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The energies of the fundamental and several excited states of tetrapeptide radical cations were determined at
the outer valence Green'’s function (OVGF) level, at three geometries corresponding to the lowest energy
conformations: two for the neutral and one for the cation. The conformations were optimized at the density
functional theory level within the B3LYP framework. It was found that, from a purely energetic point of
view, a charge initially created on the tyrosine chromophore could migrate without any geometrical change
and without further activation once the excited electronic state of the ionized chromophore was formed. This
migration could reach the NHerminus for the neutral conformations but should stop at the adjacent peptide
link for the cation conformation. These results stress the probable influence of the electronic coupling between
the states rather than the existence of a barrier on the charge pathway to explain the difference between the
peptides in the charge-transfer process leading to the loss of an iminiugeeBHR]™ cation. The dissociation

energy of the asymptote related to the formation of this, liminus iminium cation was calculated for few
species and it appears that the excess energy available for dissociation is significant when starting from the
lowest energy conformations of the neutral or the cation, provided that the charge transfer is effective. It was
also found that the amino acids did not conserve their energetic properties and their zero order energy levels
turned to a complete new energetic scheme corresponding to the conformation of the peptide.

Introduction then carried by the charge. When it moves to an adjacent
L . . carbamide group, the charge dumps part of its energy into the

Charge migration in biological macromolecules is a funda- yqjonal degrees of freedom of the next carbamide group
mental widespread process. In protein environments, it is known because of energy conservation. The torsional period on the

to be very effic_ien’t ?nd is consid_ered as a prototype for _distal hinge is about 150 fs. The MD simulation shows that the motion
chemical reactions.* The model introduced was a bifunctional inside the phase space is stochastic rather than coherent. This

. . -

Lns%i?]lfizg??afg:rgrigﬁﬂzgocr:\Zil2nrg(iiggggﬁgtfaencgslgelg\ilgfggz é)rocess_ will iteraFe until the ch.arge .regcht.es the termlinal where

a virtual particle moving inside the bottom of a Ramachandran a chemical reaction oceurs (dissociation in the StUd.led c_ases).

plot. The polypeptide is locally ionized and excited at a specific Charge transfer was §tud|ed on small p?p.“de cat|ons.|n gas
' phasé3510 as well as in the solveritThe original mechanism

site, either at a carbamide link from which the energy is survives entering the liquid phase but the effect of the water is
propagated in the case of molecular dynamics (MD) simula- to create a hydrophobic jacket around the peptide that seriously

tions>9or at a chromophore (a tyrosine, a phenylalanine or a ) . : S :
tryptophane) in laser-induced dissociation experimerit$? constrains the motion of the peptide. Such motion in the peptide
is an essential element in the bifunctional model.

In the first case concerning MD calculations, energy conser- h h . b inkauf et-4l
vation is observed, which ensures, at long distance, movement AS t0 the gas-phase experiments by Weinkau the

of the charge and energy and hence provides a model forone-color (one_ 269280 nm excitation wavelength) and two-
chemical reaction at a distance. Each amino acid hasatdn color (two excitation wavelengths at 26@80 and 526-260
acting as a hinge between the amino acids. At each hinge therd’™) €xperiments on the photoionization and photodissociation
are two torsional angles;_1; andW; +1. The charge is initially  Studies of peptides containing C-terminal aromatic amino acids
injected into a carbamide group, and its energy is transferred rev_ealed that some of them were subjeqts to charge transfer (CT)
to the two torsional degrees of freedom of the hinge. At the While others were not. A strong evidence emerged for a
same time this charge is waiting in carbamidetil the thresh(_JId behavior of the CT process at abouR5 eV. But _
carbamidge ; rotates to a certain angle and distance. Then the according to the authors, calculations of the ground state, excited
charge is transferred with zero activation energy. The electronic electronic states of peptide ions at a high level of accuracy is
transition rate, hopping between two nearby critical structures, Very time-consuming. They performed some calculations at the
lies on the time scale of electronic correlatieire., itturns into ~ semiempirical MNDO and PM3-CI levelsMost of their

one hybridized state. In this mechanism the charge is initially discussion was based on the relative energy positions of the

excited to an electronic excited state and the excess energy idonization levels, considered to be the estimated ionization
energies of the isolated amino acids. Furthermore, the authors

* Corresponding author. Telephone:32 4 3663499. Fax:+32 4 made the hypothesis that “the ionization potential of the bridge
3663364. E-mail: d.dehareng@ulg.ac.be. was estimated to be higher than that of the free N-terminal amino
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group because of the mesomeric stabilization in the peptide chain[(Ala),-Gly]-Tyr and [(Leu}-Gly]-Tyr, where the position of
which tends to charge the nitrogen atom in the bridge more Gly is varied along these latter chains.
positive therefore increasing local ionization potential there by  Section 2 briefly presents the computational tools, and section
estimated 0.4 eV". In ref 10, Cui et al. eliminated prompt ionized 3 presents the definition of the ionized states.
fragments and investigated slow dissociation processes occurring Section 4 introduces the results, and section 5 develops the
very near the threshold, i.e., with rate constants on the order of main results into a general discussion.
10° s71. Their study was based on one-color and two-color
experiments too. They also observed selective dissociation atComputational Tools
the NF terminus. In their one-color experiment, they ionizé A the calculations were performed with the Gaussia®'98
and excite the peptide Leu-Tyr and (Ledyr with a two+  55ram on a SGI Origin 3800. All the chosen conformations
one 266 nm (4.%_36 eV) photor_l apsorptlon, re_speC_theW- In their \yere fully optimized within the density functional theory
two-color experiments, they ionize the peptide with a two 266 (DFT)22 and the Kohr-Sham molecular orbital formalisi,
nm photon absorption and they excite the cation after a period using the hybrid method B3LY® with the 6-31G**(5d§5:26
of relaxation (1980 ms) with a one photon aborption of either pasis set. The choice of this calculation level relies on the fact
280-289 (4.29-4.43 eV) or 579 nm (2.48 eV). They observed that it constitutes a good compromise between the quality of
near threshold slow dissociations for both one-color (266 nm) the results and the size of the studied systems. However, though
and two-color (266 579 nm) experiments but not for the other  some studies can show that it provides a good energy ordering
two-color (266+ 280 nm) one. The result of the one-color of the lowest conformations compared with experimental
expriment was surprising because the excess energy—<4.66 results?’ in many cases this is not necessarily t#8e? though
5.98 eV) is rather high and should correspond to a dissociationusually the most stable conformation is correctly assigned. In
rate constant in the nanosecond time scale. Thus, the authorsur previous study on amino aciéit was already shown that
proposed that the observed slow dissociation should be relatedB3LYP/6-31G** did not classify the low energy conformations
with a two-photons absorption instead of a three-photons one,as other correlated methods did (MP2, QCI, CCSD). Neverthe-
leading to a supposed excess energy of about 1.32 eV, to bdess, since this article is not aimed at finding all the low energy
compared with 1.5 eV for the estimated needed energy. For conformations but only to study the conformation influence on
the two-color experiments with the 579 nm laser, the rate the ionization energies, this calculation level was chosen.
constant was 4.5 times higher than for the one-color experiment The ionization energies were determined with the outer
but the excess energy (2.14 eV) was somewhat higher too. Thesgzalence Green’s function (OVGF) method using the smaller
near threshold experiments tend to show that a dissociation6-31G basis set, due to the size of the systems. The choice of
leading selectively to the NHterminus iminium cation is this method was justified as follows. Time-dependent density
already possible with an excess energy of £:324 eV. functional theory (TDDFT) is increasingly popular for determin-
On the basis of both experimental results and the theoretical N9 €xcited states energigs™>* It has been recognized to often
models, it was postulated that each amino acid in zero-order Provide qualitatively good energy values within a 0.4 eV error

contributes semi-independently to the potential energy surface"a"9€- However, some erroneous results are also known in

(PES) of the whole polypeptide. According to this hypothesis, particular when the system size increa%Eelsevertheless, this
the PES could be approximated in first order by the values of method has the great advantage to be applicable to large systems.

the ionization energies (IE) of the separate amino acids and theAS fo the OVGF method, it already proved interestiig as

IE of the whole molecule was not directly relevant there. The it could often fit with experimental results in a 0.3 eV range.

nature of the involved amino acids could uniquely predict the As a previous study of our laboratory on amino acids was
o . . uniquety p already performed at the OVGF level, it was decided to go on
charge mobility: insert a high IE amino acid results to stop the

Y S . with this method as this work is essentially intended to remain
charge migration at this site. This model thus proposed a

hooDi hanism for the ch ‘ & at a qualitative or semiquantitative level. The advantage of
opping mechanism for the charge-transfer process. OVGEF is that it provides an easy way to know the character of

