (2.49 A), and a third, Transition states (TSs) between ZW[€(Pand M3[COOH]
long-distance (2.82 A) fOH::-O=C hydrogen bond. were located using the synchronous transit-guided quasi-newton
The low-lying structures found for all MSer) complexes  (STQN) method of Schlegel and co-work&rsor relaxed
are illustrated by those for €6Ser) shown in Figure 3. Several potential energy surface scans at the B3LYP/HW*/6-811
important geometric parameters for the (8er) complexes are  G(d,p) level. Single point energies were calculated at the three
provided in Table 2. For most of the alkali-metal cations, the levels listed above using the 6-3tG(2d,2p) or HW*/6-
ground state structure is the tridentate charge-solvated311+G(2d,2p) basis sets. Energies for these TSs with ZPE
M1[N,CO,OH]<is-OH conformer, whereis-OH indicates that corrections included were found to be-185, 6-12, and—2
the carboxylic hydrogen is cis relative to the carbonyl oxygen. to +4 kJ/mol higher in energy than the ZW[GQ conformer
We note that the M—OC, M*—N, and M'—OH distances  for M* = Li*, Na', and K", respectively, whereas those for
increase from 1.97 to 3.14 A, 2.09 to 3.38 A, and 1.98 to 3.25 M* = Rb* and C$ are 0-5 and 2-6 kJ/mollower, respec-
A, respectively, as the size of the metal cation increases fromtively. When compared to the energies of the M3[COOH]
Li™ to Cs". These changes directly reflect the increase in the isomer, the TSs are-48 and G-5 kJ/mol lower for M" = Li ™"
ionic radius of the metal cation (0.70 A for 1,i 0.98 A for and N&, respectively, and-1 to +4, 2-9, and 5-11 kJ/mol
Na’, 1.33 A for K*, 1.49 A for Rb, and 1.69 A for C$)%* higher for M- = K+, Rb*, and C$, respectively. Thus, once
coupled with the resultant decreasing charge density, which ZPEs are included, the M3[COOH] complexes of (Ser) and
weakens the electrostatic interaction with serine. MirOC Na’(Ser) collapse to the lower energy zwitterion with no barrier

MA[N,CO]
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TABLE 2: Geometric Parameters of M™(Ser) Structures®

Armentrout et al.

r(M*—0) (A)> r(M*—N) (A) r(M*—0) (&)
conformer Li Na K Rb Cs Li Na K Rb Cs Li Na K Rb Cs
M1[N,CO,OH]-cis-OH 1.968 2.318 2.6672.919 3.144 2.091 2.452 2.8573.134 3.382 1.975 2.342 2.7403.011 3.252
2.687 2.876 2.760
M3[COOH] 1.911 2.285 2.6362.907 3.119 2.104 2.428 2.8493.103 3.387
2.662 2.876
ZWI[CO; ] 1.930 2.283 2.627 2.893 3.103 1.960 2.325 2.6812.942 3.175
2.660 2.700
M1[N,CO,OH]4transOH 1.939 2.289 2.6262.868 3.086 2.110 2.480 2.9023.197 3.454 1.980 2.344 2.7563.025 3.273
2.645 2.922 2.769
M1[N,CO] 1.857 2.224 2.5692.822 3.037 2.033 2.428 2.8723.177 3.445
2.591 2.894
M5[N,OH,OH] 2.018 2.378 2.8043.088 3.393 2.051 2.415 2.8103.083 3.323 1.941 2.305 2.6862.948 3.174
2.814 2.829 2.702
M8[CO,0OH] 1.810 2.170 2.5132.771 2.982 1.901 2.306 2.7403.022 3.293
2.534 2.756
OM*OC (deg) OM*OCCGC, (deg) ONC,CO (deg)
conformer Li Na K Rb Cs Li Na K Rb Cs Li Na K Rb Cs
M1[N,CO,OH]<is-OH 103.8 108.1 113.0114.6 116.3 116 187 26.6 329 369 328 28.0 222 179 154
113.2 26.6 22.4
M3[COOH] 93.6 97.0 102.4 104.0 107.4 178.0 177.8 177.2176.9 177.5 175.8 175.6 175.5175.4 174.8
102.7 177.4 175.4
ZWI[CO; ] 84.0 888 927 946 96.6 178.1 178.0 178.0178.2 178.6 168.8 169.4 170.0170.6 170.8
92.6 177.5 170.1
M1[N,CO,OH]J{ransOH 106.3 111.1 116.9119.2 120.7 10.0 17.1 25.0 31.1 369 34.7 30.0 248 21.3 17.7
117.2 24.9 25.0
M1[N,CO] 113.6 119.8 127.2130.6 133.7 1.0 2.0 59 101 12.4 7.9 8.1 6.6 5.5 4.2
127.5 5.6 6.6
M5[N,OH,OH] 106.4 109.9 112.*r 112.* 1104 14.6 234 33.00 403 46.8 150.4 155.7 162.4167.3 172.4
112.4 33.1 162.3
M8[CO,OH] 129.6 138.2 146.3149.6 152.9 6.4 1.7 0.7 4.8 6.5 168.0 165.7 164.4162.3 161.0
146.5 1.8 163.9

