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Abstract: In recent experiments, the excited-state lifetimes of protonated aromatic amino acids (TrpH*
and TyrH") have been recorded by means of pump—probe photodissociation technique. The lifetime of
TyrH* is much longer than that of TrpH", which has been initially rationalized on the basis of a simple
phenomenological model. Besides, specific photofragments including the formation of radical cation after
hydrogen loss are observed for TrpH* that are not found for TyrH*. The ab initio calculations reported
here for TrpH* and TyrH* using a coupled-cluster method are meant to track the rich photochemistry of
these protonated amino acids following UV excitation.

Introduction the excited indole ringy” according to the rotamer mod&l.In
proteins, depending on local structural assembly, the excited-

) ->> state could be quenched by neighboring peptide bonds and other
fluorescent aromatic chromophores: tryptophan (Trp), tyrosine gming acid residuel. This quenching is thought to mainly occur

(Tyr), and_pheny_lalanme (Phe). Among them,Trp has been _thevia through-space charge-transfer reactions such as with a
most studied owing to its strong fluorescence yield and the rich 4isuifide bond (cystine), tyrosine, or positively charged histi-
variety of information it provides according to the possible ine11 From these extensive experimental studies, it thus seems
enV|ronment§:By monitoring the Trp fluorescence in proteins,  that electron transfer and/or proton-transfer processes play a key
one can noninvasively diagnose malignancy in cefislo role in the excited-state properties of Trp. With the help of high
understand the mechanism of fluorescence spectroscopy fofieye| ap initio calculations that can be performed nowadays,
cancer detection and to further improve its efficiefctre one should be able to tackle this fundamental question.
understanding of the primary photoprocesses occurring in the Although the fluorescence of Trp has been widely studied

bare molecule is nevertheless required. Interestingly, Trp experimentally as reported above, only falwinitio calculations

fluorescence Iifetime and intensity vary t_>y orders of magnitude have been undertaken on the excited-state properties of aromatic
when the pH varies and drops dramatically at low pH when 5in, acids. M. A. Robb et al. recently report computational

Trpis fully protqnated, emphasizing a predominant nonradiative study on the fluorescence quenching of zwitterionic tryptophan
process. H. Shizuka et al. have shown that the fluorescence at the CASSCF/6-31G* levak Hydrogen transfer process in
intensity increases significantly when Trp complexes with 18- ¢ gycited-state from the protonated amino group to the indole
65 Thi i - L
crown-62 This observation suggests that the ammonium group ¢, -omophore has been proposed to rationalize the fluorescence
plays a key role in the internal quenching of Trp. It has been g enching of tryptophan at neutral and slightly acidic pH. This
stated that internal quenching is caused by electrophilic proto- pyqrogen transfer goes through a conical intersection where the
nation by the ammonium ion at a different carbon position of reaction path bifurcates toward either a completed hydrogen

Among naturally occurring amino acids, three possess
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transfer leading to a ground state tautomer or a decarboxylationredistribution (IVR) that leads to nonstatistical type of frag-
product tryptamine. An alternative mechanism has also beenmentation®® Furthermore, small peptides containing aromatic
proposed by P. R. Callis et al., where the quenching ofttiie amino acids also exhibit a rich photo fragmentation pattern, with
state is due to charge transfer to the@ peptide backbon&: 15 the presence or not of radical specieterestingly, even when

In the case of neutral aromatic molecules such as phenol andthe aromatic residue is not directly protonated but embedded
indole (the chromophores of Tyr and Trp, respectivéy}? it in GWG or GYG tripeptide, a rather short lifetime has been
has been shown that nonradiative decays involving couplings recorded that emphasizes a through-space mechanism for the
with dissociative excited states play a key role in the photo- electron transfer from the locally excitedr* state to thero*
physical properties of these molecules. Beside the two well- state located on the protonated amino group of the N-terminal
known electronic states of indolegland Ly of zzz* nature, glycine32
recent quantum calculations have invoked a neadsyexcited In the view of these recent experimental data, we have already
state, dissociative along the indole-Nl stretch coordinaté’ undertaken aab initio study using the coupled-cluster method
However, because of the lack of experimental data, only very with single and double excitation (CC2) of the excited-state
sparse theoretical works have been devoted to the excited-statgroperties of protonated tryptamine that exhibits a simpler
properties of protonated Trp. Nevertheless, all of these studiesfragmentation pattern with the presence of both radical and