The aim of our work was to bring some more information, the jonized state through the shape of the ionized MO, obtained
on a qualitative basis, about the charge transfer occurring in at the RHF level. Its drawback is that it cannot account for the
small peptide cations. The choice of tetrapeptides resulted fromshake-up ionic states, i.e., those states that do not come only
a compromise between the size of the systems and the CPUrrom a direct ionization event but that also include electronic
time needed to complete the investigation. This article was not excitation. Here follows a brief recall of the method. It is based
aimed at scanning exhaustively the conformational space of theon the one-particle concept.
neutral and the cation peptides. The work was intended to shed The definition of a Green’s functidis linked to an operator.
some light on the influence of conformation on the energy The operator in our case is obviously the many-body Hamil-
pattern of the radical cation excited states and thus focus ontonian, be it the real onkl or an approximate onélo. Let W
the determination of ionization energies and cation excitation and E; designate the eigenfunctions and eigenvalues of this
energies as a function of the conformation, based on quantumHamiltonian. The one-particle Green'’s function associated with
chemistry calculations, at the HartreEock level*~13 for the Hamiltonian is given by the expression
qualitative descriptions of the molecular orbitals (MO), or outer-
valence Green's functions (OVGE)2° for semiquantitative G(r,r' E) = Z(lpi(r) W(r)I(E — E),
determinations of the IE. The work investigates on tetrapeptides T
constituted with the aliphatic amino acids alanine, glycine and with E being a parameter.
leucine and terminated by a tyrosine. In the following, the amino
acids will be represented either by their three-letter or by their It is usually its matrix representation that is considered in
one-letter abbreviations: alanine is Ala or A, glycine is Gly or quantum chemistry, and its elements are calculated withithe
G, leucine is Leu or L and tyrosine is Tyr or Y. The studied as basis functions. In the specific case of the Hartfesck
peptides are (GlgTyr, (Ala)s-Tyr, and (Leu}-Tyr, as well as framework, one can define the zero-order, or approximate,
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Hamiltonian as the sum of the Fock operatéts = ZiF(i), for
which the associated Green’s matrix is given by

GyE)=(E1—¢"

1 being the unity matrix and the diagonal matrix the elements
of which are the MO energies. When the paramé&efaries,
the elements o6y can become infinite; i.e., they have a pole,
at the values corresponding to the MO energies.

For a real Hamiltonian expressedtas= Hp + V, the Green’s
matrix is given by

GE)=(EL1-H,—V)"
and obey the equation
G(E) = Gy(E) + G(E) V G(E)

As a matter of fact, the; are approximations of differences
between Hamiltonian eigenvalues of the neutral and of the
ionized molecule (Koopmans’ theorem). Thus, we should try
to obtain aG(E) with poles at the exact energy differences
between theN and theN — 1 particle systems and be able to
improve upon Koopmans' theorem while retaining the one-
particle picture associated with HF. However, to account for
the two-particle characteristics of the real Hamiltonian, Dy%on
introduced an effective energy dependent poterX{&), named
the self-energy, to replacé: G(E) = Go(E) + Go(E) Z(E)
G(E), which can be rewritten as

GE)=(El-e—3E)*
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n(lp)

n,(1p)

process known as the variational collapse in HF. In practice, it
is possible to obtain the electronic excited state MOs only in a
few happy cases and it is much easier in the UHF framework
than in the UB3LYP one. Thus, the UHF MOs were first derived
with the 6-31G basis set to obtain a good guess and then the
UB3LYP/6-31G** MOs were calculated and the geometry
optimization was performed.

Dissociation energies related to the formation of the terminus
[NH=CHR]" iminium cation were calculated at the UB3LYP/
6-31G** level for aliphatic dipeptide cations. Three other
dissociation channels were also considered for @Ala)hese
energies AEgis9 were calculated as the difference between the
energy of the optimized geometry of the dissociating excited
state, already bearing the charge on the;Kgiminus, and the
energy of the fragments.

Description of the lonized States

The ionized states studied in this work correspond to direct
ionization of the MOs with no further electronic excitation; i.e.,
no shake-up states will be mentioned though they are known
to play important roles in the coupling between excited states
and thus in electron-transfer processes. All the states will be

The improvement upon the Koopman’s theorem comes from referred to by the label of their related ionized MO, i.e., the
the evaluation of the self-energy matrix. It is expressed within 71(Y) (see below) state results from the ionization of ttie

the perturbation framework as a sum of different order terms MO localized on the tyrosine ring. Most of the MOs have been
that are evaluated as functions of the field operators (creationfound to be highly or moderately localized on one part of the
and annihilation operators and their products). This matrix takes polypeptide and will be labeled according to the nuclei on which
into account the relaxation and the correlation effects upon they are mainly centered. The degree of localization and thus
ionization. It is expressed as a function of the bielectronic the way the MOs are labeled is based on 3D contour plots drawn
integrals in the MO basis and its terms have denominators of at 0.05 au by the program GaussviéOn the peptide link,

the type E — € — ¢j — €a —ep). The ionization energies are
found iteratively through a scan of tlieparameter, to find the
poles of the matrixG(E). At the OVGF level, the self-energy

the MOs that are the highest in energy, i.e., the most easily
ionizable, are of two typesxn-type because the MO density
presents a nodal plane passing through the backbone nuclei,

matrix is considered diagonal and its elements are expanded teand an oxygen lone-pair-type very often mixed with sertgpe

the third order of perturbation.

density on one of the adjacent-C bonds. These two types of

The MOs taken into account in this method were all the MO will be labeled asz(ip) and r(ip) respectively, with the
occupied valence ones augmented by the same number of virtuahumberi of the related peptide link in parentheses as presented
MOs. In the case of (LewJTyr and [(Leu}-Gly]-Tyr, this MO in Chart 1. The NH and COOH termini are also characterized
number was too large to be tractable and it was reduced in theby lone pair andr-type MO densities corresponding to the lone
following way. The number of occupied valence MOs did no pairs on either the nitrogen or the carbonyl oxygen on one hand,
longer include the MOs corresponding to the main occupation and to a density presenting a nodal plane passing through the
of the oxygen and nitrogen 2s basis functions in all these cases COOH nuclei on the other hand. The lone-pair types on the

For the [(Leu)-Gly]-Tyr isomers, the number of virtual MOs

oxygen will be denoted n(t©C) and the other two will be

was reduced to the set corresponding to orbital energies equalabeled n(Nt) andz(COOH); they are presented in Chart 2. In

or below 0.7 au (instead 00.85), and for (LewTyr, this set

was further reduced to energies below or equal to 0.5 au.
Two electronic excited-state geometries were optimized for

the (Leu}-Tyr™ cation at the UB3LYP level. Though the DFT

the n(tG=C) MO, the carbonyl oxygen lone pair can be mixed
with a small density part from the OH oxygen, and it also shows

a density on ther(C,—C). The threer densities on the tyrosine
ring will be denoted, respectively, ad(Y), 72(Y), andz3(Y);

provides a well-defined framework for the electronic funda- they are much alike those obtained for the phenol, as seen in

mental state through the Hohenbeigohn theorem, the way
the MOs are derived via the Koktsham formalism can provide

Chart 3.
Some MO densities are localized on thébonds of either

excited-state densities, just as UHF does. These excited-statehe tyrosine ring or of the €C of C—H skeleton between the

densities or MOs are extrema for the Keh@ham equations

C, and the G; these are respectively denotedas(Y) and

but not minima since a slight deviation from their converged o's(sdY). Moreover, for the peptides containing leucine, several
shape makes them drop down to the fundamental state functionsg-type MOs are localized on the-€C and C-H skeleton of
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CHART 2

T(COOH)

Figure 1. Lowest energy conformation CF1 for the three neutral
species %-Tyr, X = Gly, Ala, and Leu. Only the backbone hydrogens
(white) and only the gof the X = Ala or Leu side chains are shown.
The carbons, nitrogens and oxygens are respectively shown in gray,
blue, and red.

n(t0=C)

CHART 3 TABLE 1: Intramolecular Distances (A) Found in CF1 As

Shown in Figure 1

peptide di d2 d3 d4
(Gly)s-Tyr 2.337 2.172 2.093 1.815
(Ala)s-Tyr 2.306 2.125 1.971 1.863
xCY) 20 (Leu)s-Tyr 2.304 2.143 1.971 1.861
Gly-(Ala)-Tyr 2.343 2.166 1.972 1.812
Ala-Gly-Ala-Tyr 2.306 2.139 1.975 1.863
(Ala)-Gly-Tyr 2.294 2.151 2.090 1.812
Gly-(Leu)-Tyr 2.350 2.188 1.972 1.813
Leu-Gly-Leu-Tyr 2.300 2.132 1.969 1.872
(Leu)-Gly-Tyr 2.286 2.170 2.083 1.806

then adapted to either (Gl Yyr or (Leuk-Tyr by using
CHART 4 Gaussview. The procedure just described to generate the
' conformations clearly does not cover the whole conformational
space, and it cannot be stated that we obtained the lowest lying
conformations.