aValues calculated at the B3LYP/6-3:G(d,p) or B3LYP/HW*/6-311-G(d,p) (italics) levels of theory’. The carbonyl oxygen in all cases
except M5[N,OH,OH] where it is the carboxylic oxygeriIM*O(H)C, (deg).¢ OM*O(H)CGC, (deg).

to the proton transfer, whereas for RBer) and C§(Ser), the M1[N,CO,OH]<is-OH for LiT—Cs", respectively, Table 1. The
zwitterion collapses to the lower energy M3[COOH] conformer. changes in the relative energies from"lib Cs' reflect the
For K*(Ser), the two conformations are essentially isoenergetic stronger binding to the smaller cations. These bidentate struc-
such that there is a small barrier at the BSLYP and MP2 levels tures have shorter WM-OC bond distances than the
of theory (3-4 kJ/mol above ZW[C@]), but no barrier at the M1[N,CO,OH]<is-OH conformer by about 0.10 A for all five
B3P86 level, Table 1. (To test whether these results were metals, which can be explained by less steric constraints in the
sensitive to the level of theory chosen for the geometry bidentate configuration. In contrast, the relativé-MN distances
optimizations, calculations for the relative energies of ZWfQO change appreciably as a function of the metal cation, decreasing
M3[COOH], and the TS for K(Ser) were also performed with by about 0.06 and 0.02 for tiand N&, respectively, but
geometries optimized at the B3P86/HW*/6-31G(d,p) and increasing by 0.02, 0.04, and 0.06 A for'KRb", and CS,
B3LYP/HW*/6-311+G(2d,2p) levels of theory followed by  respectively. These changes occur despite the relaxed steric
single point calculations at the same three levels of theory usedconstraints and emphasize that the metal cation interaction with
elsewhere. Overall, the same trends are found with averagethe amino group weakens as the metal cation size increases more
energy differences from the values obtained using the B3LYP/ appreciably than the interactions with other functional groups.
HW*/6-311+G(d,p) geometries of0.5+ 0.5 and 0.4t 0.6 In the M8[CO,OH] structure, M interacts in a bidentate
kJ/mol, respectively. The qualitative conclusions drawn above fashion with the carbonyl and side-chain hydroxyl oxygen
remain.) atoms, Figure 3. The energy of this conformer relative to the
Several other alternative conformations for the"(Sler) M1[N,CO,OH]-is-OH conformer drops by about 16 kJ/mol in
complexes were also identified, but their relative energies changegoing from Li*(Ser) to C$(Ser). In another tridentate isomer,
little with metal cation and all remain at least 10 kJ/mol higher M5[N,OH,OH], M* binds to the hydroxyl oxygen of the
than the ground state structure, Table 1 and Figure 2. Thesecarboxylic group instead of the carbonyl oxygen, Figure 3. This
alternative conformations include M1[N,CO,Okans-OH, less favorable interactiéi®’leads to excitation energies of 21
which is almost identical to M1[N,CO,OHjis-OH except that 31 kJ/mol above the M1[N,CO,OHjissOH conformer, with
the carboxylic hydrogen is trans to the carbonyl oxygen, such only a mild dependence on metal cation identity.
that no intramolecular hydrogen bond is formed between them. Overall, the relative energetics of the various conformations
Breaking this intramolecular hydrogen bond costs nearly the as a function of metal cation identity are shown in Figure 2.
same amount of energy for all five metal cations—27 kJ/ The relative energies for most conformations do not change
mol. If the metal cation interaction with the backbone groups appreciably, with the obvious exception of the M3[COOH]
is maintained but the side-chain interaction is lost, the bidentate conformer, which drops appreciably as the metal cation gets
conformer, M1[N,CQ], is obtained. This conformer lies23  larger and more diffuse. As noted in the introduction,
30, 21-26, 15-22, 13-20, and 1417 kJ/mol above M3[COOH] is the calculated ground state conformation of
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Figure 4. Comparison of the experimental IRMPD action spectrum fo(&éer) with IR spectra for seven conformations predicted at the B3LYP/
6-311G(d,p) level of theory.