have pointed out the presence of a low-lyimg* excited-state
independently of the method used, eitherJIDFT 2122DFT/
MRCI,28 or CC22* In the particular case of TBDFT calcula-

internal conversion type fragments. Excited-state structure
optimization has been performed and has revealed the very
important role of an excited-state dissociative along the NH

tions, a low-lying charge-transfer state where the electron is stretch of the protonated amino group, the* state?* The
mainly localized on the acidic group is predicted. However, this coupling between the optically excitedt* state and thero*
is an artifact of the TB-DFT method that tends to underestimate state induces an electron transfer from the indole ring toward
the CT staté energy and as evidenced by the other calculations the NHs™ group, which results in the neutralization of the amino
at the MRCI and CC2 level. group producing an unstable radical species, as far. NHitom

UV photoexcitation studies of gas-phase protonated amino |0ss reaction occurs through a small barrier of 0.1 eV. In the
acids molecules have emerged in recent years with the combinacourse of the reaction, theo* state crosses the electronic
tion of mass spectrometry and laser spectroscopy techniquesground state potential surface with the possibility of H recom-
Several experimental groups have investigated in both frequencybination and internal conversion process.
and time domains the fragmentation of these biomolecules after Applying this model and using simple energetic to aromatic
UV absorption (UV-LID)23.26-29 Comparison with conventional ~ amino acids, namely tryptophan and tyrosine, we could predict
collision induced dissociation (CID) experiments has revealed that the excitedro* state should be in the vicinity of the locally
that among the ionic fragmentation channels observed, someexcitedzr* state, with an energy gap larger in tyrosine than in
are common to both excitation schemes whereas a newtryptophar?’ The aim of this study is to give an exhaustive
de-activation pathway, namely formation of radical species and comprehensive picture of the excited-state properties of
following H atom loss, is evidenced in the UV-LID fragmenta- these two amino acids using high levab initio methods.
tion pattern. If the former ones can be assigned to internal Enlightened, the intrinsic properties of these simple molecules
conversion process to the electronic ground state, the latter seemgay provide a good starting point for further investigations on
to imply a direct dissociation in the excited-state prior to energy larger peptides. We have calculated vertical excitation energies
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for several low-lying isomers of protonated tyrosine and
tryptophan and performed geometry optimizations of the first
excited states to explore the possible deactivation pathways
involved in these protonated species.

Computational Methods

Not all conformers of the systems that could be present in the
experiments are considered in the present work. The most relevant
structures that are essential for explanation of the photoinduced
processes have been selected with a molecular-mechanics search. The
ground-state geometry of the most stable structures preselected in this
way was next optimized with the second-order Mgller-Plesset (MP2)
method.

Excitation energies and response properties have been calculated
with the CC2 method which is a simplified and cost-effective variant
of the coupled-cluster method with single and double excitations. CC2
can be considered as the equivalent of MP2 for excited electronic states.
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Isomer A Isomer B Table 1. Optimized Gas-Phase Geometries for the Ground and
First Excited-State of Isomers A and B of Protonated Tyrosine
H isomer A isomer B
Ot H, ™ 2 b a b
Hys ! Hys So Sy Sy S,
\B)cm A Bonds (A)
13 z L Hyg N1Co 1.503 1.505 1.501 1.503
NiH1e 1.045 1.075 1.041 1.076
N1iH1s 1.030 1.030 1.031 1.031
N1H1a 1.040 1.043 1.038 1.043
C.Cs 1.526 1.528 1.519 1.524
C304 1.217 1.226 1.218 1.226
C3013 1.332 1.340 1.332 1.338
Oi3H2s 0.984 0.987 0.984 0.987
C:Cs 1.540 1.543 1.540 1.547
CsCs 1.507 1.499 1.506 1.498
CeCr 1.409 1.457 1.407 1.426
Figure 1. Atom labeling and ground state optimized structures of two low- C:Cy 1.402 1.441 1.398 1.418
lying isomers of protonated tyrosine (MP2). Isomer B is calculated 0.03 CoCu1 1.402 1.431 1.405 1.436
eV higher than isomer A. C11012 1.359 1.350 1.360 1.351
O12H24 0.974 0.984 0.974 0.984
" : " . " . C11Cio 1.406 1.429 1.404 1.424
The vertical and adiabatic energies along with the minimum energy CioCs 1395 1401 1308 1425