For the cation conformations, a first step was conducted on
the (Alal-Tyrt cation; it was started from the optimized
geometries of the 11 neutral conformations of (A&yr. Since
most of the cation conformations were much higher in energy
than the most stable one, only three or four conformations were

A(ip)ny((H1)p)

the Leu side chain and they are labeled by Sdch(Li), i being o )
the position of the leucine. In some cases, when the MO shows©Ptimized for the (Gly}-Tyr™ and (Leu)-Tyr" ca+t|ons, based
a delocalized character, the MO density contours at 0.05 au©" the lowest energy conformations of (Ad)yr™. It will be
present numerous very small volumes on the skeleton which ShOWn below that only one or two conformations are low in
are specified in square brackets [] in the tables. In Chart 4 is ©N€rgy-
also shown a density for ar(ip) + no((i + 1)p)] MO.
Conformations Building. Some small di- or tripeptides were
already studied experimentally and theoreticaliy®-37-3° From A. Comparison between (Gly)}-Tyr, (Ala) s-Tyr and (Leu) 3-
these studies, it appears that several conformations are observiyr (X s-Tyr). A.1. Geometry and Relag Energies of the
able experimentally; i.e., there exist several low-lying conforma- Neutrals. Among all the 11 conformations searched for the
tions that are very close to one another. To our knowledge, no neutral of the X%-Tyr peptides, the lowest energy structure,
theoretical studies exist on tetrapeptides. denoted CF1, is the same for the three species. It is characterized
The initial conformations of the neutral tetrapeptides were by four intramolecular backbone interactions (see Table 1 and
constructed in a stepwise manner, on the basis of alanineFigure 1).
peptides. It was started with the dipeptide Ala-Tyr atthe B3LYP/  The relative energies of the other conformations can be very
6-31G level. Seven conformations characterized by different different according to X. For instance, the number of conforma-
intramolecular interactions were hand-built using the Gaussview tions lying in the range of 15 kJ/mol above the CF1 energy is
programs® The following observations were used to build the equal to 3, 5, and 5 for %= Gly, Ala, and Leu, respectively.
tripeptide (Ala)-Tyr. The terminus NH adopted the preferred  The conformations are denoted iGFith i increasing like the
orientation with its nitrogen pointing toward the-\ of the relative energies found in (Alg)lyr. The whole set of
next residue, instead of having its hydrogens interacting with conformations is presented in Figure 2. The structurally related
the O=C of the first residue. The COOH terminus liked conformations of the other peptides are not necessarily ordered
interacting with either the HN in the last residue or the=€C the same way according to their relative energies, and Table 2
of the previous one. In the construction of the tripeptide, presents both the relative energies and their position number
followed by the tetrapeptide, the intramolecular interactions according to the energy scale. It must be pointed out here that
leading to preferred conformations were considered finally a systematic search for the different conformations related to
leading to 11 conformations for (Alg)lyr. The side chain was  the Leu side chains was not performed in this study. It appears

Results



lonization Energies of Tetrapeptides J. Phys. Chem. A, Vol. 110, No. 43, 20061979

Figure 2. Eleven optimized conformations for the neutral (Aldyr tetrapeptide. The intramolecular interactions are shown in brown.

TABLE 2: Relative Energies (kJ/mol) for the Five Lowest
Energy Conformations?
peptide CF1 CF2 CF3 CF4 CF5 '

(Gly)3-Tyr 0.0 6.52 (2) 13.32(3) 18.69 (4) 26.04 (7)

(Ala)3-Tyr 0.0 0.97(2) 3.30(3) 7.87(4) 14.56 (5)

(Leu)3-Tyr 0.0 0.24 (2) 12.94(5) 6.50(3) 8.64(4)

Gly-(Ala)-Tyr 0.0 3.37(2) 5.47(3) 10.41(4) 15.41 (5)

Ala-Gly-Ala-Tyr 6.64 (2) 0.0 7.23(3) 10.92 (4) 19.20 (5)

(Ala)-Gly-Tyr 0.0 15.21 (2) 18.11(3) 22.35(4) 30.94 (5)

Gly-(Leu)-Tyr 0.0 3.80(2) 14.11(5) 9.95(3) 11.67 (4)

Leu-Gly-Leu-Tyr 6.05(3) 0.0 4.89 (2) notfound 17.41 (4)

(Leu)-Gly-Tyr = 0.0 15.84 (2) 29.21(6) 23.67 (3) 26.08 (5)

a|n parentheses is given the number of the conformation according
to its relative energy scale position.

that CFL1 is certainly the most populated conformation for (§ly)
Tyr but that CF2 is nearly degenerate with CF1 for (Adayr
and (Leu)-Tyr. In the case of (Ala}Tyr, CF3 could also be
represented in the whole population of conformations. Figure 3. Two similar lowest energy optimized conformations of the
A.2. Geometry and Rela# Energies of the Cationghe radical cation (AlayTyr".
lowest energy conformation obtained came from the ionization ~ For the (Leu}-Tyr™ cation, a geometry optimization of the
of CF3, and in fact, two slightly different conformations were two [(1p) + no(2p)] and [n(Nt)+ no(1p)] excited states was
obtained, in the range of 3.10 kJ/mol, and denoted CF1c andperformed at the UB3LYP/6-31G** level with CF1 as starting
CF2c, as presented in Figure 3. The third lowest energy cationgeometry. The only excited states obtainable with this method
conformation lies at 24.80 kJ/mol above CF1c. From the results were those above-mentioned. From the optimized geometrical
obtained for (Alaj-Tyr", several cation conformations were also structures, shown in Figure 4, it is obvious that the optimized
optimized for (Gly}-Tyr™ and (Leu}-Tyrt, and the lowest geometry can vary significantly as a function of the charge
energy conformation obtained was also CF1c with similar gaps localization, though they were all generated starting from CF1
(around 18 kJ/mol) for the third and higher states. (as denoted in the figure by CF1).
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opt.geom. opt.geom.
T(1p)ny(2p) Loty n(Nt)+n(1p)
> CF1 > CF1

Figure 4. Optimized geometries of (Leut)lyr: the lowest energy conformation of the neutral CF1, the conformation of the fundamental electronic
staterr1(Y) of the cation starting from CF1 (denotedCF1), and the conformations of two excited state&lp) + no(2p)], [n(Nt) + no(1p)] of
the cation starting from CF1 (denotedCF1).

A.3. lonization Energies The ionization energies were state by reference to the fundamental cationic state (which is
determined for three geometries, CF1, CF2, and CF1lc, and arealways ther1(Y) state). Let us focus on three excited states:
presented in Table 3. 7(3p), n(Nt), andz3(Y). The first state is interesting because it

The choice of these conformations is justified by the corresponds to the localization of the charge on the ionizable
following. The determination of vertical ionization energies group just next to the initial localization on the tyrosine. The
implies that the calculation is made on the most stable second state interest comes from the fact that the observed
conformation of the neutral, i.e., CF1. Since CF2 is very close charge transfer finally leads to this state since the mass spec-
to CF1, it can be supposed that this conformation will also be tra show a preference for the formation of iminium ion
present in the population of the neutral. As to the choice of the [NH,=CHR]" (R being the side chain) when charge migration
most stable cation conformation CFlc, it was also chosen in occurs. And finally, the interest ot3(Y) is to be the initial
order to determine excitation energies for the cation in its relaxed photoexcitable state prior to charge transfer and eventual
geometry, since some experiments may lead to such speciesdissociation.

As a matter of fact, a vertical ionization energy is not interesting  The excitation energy of the(3p) and n(Nt) states largely
at this geometry, even if it will be given in the tables, since the depends on the conformation (from 0.6 to 2.4 eVA¢8p) and
neutral species will not adopt such a distorted geometry and from 1.1 to 4.4 for n(Nt)) and much less on the nature of the
thus experimentally it will not be seen. side chain (G, A, L). The same remark stands for bo{Bp)

The size of the side chain acts differently according to the andx(1p). This is not the case of3(Y) which scans a much
conformation: on CF1 and CFlc, the low ionization energies smaller energy range (from 3.4 to 3.8 eV). The lowest excitation
tend to decrease as the size increases, but this is not a generalitgnergy forz(3p) is 0.57, 0.57, and 0.69 eV, found for CF2 (G,
for CF2. A, L) while it grows up to 1.06, 0.86, and 1.15 eV for CF1 and