K*(Gly),* compared to the M1[N,CO] structure found for predicted theoretically do have corresponding small features in
Li*(Gly) and Na (Gly).21237 This difference in the preferred  the experimental spectrum, e.g., at 760, 1070, and 1326.cm
binding geometry has been attributed to relatively stronger The highest frequency band observed, 1730 ¢neorre-
interactions with the amino group as the metal cation gets sponds to the carbonyl stretch, which explains its large predicted
smaller (higher charge density). For Ser, because the metalintensity. Interaction with the lithium cation results in a red shift
cation interacts with the side-chain hydroxyl group as well as of this hand compared to that for free Ser, calculated as 1791
with the amino and carb.onyl' groupsnof the ba}ckbone: the ot for N2-gg. Thus, this band is found at a similar frequency
M1[N,CO,OH] conformation is stabilized relative to the ¢ most of the Li(Ser) conformations, with the exceptions
M3[COOH] conformation, such that the change in ground state being M5[N,OH,OH] and ZW[C@]. In the former system
conformanon toward M3[COPH] Is shifted from a transition e metal cation does not bind to the carbonyl group, in contrast
point between N&(Gly) and K*(Gly) to the heavier metals for to all other conformations, such that the CO stretch has a

MT(Ser). : L e
frequency blue-shifted from that of bare Ser. For the zwitterion,

Comparison of Experimental and Theoretical IR Spec- . . . - .
. . - the CO stretch is red-shifted even more because its functionality
. +
tra: Li *(Ser) and Na'(Ser). Figure 4 shows the experimental has changed from a carboxylic acid to a carboxylate moiety.

IRMPD action spectrum along with calculated IR spectra for i
the seven low-energy conformers found for the*(Ser) The experimentally observed bands at 980 and 1156'cm

complex. In making these comparisons, one should keep in mindWith & shoulder at 1230 cm, are probably the most diagnostic
that the calculated IR intensities often do not correspond well bands for the M1[N,CO,OHgis-OH structure. The relative
with the action spectrum because the latter is a multiphoton intensities of these three bands as well as their positions are
process, whereas the theoretical IR intensities are based on singlgicely predicted by the IR spectrum for this conformer. No other
photon absorption. Given that proviso, it is clear that the bands conformations are predicted to have this sequence of frequencies.
predicted for the M1[N,CO,OHgis-OH conformer correspond ~ Indeed weak bands at 1080 and 1320 talso seem consistent
well with the observed spectrum. All major bands are present With the experimental spectrum in this region. At lower
with comparable theoretical and experimental frequencies. Thefrequencies, the experimental spectrum exhibits bands at 620
largest differences are found for the bands between 600 andand 700 cm?, which corresponds reasonably well with the
700 cnT?, where there is a blue shift in the predicted band predicted spectrum for M1[N,CO,OHjs-OH except that the
positions. Some minor bands predicted are not observedformer band is blue-shifted compared with experiment. This
experimentally, notably at 1420 and 1630 dmwhich is frequency corresponds to the wagging motion of the carboxylic
probably because the multiphoton dissociation probability is acid hydrogen atom, such that a blue shift suggests that the
small for these weak bands. However, several minor bands calculations overestimate the strength of the hydrogen bond