path (MEP) of the first excited singlet states have been calculated at Cs-Co 1.411 1.492 1.410 1.453

the CC2 level, making use of the recently implemented analytic CC2 Dihedrals (deg)

i 4
gradients’ _ _ _ CeCrCoCu1 -1 -14.7 1.2 4.2
These calculations were carried out with the TURBOMOLE (V.5- CsCsCi0oCit -0.8 5.2 0.7 15.4
7-1) program suité making use of the resolution-of-the-identity (RI) C7H20CoCs 2.7 18.3 15 0.1
approximation for the evaluation of the electron-repulsion integfals. CgH21C6C10 2 0.5 2.3 19.2

Calculations of the vertical excited-state energies have been performed

using four different Gaussian basis sets in order to test basis set ef“fectS

on the calculated quantities. The basis sets used range from the simple

split-valence doublé-Gaussian basis set with polarization functions  Taple 2. Vertical Excitation Energies (eV), Oscillator Strength,

on heavy atoms (def-SV(PJj,through the mixed def-SV(P) and the  and Dipole Moment (in Debye) of Two Isomers of Protonated

correlation-consistent Dunning-Hay valence doublee-pVDZ) 3 up Tyrosine at the CC2 Level with the Mixed Basis Set, def-SV(P), on
. Carbon and Hydrogen Atoms and aug-cc-pVDZ on Nitrogen and

to the most extended basis set, aug-cc-pVDZ on all atoms. All these Oxygen Atoms?

results, including vertical excitation energies and molecular structures,

aMP2/SV(P) on C, H, and aug-cc-pVDZ on N, O calculatioh€.C2/
V(P) on C, H, and aug-cc-pVDZ on N, O calculations.

are reported in the Supporting Information. " e”e\r/gy/ . d/f)/ ot
As a compromise between the precision and the cost of calculations, Sate ¢ eove configuraton
all the results discussed in the paper, including ground state optimization 'S;JTQZV A
?:tégel MP|2 level a&d_ex(cjltefihst;lte p;opfetr;les a}nddogtlrr_llzatltor(;s fatsgw antladp 488 0023 659 30%¢r1¥),29% (73puiis)
evel, were obtained wi e aid of the mixed basis set, def-SV- _ . 573 0037 932  77%{on’)

(P) on carbon and hydrogen atoms and aug-cc-pVDZ on nitrogen and .+ 5.87 0.233  4.95  21%fr.*),20%(T5")

oxygen atoms. TCco* 6.10 0.004 6.23  15%Ebor3PNH3),12%(TTco”)
. . Isomer B

Results and Discussions S 0.032) - 481 —

- an*la3p  4.89 0.023  4.42  39%fr1*),32%(T3pnH3)
Protonated Tyrosine. Ground States IsomersTwo of the x3plo* 5.7 0.165 4.05 31%(@pe).23%oms")

most stable conformers of protonated tyrosine were investigated. .+ 581 0134 7.71 59%onmg")

It should be noticed that the increase of strength of the proton zmco* 6.10 0.025 5.34  16%(Ebor3pnHa), 12%(Trco”)
bonding in protonated systems reduces the number of low-lying
isomers as compared to the neutral & Atom labeling and
two structures (isomer A and isomer B) are plotted in Figure 1.
Their ground state optimized geometries are reported in Tableg more stable than isomer B by 0.03 eV at the MP2 level, both
1. Their Cartesian coordinates are supplied in the Supporting ¢ NH; and the COOH groups lie above the phenyl ring,
Information. They differ from each other mainly by ar/2 whereas in isomer B, the carboxylic acid moiety points away
rotation of the amino acid moiety along the-&Cs (Co—Cp) from the aromatic chromophore. As reported for protonated
bond. For both isomers, the protonated amino group forms ONe{ryntophar?? structures with the protonated amino group point-
proton bond to the carboxylic oxygen and one to the phenyl hg away from the chromophore are expected to lie much higher
ring whereas one NH remains unbounded. In isomer A, which in energy and can be discarded.