The 71(Y), #(3p), 7(2p), andz(1p) states are always found even much higher for CFlc: 2.24, 2.26, and 2.40 eV. The same
in this order within the five first ionized levels according to trend (lowestAEgy for CF2, highest for CF1c) is found for
their energy, with the exception of CF2 for (Adajyr and n(Nt), as well as forr(2p) andz(1p). Thex2(Y) presents an
(Leu)-Tyr wheres(3p) andz(2p) have switched but are very intermediate behavior since itAEe does not vary much
close AE = 0.02 and 0.13 eV respectively). Furthermore, between the neutral conformations, in the [6-8295 eV] range,
according to the RHF MO corresponding to the ionization event, but it changes significantly for the cation conformation CF1c
m(2p) andzr(1p) are always mixed with the oxygen lone pair with a AEegyc around 1.65 eV. Thus, the relative position of the
of the following peptide link, i.e., §(3p) and (2p), respec- 72(Y) state as compared to thgip) states varies from one
tively. The other combinationso(3p) + 7(2p) and ®(2p) + conformation to the other. From the description of the ionized
mt(1p) are found higher in energy. As to the state corresponding MO, the n(Nt) state for CF1c seems to present a delocalized
to the ionization ofz2(Y), it is always the second state found charge in the three peptide cations while this charge is much
in the cation conformation CF1c, i.e., found betwediY) and more localized on the Nyterminus with a partial delocalization
m(3p), but it lies higher thant(3p) or evenx(2p) for the on the oxygen of the first peptide link for the neutral conforma-
conformations of the neutral, except in the case of the CF1 for tions. Similarly, while thezr3(Y) state tends to show a well-
(Gly)s-Tyr and (Leu}-Tyr where thex2(Y) and z(3p) states localized 73 ionized MO, it nevertheless presents a more
are nevertheless very close, quasi degenerate. delocalized MO for CF1 of (Ala)Tyr and (Leu}-Tyr. For all

Excitation energies of the cationA.x) are also provided the neutral conformations studied, the n(Nt) state is always lower
in Table 3 and are defined as the energies of the consideredin energy than ther3(Y) state but higher than eact{ip) state,
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TABLE 3: lonization Energies (IE) and Cation Excitation Energies (AEex) Calculated at the OVGF/6-31G Level for Three
Conformations of (Gly)3-Tyr, (Ala)3-Tyr, and (Leu)3-Tyr 2

CF1 CF2 CFlc
MO description IE (eV)AEexc MO description IE (eV)AEexc MO description IE (eV)AEegxc
(Gly)s-Tyr
w1(Y) 7.80/0.0 w1(Y) 8.13/0.0 w1(Y) 6.33/0.0
72(Y) 8.74/0.94  7(3p) 8.70/0.57  m2(Y) 7.99/1.66
(3p) 8.86/1.06  z(2p)+ no(3p) 8.79/0.66  m(3p) 8.57/2.24
(2p) + no(3p) 9.03/1.23  72(Y) 8.97/0.84  x(2p)+ no(3p) 8.95/2.62
7(1p) + no(2p) 9.48/1.68  z(1p)+ no(2p) 9.14/1.01  z(1p)+ no(2p) 9.70/3.37
n(Nt) + no(1p) 10.34/2.54  n(Nt)} no(1p) 9.42/1.29  o's(Y) + no(1p) 9.91/3.58
no(3p) + 7(2p) 10.44/2.64  8(3p)+ 7(2p) 10.20/2.07  73(Y) 10.05/3.72
no(2p) + 7(1p) 10.78/2.98  8(2p) + 7(1p) 10.50/2.37  &(3p) + 7(2p) 10.26/3.93
n(tO=C) + no(2p) + no(1p) 10.85/3.05 n(t&C)+ no(1p)+ n(Nt)  10.88/2.75 n(t&C) 10.48/4.15
73(Y) + n(tO=C) 11.23/3.43  p(1p) +n(Nt) + n(tO=C)  10.93/2.80  n(Nt)t no(1p)+ n(tO=C) 10.69/4.36
n(Nt) + no(1p) + (COOH) 11.24/3.44 7(COOH) 11.51/3.38 o's(Y) + o’s(sdY) + n(tO=C)  11.04/4.71
0's(Y) + 7(COOH) 11.52/3.72  #3(Y) 11.57/3.44  8(2p) + 7(1p) 11.16/4.83
0's(Y) + 7(COOH) 11.62/3.82 o's(Y) 11.90/3.77 7(COOH) 11.62/5.29
n(Nt) + no(1p) + o's(Y) 11.52/5.19
(Ala)s-Tyr
71(Y) 7.72/0.0 w1(Y) 8.05/0.0 w1(Y) 6.25/0.0
(3p) 8.58/0.86  m(2p)+ no(3p) 8.60/0.55  72(Y) 7.92/1.67
72(Y) 8.64/0.92  7(3p) 8.62/0.57  m(3p) 8.51/2.26
1(2p) + no(3p) 8.80/1.08  z2(Y) 8.88/0.83  (2p)+ no(3p) 8.81/2.56
w(1p) + no(2p) 9.21/1.49  z(1p)+ no(2p) 8.96/0.91  z(1p)+ no(2p) 9.45/3.20
n(Nt) + no(1p) 10.06/2.34  n(Nt} no(1p) 9.25/1.20  o's(Y) + no(1p) 9.75/3.50
no(3p) + (2 p) 10.13/2.41  8(3p) + 7(2p) 10.03/1.98 x3(Y) 9.96/3.71
no(2p) + (1p) 10.50/2.78  &(2p)+ x(1p) 10.20/2.15  §(3p) + 7(2p) 10.13/3.88
n(tO=C) + no(1p) [+no(3p)] 10.64/2.92  p(1p)+ n(Nt) 10.52/2.47  n(Nt)t no(3p) + n(tO=C) 10.36/4.11
7(COOH)[H73(Y)] 11.10/3.38 n(tG=C) 10.91/2.86  n(t&C) + n(Nt) 10.55/4.30
n(Nt) + z3(Y) + 7(COOH) 11.14/3.42 7(COOH) 11.47/3.42  §(2p) + 7(1p) +o's(sdY) 10.85/4.60
n(Nt) + n(tO=C) + 73(Y) 11.17/3.45 73(Y) 11.49/3.44  8(2p)+ 7(1p)+o's(sdY) 11.07/4.82
o's(Y) 11.60/3.88  o's(Y) 11.84/3.79  B(1p)+ n(Nt) +o's(Y) 11.33/5.08
7(COOH) 11.61/5.36
(Leu)-Tyr
71(Y) 7.69/0.0 w1(Y) 8.04/0.0 w1(Y) 6.17/0.0
72(Y) 8.58/0.89  z(2p)+ no(3p) 8.60/0.56  72(Y) 7.83/1.66
(3p) 8.64/0.95  m(3p) 8.73/0.69  m(3p) 8.57/2.40
(2p) + no(3p) 8.80/1.11  z2(Y) 8.86/0.82  x(2p)+ no(3p) 8.78/2.61
7(1p) + no(2p) 9.14/1.45  z(1p)+ no(2p) 8.88/0.84  z(1p)+ no(2p) 9.31/3.14
n(Nt) + no(1p) 9.91/2.22 n(NBt no(1p) 9.14/1.10 8(1p) + n(Nt) + o's(Y) 9.67/3.50
no(3p) + 7(2p) 10.17/2.48  8(3p) + 7(2p) 10.03/7.01  #3(Y) 9.93/3.76
no(2p) + (1p) 10.44/2.75  8(2p)+ 7(1p) 10.18/2.14 7(2p)+ no(3p) 10.06/3.89
No(t0=C) + no(1p) + n(Nt) 10.66/2.97  n(Nt)t no(1p) 10.52/2.48  n(Nt)fno(3p) + o’s(Y)] 10.27/4.10
7(COOH)+Sdch(L3) 11.16/3.47  Sdch(L3) 11.05/3.01 o(t©=C) 10.60/4.43
Sdch(L3)+ no(tO=C) + n(Nt) 11.17/3.48  Sdch(L3) 11.08/3.04 z(1p)+ no(2p) 10.69/4.52
Sdch(L3) 11.29/2.60  Sdch(L3) 11.09/3.05  Sdch(L,Y) 11.26/5.09
73(Y) +Sdch(L3) 11.31/3.62 n(t&C) 11.15/3.11
m(COOH)+Sdch(L3) 11.32/3.63  Sdch(L2) 11.50/3.46
Sdch(L3)+ no(t0O=C) + Sdch(L2)  11.43/3.74  Sdch(k12) + 7(COOH) 11.52/3.48
Sdch(L2) 11.53/3.84  Sdch(E22) 11.55/3.51
73(Y) 11.55/3.51
Sdch(L1) 11.59/3.55
7(COOH) 11.63/3.59

@ The description of the ionized MOs is based on a RHF calculation.