2254 J. Phys. Chem. A, Vol. 112, No. 11, 2008 Armentrout et al.

between this hydrogen atom and the carbonyl group. Below  0.10

L T Tt 4
~600 cnt, the laser power is insufficient to adequately address ¢ g F.K' (5€7) 3
whether the relative intensities are meaningful. Although other 5, : 3
conformations also have bands in this region of the spectrum, '@ 0.06 3 3
the combination of these two strong bands are best reproducecg 0.04 F 3
by the M1[N,CO,OH]Jeis-OH conformer. Again, the very minor = 4, 3 3
band at 760 cm! might also agree with the predicted spectrum : 3
for this conformation. 0'00_':{:::I:::::::}:::: —— H
A reviewer suggests that the spectrum for the M1[N,CO] 400 | K'(Ser), M1[N,CO,OH]-cis-OH 3
structure, the second lowest energy conformer, is also in rough z 5, - 3
agreement with the observed IRMPD spectrum. However, this 2 s ]
conformer has its carbonyl stretch shifted to 1708 Eabout £ 200 : ]
20 cnt! lower than experiment and the 1728 thprediction ~ 100k 3
for the M1[N,CO,OH]eis-OH conformer) and the band corre- : ]
sponding to the 980 cnt experimental band is at 1042 and OF .
1071 cn1! (compared to 992 cni for the M1[N,CO,OH]eis- 400 ]
OH conformer). Although such comparisons cannot completely . 300 3 3
rule out the presence of any conformer, we conclude that the @ [ ]
experimental spectrum is well represented by that calculated 2 200 - 3
for the ground state M1[N,CO,OHJis-OH conformer. ~ 100 F 3
As shown in Figure 1, the IRMPD action spectra forLi - ]
(Ser) and Na(Ser) are very similar, exhibiting all of the same 0
major spectral features. Comparison of experimental and 400
theoretical spectra for NgSer) can be found in the Supporting 2 34q :
Information, Figure S1. Subtle differences include a blue-shift 2 :
in the band at-1730 cnT? (to ~1750 cntl); a red-shift in the £ 200 f
band at~620 cnt (to ~600 cn!); and a new band at 1430 ook
cm! (although some intensity in this region may also exist for E

the Lit(Ser) spectrum). The calculated spectrum for the 0
M1[N,CO,OH]<is-OH conformer of N&(Ser) shows a close

correspondence with the experimental spectrum, comparable tc

600 800 1000 1200

1400
Frequency (cm'1}
that obtained for LT(Ser). The calculated spectra correctly rigure 5. Comparison of the experimental IRMPD action spectrum

1600 1800

predict a blue shift in the 1730 crhband of 15 cm?! and a
red shift in the 620 cm! band of 15 cm®. The band at 1430
cm1 is also consistent with the predicted spectrum for this
conformer, and was also present in the predicted spectrum forspectrum for Rb(Ser) is similar to that for K(Ser), Figure 1,
LiT(Ser). It might also be noted that there is an increase in with the same number of new bands compared to theSker)
intensity between the two bands at 980 and 1160'caf the spectrum. Comparison of experimental and theoretical spectra
Na*(Ser) spectrum, which matches a band predicted for the for Rb*(Ser) can be found in the Supporting Information, Figure
M1[N,CO,OH]<is-OH conformer of Na&(Ser) at 1094 cmt. S3. The calculated bond energy for the'i®er) system is still
The comparable band in thei(Ser) spectrum lies closer to  weaker, 103-120 kJ/mol, which should again lead to greater
the major peak at slightly lower energy, and hence is not sensitivity.

observed as readily. We again conclude that the experimental New bands in the spectra for'kSer) and Rb(Ser) occur at
spectrum is well represented by that calculated for the ground ~760, 880, 1030, 1110, 1350, and 1590¢émnin addition, the

for K*(Ser) with IR spectra for three low-lying conformations predicted
at the B3LYP/6-313G(d,p) level of theory.

state M1[N,CO,OHJis-OH conformer.