NE rr—— E/ afion states (Leu)-Tyr and that it presents itself a delocalization on NH
cation states .
neutral conformations cation conformations for CF1 of (Alaj-Tyr. No such degeneracy or delocalized

n(Ng) character is found for CF2 or CFlc.
T3(Y) T3(Y) A comparison with ionization energies obtained at the UHF/
n(Nt) Ti(1p) 6-31G level is performed for the three conformers of (lzeu)
T(1p) ™2p) s Tyr, to check the atomic spin densities of the ionized state and
20) oy 220 G m2(v) be sure of the qualitative description obtained by the OVGF/
- m(y) T(Y) RHF(MO) method. All the ionized states could not be obtained

due to variational collapse of the guess onto a lowest state. All
the obtained cation states are presented in Table 4. Because of
the size of the basis set and the low level of the calculation
as presented schematically in Figure 5. This is not the case for(UHF is not recommended for ionization energies), the excitation
the cation conformation CF1lc except for (Ledyr. Let us energies are not correlated with the results in OVGF. One
emphasize that the3(Y) state is nearly degenerate with a state interesting point to emphasize it that, according to the atomic
that should present a charge on Nidr CF1 of (Glyy-Tyr and spin densities, the description of the mixed character of the

Figure 5. General sketch of the cation energy levels found for the
neutral and in the cation conformations.
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TABLE 4: Excitation Energies AE¢. (eV) Calculated at the
UHF/6-31G Level for the Three Conformations of

Dehareng and Dive

considered for the dipeptide cations as well as for the {CO
NH—CHR—COOH] radical. The dissociation energies corre-

(Leu)s—Tyr?2
CF1 CF2 CFlc

sponding to the lowest energy conformers are presented in Table
5, with or without the zero point energy (ZPE) correction.

state AEd€V) state  AEedeV) state AEq{eV) The dissociation energy from Gly-X and leading to the
1Y) 0.0 71(Y) 0.0 71(Y) 0.0 smallest iminium ion NE=CH," is always significantly larger
(3p) 035 w(3p) 0.17  m2(Y) 1.82 (about 0.5 eV) than the other ones. This could have an incidence
(2p) 0.83  7(2p) 0.27  7(3p) 1.94 in the Gly-X-Tyr" cations. The ZPE is not very important, on
a(lp) 119  x(1lp) 059  mr(2p) 2.75 the order of 0.050.08 eV. TheAEgiss decreases from (Gly)
no(lp) 1.37  72(Y) 0.69 x(2p)+no(3p)  3.14

to (Leu)™.

However, the value calculated for (Ledlyr™ is much larger
than those obtained for the dipeptides. This can be due to several
reasons. The first one is that only one conformer of the parent
ion and the fragments was optimized. A second one is that the
parent ion is more stabilized by the whole molecular skeleton
than the dipeptide cations. This can be pointed out by the bond
length between the & of the first residue and the=€0, i.e.,
the scissile bond. In the dipeptide cations, it is equal to 1.6811,
1.7248, and 1.7292 A for (GlyJ[n(Nt)], (Ala)>*[n(Nt)], and
(Leu)*[n(Nt)], respectively, and to 1.6307 A in (Len)
Tyrt[n(Nt)].

n(Nt) 1.07  r(1p) 3.51
Sdch(L3) 3.27 n(Ntit no(1p) 4.55

a2 The description of the state is based on the atomic spin densities.
SCHEME 1
NHZ-CH(CH3)+CO-NH-CH(CH3)-COOH
[NH,-CH(CH,)1* [NH,-CH(CH,)I"
[CO-NH-CH(CH,)-COOH]" [CO-NH-CH(CH,)-cooH]*

NHZ-CH(CHa)-CO-NH-CH(CH:,)-ICOOH

Nevertheless, the n(Nt) state formed during the experiments

INH,-CH(CH,)-CO-NH-CH(CHJT*  [NH.-CH(CH.)-CO-NH-CH(CH.I* is not necessarily in its optimized geometry. Thus, the deter-

HrCHICHY) (CHAI™  INH,CH(CH) (CHa mination of the energy differences between the asymptote level
[COOH]" [cooHT* AS1 corresponding to the iminium [N:CHR]* formation and

several other reference energies was performed, as schematized
(2p) + no(3p) and n(Nt)+ no(1p) states is found only for  in Figure 6. TheAEgys{) in Table 5 refer to the optimized
CF1c, then(ip), no(ip), and n(Nt) spin densities being much geometry of the cation in its n(Nt) state, with or without the
more localized for the neutral conformations. At the UHF level, zero point energy ZPE correction. Th&Easi(CF1/n(Nt))
only the reorganization of the electronic cloud is taken into (AEasi(CF1£3(Y))) andAEasi(CF2/n(Nt)) AEasi(CF2£23(Y)))
account in the ionization event but the consideration of electronic correspond to dissociation energies calculated with reference
correlation through post-HF calculations usually provide more energies obtained by adding the ionization energy necessary to
delocalized descriptions. Obviously, the two nearly degenerate form the n(Nt) (z3(Y)) state to the energy of the neutral, either
no(3p) andr(2p) states obtained for CF2 should become linear CF1 or CF2. FOIAEAsi(CF1ct3(Y)), the reference energy is
combinations with larger energy gap in between. The trend of obtained by adding the excitation energy of ##&Y) state to
72(Y) to be higher than one or twa(ip) for the neutral CF2 the energy of the cation in its CF1c geometry. A negati¥as;
conformation but not for the cation one is also found at this energy means that the parent cation formed has an excess energy
level. Similarly, the interesting characteristics of low-lying and relative to the dissociation asymptote. If this excess is small,
energetically differentz(ip) states is confirmed. The general the dissociation will be slow and vice versa, not taking into
tendency that the IE are lower for CF2 and higher for CFlc is account the CT process necessary to form the n(Nt) state. From
also confirmed. the results in Table 5, the n(Nt) state produced from the CF2

A.4. Dissociation Energy for the Iminium Cation Formation. neutral is the only one to be unable to reach dissociation.
Due to the size of the tetrapeptides, the evaluation of the energyNevertheless, the asymptote can always be reached when the
needed to dissociate the cation into its terminal iminium cation cation keeps the excess energy corresponding to the excitation
and its counterpart was conducted on smaller models and it wasin its z3(Y) state. It can be emphasized that the formation of
chosen to consider some dipeptides. the iminium from the (Gly3-Tyr" needs more energy, in relation

Four dissociation channels were studied for thalanyl- - to the observation on dipeptides. Instead of considering the n(Nt)
alanine cation (Ala), as presented in Scheme 1. The levels OF 73(Y) states as referepces, one can take the fundamental
associated with the asymptotes are denoted AS 1, 4. Two ~ 71(Y) state and the energies needed to reach AS1 frb(¥),
conformers were optimized for [C@Ala]¥, x = 0, +1, and for ~ denoted AEasy(CF1i71(Y)), are presented in Table 5. The
[Ala-CO—NH—CHCH]*. The lowest energy conformations AEasi(CF1471(Y)) for (Gly)s-Tyr" is larger than that for the
were considered for the determination of the asymptote relative tWo other peptides, as previously noted for the other energies.
energies. The lowest energy asymptote is AS1. The energy levelst is also larger in the case of the CF1c conformation, which is
AE(ASI) of the AS by reference to AS1 are the following: ~ 9uite n_ormal since this is the lowest energy conformation of
AE(AS2) = 1.17 eV,AE(AS3) = 0.56 eV, andAE(AS4) = the cation.

2.87 eV, which shows that the dissociation energies leading to B. Replacement of One Aliphatic Amino acid by Gly-
AS1 and AS3 are the closest. Only the AS1 dissociation channelcine: The (R2G)-Tyr Isomers, R= A or L. The three isomers
is considered below. Gly-(X)2-Tyr, X-Gly-X-Tyr and (X),-Gly-Tyr, globally repre-

To assess the influence of the side chain on the dissociationsented by [%-Gly]-Tyr, have been studied for X Ala and
energy, its determination was performed for (GlyjAla),, Leu. All the starting geometries for the optimizations have been
(Leu), Gly-Ala, and Ala-Gly. The dissociation energy was taken from X-Tyr, either for the neutral (11 conformations each)
calculated by reference to the optimized electronic state or for the cation (3-6 conformations each).
characterized by a large atomic spin density on the, NH B.1. Relatie Energies of the Neutrals and the CatioRsom
terminus, i.e., the n(Nt) state. Two conformations were also Table 2, the quasi degenerescence of CF1 and CF2 does no
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TABLE 5: Energy Differences (eV) between the Asymptote Level AS1 Corresponding to the Iminium Formation and Several

Referenced
(Gly),* (Ala)z*" (Leux™ Gly-Ala* Ala-Gly*
AEqis{N0ZPE) 1.40 0.93 0.85 1.46 0.88
AEqis{ZPE) 1.48 1.00 0.90 1.53 0.95
(Gly)s-Tyr* (Ala)s-Tyr* (Leuy-Tyr*

AEis{N0ZPE) ND ND 1.64
AEgis{ZPE) ND ND ND
AEasi(CF1,n(Nt))AEasy(CF173(Y)) —0.42/~1.31 —0.88/~1.96 —0.94/-2.34
AEasi(CF2,n(Nt))AEasy(CF2723(Y)) 0.44/1.71 —0.08/-2.32 0.18-2.59
AEasi(CF1cz3(Y)) —0.69 -1.28 —-1.50
AEasi(CF171(Y)) 2.12 1.46 1.28
AEasi(CF2771(Y)) 1.73 1.12 0.92
AEasi(CFleml(Y)) 3.03 2.46 2.26

aThe AEqs{) refer to the optimized geometry of the cation in its n(Nt) state, with or without the zero point energy ZPE correction. The
AEps1(CF1,n(Nt))/AEasi(CF1723(Y))) and AEasi(CF2,n(Nt))/(AEas1(CF2;73(Y))) refer to the energy obtained by adding the ionization energy
necessary to form the n(Ntyr8(Y)) state to the energy of the neutral, either CF1 or CF2. ABgs:(CF1cz3(Y)) refer to the energy obtained by
adding the excitation energy of the3(Y) state to the energy of the cation in its CF1c geometry. ABgs:(CFx,w1(Y))(x = 1,2,1c) are determined
in the same way except that the reference statel{¥). Abbreviation: ND= not determined.

E4 T3V x3(Y) ™
n(Nt) M
E (CFi,ll(Nt))l-\_;l
AS1 251 cation
energy AL YT states
diss
Qg . AE, ¢ (CF14m1(Y)|
1Y)
=
H IE(CF1,71(Y))
neutral
fundamental
- states
optimized geometry CF1 CF2 CFic
of the n(Nt) cation state geometry geometry geometry

Figure 6. Schematic view of the energy level of the dissociation asymptote AS1 compared to those of some electronic states for different geometries.

longer hold though CF2 remains close in the case of Gly-(X) peptide at the CF1 geometry, the ionized MO leading43€)
Tyr (around 3.8 kJ/mol). However, the most striking difference state is also essentially delocalized on the side chains of the
is observed for X-Gly-X-Tyr, for which CF2 becomes the lowest two leucines and contains a very smad(Y) density; this could
energy conformation, CF1 and CF3 being very close to one produce a much less efficient electronic excitation. Similarly,
another. Thus, X-Gly-X-Tyr could show peculiar experimental for that same state of Gly-(LegY'yr" and Leu-Gly-Leu-Tyt
properties as compared to the othep{&ly]-Tyr peptides. in their CF1 conformation, ther3(Y) density is mixed with

For the cations, by reference ta-Xyr, the same conforma-  €ither (Sdch(L2) + n(t0=C)) or 7(COOH) respectively;
tion CFilc is found to be the lowest in energy, much below the N(tO=C) is also part of the ionized MO density leading to the
other ones (from 12 to 25 kJ/mol). 73(Y) state for CF1 of (AlayGly-Tyr.

B.2. lonization EnergiesThe same general tendencies are
found for the [%-Gly]-Tyr™ cation electronic states by reference
to X3-Tyr" ones, as presented in Table 6. TH@8p) andz(2p) From the results, it clearly appears that the conformation has
states are very close, though somewhat less close in the case dd large influence on the position of the electronic states and
CFl1c, and they can even be either degenerate or inverted. Thehis influence is much larger than that of the size of the side
m(1p) state also lies rather near the two others. The relative chain. In the case of (Alg)Tyr and (Leu}-Tyr, two neutral
energy AEex Of these states varies in a significant way as a conformations, CF1 and CF2, are certainly populated, with
function of the conformation, which is not the case for #3¢Y) maybe three for (Ala}Tyr. The replacement of one Ala or one
the AEeyc Of which lies in the range [3.403.80 eV]. Ther2(Y) Leu by Gly in the tetrapeptides (AlaYyr and (Leu}-Tyr lifts
presents an intermediate behavior in thatiEs,. does not vary the near degeneracy of CF1 and CF2. For two isomers, CF1
much between the neutral conformations, in the {5 eV] was clearly the lowest energy conformation while for X-Gly-
range, but it changes significantly for the cation conformation X-Tyr, CF2 was found to be the most stable one.

CF1c with aAEec around 1.60 eV. Thus, the relative position Nevertheless, the qualitative scheme related to the energy
of the 72(Y) state as compared to theip) states varies from  levels of the cations was the same for the conformations of these
one conformation to the other. The n(Nt) state is always lower peptides compared to those of (Add)yr and (Leu}-Tyr. Thus,

than thex3(Y) one for the neutral conformations but not for differences observed experimentally betweeaTXr and its
CFlc, except in the case of (LetGly-Tyr. For this latter [X2>-Gly]-Tyr substituted isomers should be related to the

Discussion
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TABLE 6: lonization Energies (IE) and Cation Excitation Energies (AEex) Calculated at the OVGF/6-31G Level for Three
Conformations of the Three Isomers of [(Ala)-Gly]-Tyr and [(Leu) ,-Gly]-Tyr

CF1 CF2 CFlc
MO description IE (eV)AEexc MO description IE (eV)AEexc MO description IE (eV)AEexc
Gly-(Ala)>-Tyr
71(Y) 7.77/0.0 71(Y) 8.04/0.0 w1(Y) 5.97/0.0
72(Y) 8.69/0.92  x(3p) 8.62/0.58  m2(Y) 7.56/1.59
(3p) 8.73/0.96  7(2p)+ no(3p) + 7(3p) 8.63/0.59  x(3p) 8.69/2.72
(2p) + no(3p) 8.87/1.10  m2(Y) 8.86/0.82  m(2p)+ no(3p) 8.98/3.01
w(1p) + no(2p) 9.28/1.51  z(1p)+ no(2p) 9.00/0.96  7(1p)+ no(2p) 9.22/3.25
n(Nt) + no(1p) 10.21/2.44  n(Nt} no(1p) 9.42/1.38  o's(Y) + no(1p) 9.55/3.58
no(3p) + 7(2p) 10.27/2.50  &3p)+ z(2p) 10.04/2.00 73(Y) 9.76/3.79
no(2p) + 7(1p) 10.58/2.81  #(2p)+ z(1p) 10.26/2.22  8(3p) + 7(2p) 9.92/3.95
n(t0=C) 10.72/2.95  p(1p)+ n(Nt) 10.65/2.61  n(Nt} no(1p) 10.33/4.36
n(Nt) + n(tO=C) + no(1p) 11.12/3.35  n(t&C)[+no(3p)] 10.94/2.90  8(2p)+ 7(1p) 10.60/4.63
73(Y) 11.18/3.41 7(COOH) 11.53/3.49 n(t&C) 10.79/4.82
7(COOH)+ o’s(Y) 11.45/3.68  73(Y) 11.54/3.50 o's(Y-sdY)+ n(tO=C) + n(Nt) ~ 11.12/5.15
0's(Y) + 7(COOH) 11.60/3.83  o's(Y) 11.84/3.80 o's(Y-sdY) + n(tO=C) + n(Nt)  11.15/5.18
Ala-Gly-Ala-Tyr
71(Y) 7.75/0.0 71(Y) 8.08/0.0 71(Y) 5.98/0.0
(3p) 8.61/0.86  7(3p) 8.64/0.56  w2(Y) 7.57/1.59
72(Y) 8.66/0.91  z(2p)+ no(3p) 8.66/0.58  7(3p) 8.69/2.71
w(2p) + no(3p) 8.84/1.09  72(Y) 8.91/0.83  x(2p)+ no(3p) 9.00/3.02
w(1p) + no(2p) 9.33/1.58  #(1p)+ no(2p) 9.06/0.98  x(1p)+ no(2p) 9.29/3.31
n(Nt) + no(1p) 10.14/2.39  n(Nt} no(1p) 9.31/1.23  o's(Y) + no(1p) 9.57/3.59
No(3p) + 7(2p) 10.17/2.42  &(3p)+ (2p) 10.11/2.03  #3(Y) 9.76/3.78
no(2p) + 7(1p) 10.58/2.83  8(2p) + no(1p) + n(Nt) 10.39/2.31  B(3p) + 7(2p) 9.93/3.95
n(t0=C) + no(1p) 10.67/2.92  §(1p)+ n(Nt) + no(2p) 10.63/2.55  n(NtF no(1p) 10.21/4.23
7(COOH) 11.12/3.37  $(COOH) [+no(3p)] 10.93/2.85  n(t&C) + no(2p) + 7(1p) 10.74/4.76
73(Y) [+7(COOH)] 11.20/3.45 7(COOH) 11.49/3.41  #(2p) + z(1p) + n(tO=C) 10.71/4.73
n(Nt) + n(tO=C) + no(1p) 11.20/3.45 73(Y) 11.52/3.44  o's(Y-sdY) [+n(Nt) + no(1p)+  11.08/5.10
n(to=C)]
a's(Y) 11.62/3.87  o's(Y) 11.86/3.78  o's(Y-sdY) + n(tO=C) 11.15/5.17
7(COOH) 11.65/5.67
(Ala)-Gly-Tyr
w1(Y) 7.76/0.0 71(Y) 8.01/0.0 71(Y) 6.00/0.0
72(Y) 8.69/0.93  xz(3p) 8.68/0.67  m2(Y) 7.57/1.57
(3p) 8.80/1.04  7(2p)+ no(3p) 8.70/0.69  x(3p) 8.74/2.74
(2p) + no(3p) 8.95/1.19  m2(Y) 8.91/0.90  7(2p)+ no(3p) 9.12/3.12
w(1p) + no(2p) 9.30/1.54  z(1p)+ no(2p) 9.03/1.02  #(1p)+ no(2p) 9.23/3.23
n(Nt) + no(1p) 10.08/2.32  n(Nt} no(1p) 9.30/1.29  o's(Y) + no(1p) 9.53/3.53
no(3p) + 7(2p) 10.35/2.54  83p)+ z(2p) 10.09/2.08 73(Y) 9.79/3.79
no(2p) + n(Nt) + no(1p) 10.65/2.89  &(2p) + no(1p) + n(Nt) 10.26/2.25  8(3p) + n(Nt) + no(2p) 10.09/4.09
n(tO=C) + no(2p) + no(1p) 10.76/3.00  a(1p)+ n(Nt) + no(2p) 10.57/2.56  n(Nt}F no(3p) + no(1p) 10.17/4.17
n(Nt) + no(1p) + n(tO=C) 11.02/3.26  n(t&C) [+no(3p)] 10.93/2.92  g(2p)+ 7(1p) 10.62/4.62
73(Y) + n(to=C) 11.18/3.42 7(COOH) 11.49/3.48 n(t&C) 10.80/4.80
7(COOH)+ a's(Y) 11.43/3.67 73(Y) 11.52/3.51  o's(Y) + n(Nt) + no(1p) 11.08/5.08
0's(Y) + 7(COOH) 11.61/3.85 o's(Y) 11.86/3.85 ¢’s(Y) + n(tO0=C) 11.19/5.19
7(COOH) 11.64/5.64
Gly-(Leu)-Tyr
71(Y) 7.72/0.0 71(Y) 8.03/0.0 71(Y) 6.15/0.0
72(Y) 8.65/0.93  7(2p)+ nong(3p) 8.52/0.49  m2(Y) 7.84/1.69
(3p) 8.70/0.98  7(3p) [+7(2p)] 8.62/0.59  x(3p) 8.52/2.37
(2p) + no(3p) 8.76/1.04  72(Y) 8.86/0.83  7(2p)+ no(3p) 8.75/2.60
w(1p) + no(2p) 9.16/1.44  =(1p)+ no(2p) 8.88/0.85 8(2p) + 7z(1p) 9.34/3.19
n(Nt) + no(1p) 10.16/2.44  n(Nt} no(1p) 9.38/1.35  o's(Y) + no(1p) 9.71/3.56
no(3p) + 7(2p) 10.23/2.51  z(2p)+ no(3p) 9.96/1.93  #3(Y) 9.91/3.76
no(2p) + 7(1p) 10.52/2.80  #(2p) + 7(1p) 10.19/2.16  7(2p)+ no(3p) 10.05/3.90
n(tO=C) [+no(1p) + no(3p)] 10.76/3.04  Sdch(L3} n(Nt) + no(1p)  10.80/2.77  n(Nt} n(tO=C) 10.42/4.27
Sdch(L3) 11.22/3.50  Sdch(L3) n(Nt) + no(lp)  10.87/2.84  n(Nt} n(tO=C) 10.59/4.44
Sdch(L3)+ Sdch(L2)+ n(Nt) 11.23/3.51  Sdch(L3) 10.98/2.95 7(1p) + no(2p) 10.73/4.58
Sdch(L3) 11.24/3.52  Sdch(L3) 11.05/3.02
73(Y) + Sdch(L2)+ n(tO=C) 11.36/3.64  n(t&C) 11.07/3.04
Sdch(L2)+ n(Nt) + z(COOH)  11.39/3.67  Sdch(L2) 11.51/3.48
Sdch(L3)+ Sdch(L2) 11.45/3.73  Sdch(L2) 11.53/3.50
Sdch(L2) 11.47/3.75 73(Y) 11.53/3.50
7 (COOH) 11.55/3.52