Comparison of Experimental and Theoretical IR Spec-
tra: K *(Ser) and Rb*(Ser). Figure 5 shows the experimental

band at 1420 cmt grows in intensity compared to that for
Nat(Ser) and there is a general increase in intensity in the region
between this band and the band at 1150 &nfror many of

IRMPD action spectrum of K(Ser) compared with theoretical these spectral features, there is a corresponding band in the
predictions for the three lowest energy conformations calculated predicted spectrum of the M1[N,CO,Oldis-OH conformer,
(consistent for all three levels of theory used, Table 1). (It can Figure 5. The worst discrepancies are probably the weak
be noted that vibrational frequencies calculated using the all predicted intensities of the bands at 1030, 1350, and 1428 cm
electron vs the HW* basis sets on K yield results that differ by and the blue shift in the predicted band at 1630 tfwvs 1590

an average of less than 0.03%. Hence, the use of the HW* basiscm™* observed). Therefore, we consider whether the M3[COOH]
sets for the Rb and Cs systems should yield equivalent resultsconformer might be contributing to the observed spectra for
to the all electron basis sets used for the smaller cations.)K*(Ser) and Rb(Ser). As the calculations indicate that this
Compared with the experimental spectrum for'{&er), the conformation is low-lying for K(Ser) and perhaps the ground
K*(Ser) spectrum retains all the same bands, but new featuresstate for Rb(Ser), this is certainly reasonable. The dominant
are now evident (or possibly better resolved). The appearancefeature in the predicted spectrum for M3[COOH] overlaps
of these new bands could be evidence for new conformers ordirectly with the CO stretch feature in the M1[N,CO,Ol$
could be the result of better sensitivity associated with more OH spectrum at 1750 cm. The other obvious band in the

facile dissociation of this more weakly bound system. THe-K
Ser bond energy has been measured as #4b kJ/mol as
compared with those for Na-Ser of 2004 8 kJ/mot or the
loss of HO from Li*(Ser) of about 199+ 14 kJ/mol*° The

M3[COOH] spectrum is the large feature at 1400¢énwhich
could explain the increased intensity in the band at 1420'cm
Other bands in the M3[COOH] spectrum in the vicinity of 12000
cm! overlap the comparable bands in the M1[N,CO,OH]-
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LI B B - L are the other minor changes observed. Because of the large

[T 1
040 :_CS (Ser) intensity of the peak at 1400 crh it seems likely that the
2 030F M3[COOH] conformation is also present. The retention of the
2 s major features observed in the spectra for the smaller metal
% 0.20 - cations also indicates that the M1[N,CO,O¢i$-OH continues
~ o010F to be present as well. The appearance of multiple conformers
: is consistent with the relative enthalpies and free energies
O‘igg F T 1 E calculated for this system, Table 1.
p Cs (Ser), M1[N,CO,OH]-cis-OH ] It may seem contradictory that evidence for the ZW con-
2 300 F 3 former is found even though the calculations find no energetic
% 200 3 3 barrier between the ZW and M3 conformers for"C3er) once
= C ] zero point energies are included. In thinking about this observa-
100 F . tion, it can be realized that there must still be a phase space
0 s A ~ . /N ] limit (lower density of states) between the conformers because

PSRRI T L f the barrier along the electronic surface. This plausibly allows
400 FCs* 3 0 9t : plausibly a’

:Cs (Ser), M3[COOH] ] the system to exist in the ZW conformation for sufficient time
2 300 F 3 to allow IRMPD to occur. A different way of thinking of this

% 200 | 3 same dynamic issue is to appreciate that the hydrogen stretching
= - ] motion that converts between the ZW and M3 conformers is
~ 100k = high frequency, calculated to be 3144 Th{ZPE = 18.8 kJ/
; AAW N ] mol) for M3 of Cs"(Ser) and 2820 cmt (ZPE = 16.9 kJ/mol)
408 DEINE R LB for ZW of Cs*(Ser). Thus, the former ZPE lies above or close
F Cs'(Ser), ZW[CO, ] ] to the height of the barrier, 19.4, 13.8, and 19.2 kJ/mol above
2 300 F 3 the M3 conformer without ZPE correction at the B3LYP,
2 ] B3P86, and MP2(full) levels of theory, respectively. Viewed
2 200 E from the ZW potential well, the barrier heights without ZPE
400 = correction are 7.5, 3.5, and 6.9 kJ/mol, well below the 16.9 kJ/
] mol ZPE of the reaction coordinate for M3-ZW interconversion.
0 A Clearly, the potential surface along this coordinate is no longer
600 800 1000 1200 1400 1600 1800 harmonic, such that the calculated frequencies are unlikely to
Frequency (cm™') be accurate. However, it seems plausible that the ground state