Sdch(L2) 11.64/3.61
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TABLE 6 (Continued)

CF1 CF2 CFlc
MO description IE (eV)AEexc MO description IE (eV)AEexc MO description IE (eV)AEexc
Leu-Gly-Leu-Tyr
71(Y) 7.66/0.0 71(Y) 8.02/0.0 71(Y) 6.17/0.0
(3p) 8.56/0.90 x(3p)+ 7(2p) 8.59/0.57 m2(Y) 7.85/1.68
72(Y) 8.59/0.93  x(3p)+ 7(2p) 8.65/0.63  7(3p) 8.53/2.36
7(2p) + no(3p) 8.75/1.09  72(Y) 8.86/0.84  x(2p)+ no(3p) 8.78/2.61
w(1p) + no(2p) 9.26/1.60 7(1p)+ no(2p) 9.02/1.00  B(2p)+ 7(1p) 9.46/3.29
n(Nt) + no(1p) 9.94/2.28  n(Nt}+ no(1p) 9.19/1.17  o's(Y) + no(1p) 9.67/3.50
no(3p) + 7(2p) 10.13/2.47 7(2p) + no(3p) 10.06/2.04 73(Y) 9.91/3.74
no(2p) + 7(1p) 10.50/2.84 s(1p) + no(2p) + n(Nt) 10.33/2.31 7z(2p)+ no(3p) 10.07/3.90
n(tO=C) [+no(1p) + no(3p)] 10.65/2.99  Sdch(L3) 10.85/2.83  n(Nt)no(1—3p) + 10.31/4.14
n(tO=C) + o’s(Y), deloc

m(COOH)+ Sdch(L3)+ 73(Y) 11.12/3.46  Sdch(L3) 10.92/2.90
n(tO=C) + n(Nt) 11.17/3.51  Sdch(L3) 11.02/3.00 nE@) 10.56/4.39
Sdch(L3) 11.22/3.56  Sdch(L3) 11.09/3.077(1p) + no(2p), + ..., deloc  10.91/4.74
73(Y) + 7(COOH) 11.24/3.58 n(t&C) [+no(3p)+ Sdch(L3)] 11.11/3.09
Sdch(L3) 11.27/3.61 Sdch(L1) 11.50/3.48

73(Y) 11.52/3.50

7(COOH) 11.56/3.54

Sdch(L1) 11.59/3.57

(Leu)-Gly-Tyr

al(Y 7.73/0.0 71(Y) 8.03/0.0 71(Y) 6.16/0.0
72(Y) 8.66/0.93  7(2p)+ no(3p) 8.69/0.66 72(Y) 7.86/1.70
(3p) 8.81/1.08 x(3p) 8.70/0.67 x(3p) 8.55/2.39
(2p) + no(3p) 8.94/1.21 72(Y) 8.86/0.83  m(2p)+ no(3p) 8.88/2.72
7(1p) + no(2p) 9.17/1.44  7(1p)+ no(2p) 8.87/0.84 m(1p)+ no(2p) 9.39/3.23
n(Nt) + no(1p) 9.88/2.15  n(Nt} no(1p) 9.12/1.09  n(Nt} no(1p) + o’'s(Y) 9.61/3.45
no(3p) + 7(2p) 10.34/2.61 §(3p)+ 7(2p) 10.06/2.03 73(Y) 9.90/3.74
no(1p) + no(2p) + n(Nt) 10.54/2.81 p(2p) + z(1p) 10.20/2.17 n(NtF (2p) + no(3p) 10.15/3.99
no(2p) + no(1p) + n(Nt) + n(t0=C)  10.75/3.02 (1p)+ n(Nt) 10.47/2.44  8(3p) + 7(2p) + n(Nt) 10.27/4.11
No(t0=C) 10.90/3.17 p(COOH) 10.96/2.93 (COOH) 10.55/4.39
Sdch(L2)+ no(tO=C) 11.40/3.67 Sdch(L2) z(COOH) 11.48/3.45 x(1p)+ no(2p)+ Sdch(L2) 10.76/4.60
Sdch(L1)+ Sdch(L2) f73(Y)] 11.42/3.69 Sdch(L2) 11.50/3.47
m(COOH)+ Sdch(L1) 11.55/3.82 73(Y) 11.51/3.48
Sdch(L1) 11.58/3.85 Sdch(L2) Sdch(L1) 11.53/3.50
Sdch(L1) 11.58/3.85 7(COOH)-+ Sdch(L1) 11.55/3.52
Sdch(L2) 11.58/3.85 Sdch(L1) 11.57/3.54
Sdch(L2) 11.64/3.91 Sdch(L2) 11.64/3.61
Sdch(L1)+ o's(Y) 11.75/4.02 Sdch(L1) 11.69/3.66

conformation preference of the pGly]-Tyr rather than the by the cation in its CF1 or CF1c geometry, either from the n(Nt)
energetic framework in the cation. However, it must be stressedstate or from ther3(Y) state. The fact that no such cation is
that the determination of the coupling elements between the observed in the mass spectra and that nearly only the terminus
states play a leading role in the CT process and these elementéminium cation appears is again linked to the great efficiency
are very dependent on the conformation. This point was alreadyof the CT process, i.e., to the electronic coupling between the
emphasized in the literature in the case of neutral peptide states leading from the initiad3(Y) state to the final n(Nt) one.