Figure 6. Comparison of the experimental IRMPD action spectrum Wavefunction for this Vi_bration includes components i_n both
for Cs"(Ser) with IR spectra for three low-lying conformations predicted the M3 and ZW potential energy wells, thereby allowing IR
at the B3LYP/HW*/6-313%G(d,p) level of theory. absorption in the orthogonal degrees of freedom probed in these

. . . . experiments for both conformers.
cis-OH spectrum, although it is possible that the most intense ; ) )
of these can explain the new band observed at 103¢-cm It is also interesting that the presence of the ZW conformer

Neither the M3[COOH] nor the M1[N,CO,0OHiis-OH seems relatively obvious in the spectrum of"(Ser), but not
spectra calculated for KSer) and Rb(Ser) predict the bands 1N the spectra of K(Ser) and Rb(Ser). In contrast, the
observed at 1590 cr very accurately, but all other conformers ~ c@lculated relative energies of Figure 2 suggest that the ZW
except ZW predict a similar frequency (see Figure 4 for the conformer is actually less stable for @Ser) than the other

analogous situation of t{Ser)). This band corresponds almost WO metal cations relative to the ground state. However,
exclusively to a NH bending motion in both conformations examination of Table 1 shows that the DFT levels of theory

and is largely unperturbed from the 1620 ¢nband predicted ~ favor the M3[COOH] and ZW[C@'] conformations compared
for neutral serine (N2-gg). It is possible that this band could be 0 the M1[N,CO,OH]eis-OH conformer, whereas the MP2(full)
a combined contribution of the comparable bands in the level of theory is the opposite. At the latter level of theory, it
M3[COOH] and M1[N,CO,OH]Jeis-OH spectra, helping to  €an be seen that the relative free energy of the ZW conformer
explain the observed shift. It also seems likely that the harmonic &t 298 K increases from 18 kJ/mol for GSer) to 19 and 20
approximation of the calculated potential gives somewhat kJ/mol for Rbf(Ser) and K (Ser), respectively. In addition, the
inaccurate vibrational frequencies for this particular mode, as relative free energy of the M3 conformer increases from 2 to 8
has been observed for Nidending modes in other systeAis8 to 14 kJd/mol, respectively. Taken overall, it seems plausible
Comparison of Experimental and Theoretical IR Spec- that once the M3 conformer is thermally populated (as it
tra: Cs*(Ser). The IRMPD action spectrum of CESer) is certainly is for C$(Ser) with lower populations for the lighter
clearly the most complicated of all five metal cation systems, Metal cations), the phenomenon suggested in the previous
Figure 1. The details of this spectrum were confirmed over the Paragraph makes the ZW conformer accessible for(&ar),
range 1008-1800 cnt? by acquisition at reduced power (by 3 but less so for the lighter metal cations. This analysis also
dB). Comparison of the experimental spectrum with those Suggests that the MP2(full) level of theory provides more
calculated for three key conformers is shown in Figure 6. The accurate relative energies of these various conformations.

spectrum is fairly similar to that of Ri§Ser), but with new bands Overview. We can now provide a more global comparison
at~840 and 1680 cmm, along with a much broader band peaked of the main features in all five spectra. A detailed list of the
at 1400 cn!, and with a possible new peak at 1310¢niThe theoretically predicted frequencies and IR intensities for the three

peak at 1680 cmt is most diagnostic and clearly corresponds main conformers of M(Ser) are provided as Tables -S33

to the zwitterionic conformer, ZW[C], which has a predicted  in the Supporting Information. The predicted frequencies for
band at 1694 cmt. In addition, the much broader peak at 1400 the CO stretch of the M1[N,CO,OHjis-OH conformer change
cm ! is consistent with the presence of this conformation, as from 1728 cm?! for Li*™(Ser), to 1743 cm! (Na™(Ser)), to
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1751 cnr! (K*(Ser)), to 1758 cm® (Rb™(Ser)), and finally to rionic conformer, ZW[C@~]. This progression in relative
1761 cn! for Cs™(Ser), in good agreement with the blue shift stabilities parallels that elucidated for metalated tryptophan
observed in the spectra, Figure 1. However, this shift is not complexes, although no evidence for the zwitterion is found in
conformation specific as the shifts are comparable for the this systent! For the M (Ser) systems, theory finds that the
M3[COOH] conformer: 1755, 1765, and 1767 cthnfor M3[COOH] conformer becomes the ground state for the heavier
K*(Ser), Rb(Ser), and C§Ser), respectively. These shifts are  metal systems, consistent with its observation in their
clearly the result of a decreased perturbation on the CO stretchspectra. The large change in the relative stabilities of the
with decreased metal cation binding strength. Likewise the low- M1[N,CO,OH]<issOH and M3[COOH] conformers can be