excitation#0-42 It has to be emphasized that the passage of the charge from the
One peculiar feature about the (Le®@ly-Tyr* cation is that, tyrosine to the NH terminus, i.e., the change from th&(Y)
in the CF1 conformation, it seems hardly excitable t@34Y) to the n(Nt) state, could happen by a direct electronic coupling

state according to the MOs description. As a matter of fact, the between the two states. As a matter of fact, for the cation in its
73(Y) density contributes very little to the twelfth state density CF1 conformation, the3(Y) state is very near a second n(Nt)-
at 11.42 eV. The question of the cation excitation efficiency is type state for all the tetrapeptides except (LeB)y-Tyr for
thus to be pointed out for this peptide. which the second n(Nt) state is much lower in energy than the
By taking into account only the excess energy available for twelfth state containing a smaf#t3(Y) density. The case of
dissociation from the n(Nt) state or th&(Y) state, the iminium (Ala)s-Tyr is even more striking since the3(Y) state is itself
cation [NH=CHR]" should be obtained for all the peptides delocalized on the Nkterminus which means that the charge
except those for which the cation is formed in the CF2 is already of the Nhklterminus as soon as the3(Y) state is
conformation, i.e., X-Gly-X-Tyr peptides and part of the (Ala)  formed.
Tyr and (Leu)}-Tyr populations. Though the relative energies The following discussion will be made essentially be refer-
for the dissociation asymptotes obtained for the (Ala)peptide ence to the one-color and two-color experiments by Weinkauf
cation would probably be different in the tetrapepdides due to et als~8 and Cui et al® In the one-color experiment of Weinkauf
the influence of the conformation, it is reasonable to extrapolate et al., the ionization to thel1(Y) state is immediately followed
that the dissociation asymptote leading to the formation of the by the excitation to ther3(Y) state by absorption of 3 photons
COOH radical and the iminium [XX'—NH=CHR]" cation of UV radiation in the 4.44.8 eV range, while in the two-
(AS3 higher than AS1 by 0.56 eV in (Ala)) could be reached  color experiment, the ionization to thel(Y) state is followed
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by the population of an excited state with a224 eV visible To the suggestion of Weinkauf et al. stating that each amino
(vis) radiation eventually followed by another photon absorption acid in zero-order contributes semi-independently to the potential
of the same vis radiation to reach th8(Y) state with enough energy surface (PES) of the whole polypeptide, we can answer
energy to dissociate. In the case where CT occurs between thehat this is not true. First, from a previous study on amino acids
two VIS photons absorption, this catia3(Y) state is no longer ionization energie®) it is not possible to attribute an IE to either
reachable since the chromophore is no longer charged. Witha n(N) or a n(O) of Gly, Ala or Leu because the states are
the first 2.2-2.4 eV of energy absorbed, there is not enough delocalized on both pairs (n(N} n(O)). Nevertheless, if one
excess energy to lead to dissociation in the time scale of the considers the two delocalized states (néN)n(O)) and their
experiment. related IE, the energy intervals go from 980 and 11.26

Let us start the ionization and excitation processes from the 11.30 for Gly to 9.56-9.70 and 10.8611.00 for Leu. Second,

CF1 geometry, which is supposed to be the most stable neutralif one considers the IE of the(ip), they all are lower than the
conformer except for Ala-Gly-Ala-Tyr and Leu-Gly-Leu-Tyr. first interval and furthermore, they are different fqr eax(fp)

With the one-color experiment, many states can be populated@nd depends on the conformation. Thus, the amino acids have
from the initial 73(Y) state with the very close second n(Nt) clearly lost their individuality in the polypeptide chain.

state for nearly all peptide cations. Thus, the observation of
selective dissociation at the Nkerminus cannot be explained
on the basis of the energy position of the bridge states compared The large influence of the conformation on the position of
with that of the NH terminus. This should rather be a matter the cation energy levels was pointed out. The same lowest
of coupling efficiency between the3(Y) state and the n(Nt) ~ €nergy conformation of the neutral (CF1) or the cation (CF1c)
ones. Generally speaking, this efficiency is larger when the is found for all the tetrapeptides except for the X-Gly-X-Tyr
energy difference between the states is and remains $hhait, (CFZ)'. Two conformations of the neutral §hould be observed
the energy difference is not the only parameter entering the €xperimentally for (Alag-Tyr and (Leuj-Tyr since they are very
equation, the shape of the potential energy surfaces as well a$l0se in energy. . o

the nuclei velocities playing a role as well. With the two-color ~ According to the energy levels in the cation in the two lowest
experiment, at 2.22.4 eV, one can reach all theip) states as energy conformations of the neutral, the_n_(l_\lt) state is reachable
well as the n(Nt) one, and from the resub&(CFx,71(Y)) in W|t_h a zero energy ba_rner from_th_e3(Y) initial excited state.
Table 5, there is enough energy to lead to dissociation in all This is not the case in the optimized geometry of the cation
the cases. Furthermore, this energy range corresponds very=F1C where the n(Nt) state is higher than #8¢Y) one, except
precisely to the energy of the n(Nt) state. Thus, if the for (Leuls-Tyr" and (Leu)-Gly-Tyrf. Nevertheless, at the
photoabsorption is efficient enough, the reorganization of the @bsorption energy used in the experiments {48 eV), the
electronic density fromr1(Y) to n(Nt) occurs as if a CT has n(Nt) state can be formed is the absorption eff|.C|e.ncy is high
happened leading to a neutralized chromophore that can no€nough. For the peculiar case of (Le@ly-Tyr" in its CF1
longer absorb. From the results in Table 5, the minimum energy co_nformatlon, on the basis of the ionized MOs description, it
needed to reach AS1 is on the order of-1135 eV except for ~ Might be that ar3(Y) state could not be formed.

(Gly)s-Tyr* where it grows up to 2.12 eV. These values The question of the e_fﬂmency of the_CT ha; not been
correspond to the threshold for slow dissociation observed by addressed in this work since no electronic coupling between
Cui et al. in their one-color experiment (266 nm). In this case, the states has been calculated. Nevertheless, on the basis of the
the CT until the NH terminus has to imply conformation large variation of the relative energy position of the states and

changes as proposed by Schlag &tialtheir bifunctional model of the characteristics of the ionized MOs, it could be stressed
since the n(Nt) state is no longer reachable at this CF1 that it is this parameter that should most vary from one
conformation and at this low energy. tetrapeptide to the other and from one conformation to the other.

In particular, our hypothesis is that the direct coupling between

the 73(Y) and the n(Nt) state in the CF1 conformation is the

major factor of the high efficiency and selectivity of the CT.
Once the n(Nt) state is formed after the CT, the dissociation

leading to the terminus iminium ion [N&+=CHR]" is easy if

the excess energy coming from the formation ofA3¢Y) state

is conserved when the system has passed to the n(Nt) state.

Nevertheless, slow dissociation is energetically possible within

a range of only 1.31.5 eV for the CF1 conformation and 2:4

2.8 eV for the CF1c conformation but the necessary previous

Conclusion

Instead of considering the CF1 geometry, one can imagine
ionization and excitation from CF2. As for CF1, there are many
possible states under3(Y) that can be reached, and thus CT
is also possible in principle, the n(Nt) final state being even
lower than that in CF1. However, one cannot find a n(Nt)-like
state very close to the3(Y); they are always significantly lower
in energy (0.71.2 eV), which probably compromises the
efficiency of the direct coupling between these states. As to
the slow dissociation, the necessary energy is even lower than

in the case of CF1 (see Table 5), significantly lower than the cT idonlv b ibl h ies. if th ¢ .
experimental threshold observed by Cui et al. would only be possible, at these energies, if the conformation
) o T changes, as proposed by Schlag et al. in their bifunctional model.
~ What happens if the ionized peptide in itd(Y) state has Finally, from the variation of the energies of thép) states,
time to relax to its optimal geometry, i.e., if the excitation after ;s clear that the amino acids have lost their individuality since
the ionization stgrts frqm CF1c? The 44.8 eV excnanon_ no amino acid ionization energy can be found in the polypep-
(one-color experiment) is able to produce the n(N{) state since tijes, in contradistinction to the hypothesis proposed by
this is the energy range corresponding to this state. As to the\yginkauf et al.
2.2—2.4 eV excitation, it could produce a direct CT to th@p)
state only but it has about the same energy as the AS1 Acknowledgment. Georges Dive is chercheur qualifie
asymptote, except for (GhTyrt, and could lead to slow the Fonds National de la Recherche Scientifique (FNRS),
dissociation as observed by Cui et al. in their two-color Brussels.This work was supported by the Belgian program on
experiments (266t 579 nm), where the cations are certainly Interuniversity Poles of Attraction initiated by the Belgian State,
in their optimized geometries since a relaxation time of 1980 Prime Minister’s Office, Service fieraux des affaires scienti-
ms follows the ionization. fiques, techniques et culturelles (PAI no P5/33).
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