energy band in the f{Ser) spectrum at 620 crh (an out-of-
plane bending motion of the carboxylic hydrogen atom) red
shifts to about 580 cmt for Cs(Ser). The predicted spectral
features for the M1[N,CO,OHgis-OH conformer also shift by
a comparable amount, from 640 chfor Li™(Ser), to 626 cm?!
for Na*(Ser), 611 cm? for K™(Ser), 600 cm? for Rb™(Ser),
and 594 cm! for Cs*(Ser).

As noted above, bands at980 and 1160 cmt in the
Li™(Ser) spectrum have a modest red shift of about 20'¢cm

rationalized on the basis of the strength of thé-Mimine
interaction as a function of the metal catithThe smaller metal
cations bind relatively more strongly to the amine, favoring the
M1 structure, whereas the heavier more diffuse metal cations
prefer binding to the carboxylic acid site.
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Supporting Information Available: Four figures showing
a comparison between the experimental IRMPD spectrum and

Cs'(Ser). Again the trends are in remarkably good agreement theoretically predicted IR spectra of seven low-lying conforma-
with the observed spectra, suggesting that the assignment oftions of N&(Ser), K"(Ser), RB(Ser), and C¥Ser). Three tables

these features to the M1 conformation is appropriate.

For the M3[COOH] conformer of K(Ser), the most diag-
nostic band appears at 1402 ch{where the motion is an in-
plane bend of the carboxylic hydrogen), with a predicted

(S1-S3) providing the vibrational frequencies and IR intensities
for the M1[N,CO,OH]eis-OH, M3[COOH], and ZW[CQ]
conformations for M(Ser) calculated at the B3LYP/6-315G-
(d,p) (Mt = Li*, Na", and K") or BALYP/HW*/6-311+G-

intensity comparable to that of the band for the CO stretch at (d.p) (M" = Rb" and Cs) levels of theory. One table (S4)

1755 cntl. This conformer is predicted to exhibit less intense
bands at 860, 943, 991, and 1056 ¢n{with motions ap-
proximated by an Nklbend, NH bend, out-of-plane bend of
the carboxylic hydrogen, and,E Cg stretch, respectively). The
major band shifts little for Rb(Ser), 1403 cmt, and Cs(Ser),
1405 cnt?, which agrees roughly with the observations in Figure
1. The minor bands at 860, 943, and 1056 &shift very little

for Rb*(Ser), 859, 940, and 1056 cth and for C<(Ser), 860,
940, and 1058 cmt, whereas the minor band at 991 chfor
K*(Ser) shifts to 974 and 967 crhfor Rb™(Ser) and Cs(Ser),
respectively. These bands fall under similar bands in the
M1[N,CO,OH]<issOH spectrum, which shift similarly with
metal cation identity. The bands at 860 and 1056 twhich

do not appear in the [f{Ser) and N&(Ser) spectra, are more
diagnostic. These bands are observed to shift very little for
K*(Ser), R (Ser), and C%(Ser), in agreement with the
predictions for the M3[COOH] conformation.

Conclusions

The IRMPD action spectra of the alkali-metal cationized
amino acid serine in the region 66@800 cnT! have been
obtained for five alkali-metal cations, V= Li T, Na*, K*, Rb",
and C¢. Comparison of these experimental spectra with IR
spectra calculated at the B3LYP/6-3#®(d,p) and B3LYP/
HW*/6-311+G(d,p) levels of theory allow the conformations
likely to be present in the experiment to be identified. Present
results suggest that only the tridentate M1[N,CO,@i}OH
conformation is present for the 1(Ser) and N&(Ser) com-

providing the vibrational frequencies and IR intensities for the
M1[N,CO,OH]+ransOH, M8[CO,0OH], M1|[N,CQ], and M5-
[N,OH,OH] conformations for Lf(Ser) calculated at the B3LYP
/6-311+G(d,p) level of theory. This information is available
free of charge via the Internet at http://pubs.acs.org.
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