(34) Hattig, C.J. Chem. Phys2003 118 7757761 Vertical Excited-State Energies and Electronic Structures.

(35) Ahlirichs, R.; Bar, M.; Haser, M.; Hom, H.: Kolmel, Chem. Phys. Letters  Calculated vertical transitions of protonated tyrosine are reported

aGround state energies (eV) are calculated at the MP2 level with the
same basis set.Ground state energy (eV) relative to the most stable isomer.

1989 162 165-169. . - A
(36) Weigend. F.. Haser, M.; Patzelt, H.; Ahlrichs,Ghem. Phys. Letter5998 in Table 2 aqd illustrated '|n Figure 2_ (for more ex_tended results
204 143-152. see Supporting Information). The first four excited states are
(37) Schafer, A; Horn, H.; Ahlrichs, R. Chem. PysL992 97, 2571 2577. ordered in increasing energy along with their oscillator strengths

(38) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358-1371. , o .
(39) Ramaekers, R.; Pajak, J.; Rospenk, M.; MaesSj@&ctrochim. Acta, Part and dipole moments. Within the accuracy of calculation, these

A 2005 61, 1347-1356. ; At ;
(40) Grace, L. I.; Cohen, R.; Dunn, T. M.; Lubman, D. M.; de Vries, MJS. !Some_rs share several similarities. FOI’ both 'S_Omers’ IM_
Mol. Spectrosc2002 215, 204-219. is noticeably separated from the higher excited states, with a
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The most important result of the calculated vertical excitation
energies of protonated tyrosine is a large energy gap between
the firstzzr* state and thero* state, which remains as large as
0.6 eV even for the most extended basis set used in the
calculations. This relatively large energy gap was postulated in
our previous work on the basis of simple energetic consider-
ations?” The H atom dissociation energy of the- M bond is
calculated from asymptotic values of the proton affinity, the
ionization energy of the amino acid and the ionization potential
of hydrogen atom. If one assumes that the potential energy
surface of thero* state along the dissociative-NH coordinate
is not influenced by the nature of the aromatic chromophore,
the vertical excitation energy ofo* state at the ground state
optimized geometry can thus be estimated for the different
protonated amino acids, tryptophan and tyrosine, for instance.
Accordingly, thero*/ zt* energy gap is expected to be 0.6 eV
larger in tyrosine than in tryptophan, in fine agreement with
the present result obtained with high ledl initio calculations.

Optimization of Excited-State Geometry.Optimization of
the first excited-state has been performed at the CC2 level. The
optimized geometries of the two isomers are reported in Table
1, and the Cartesian coordinates are supplied in the Supporting
Information. The $adiabatic energies are lowered by roughly
the same amount for the two isomers).25 and—0.26 eV in
isomers A and B, respectively, which sets the calculated band
origin at 4.63 eV for both isomers. The State optimization
leads to a strong geometry rearrangement, in particular to
substantial puckering of the aromatic ring that is indicated by
the changes in the dihedral anglegO0&CoCq1 and GCsCi10Ca1
of about 18 in isomers A and B, respectively (see Table 1).
Besides, the hydrogen atoms bound to the(ifomer A) and
Cg (isomer B) carbon atom significantly bend out of the aromatic
ring by roughly 18. Finally, the NH;6 bond pointing toward
the G/Cg carbon atom of the phenyl ring elongates from 1.045/
1.041 Ain $10 1.075/1.076 A in $and the NH16—C#/N1H16—

6 =

nG*

58 =

T*

5.4

TI*

Isomer A Isomer B

Figure 2. CC2 vertical excited-state energies along with the molecular
orbital representation of the two isomers of protonated tyrosine. Full line,
sr* state. Dotted linejro* state.

S,)/S; energy gap of about 0.8 eV at this level of theory. The
electronic structure of the;State is mainly ofrzr,* character

(Lp state in the Platt's nomenclature), corresponding to a
Tomo-t* valence transition, with the latter containing a
significant contribution from the 3p Rydberg orbital of the NH
group. The $ (Lp) oscillator strength is almost 1 order of
magnitude lower than for the secontr,* state (L, state) that
lies at much higher energy (roughly 1 eV), as for neutral tyrosine -
and phenol. Thereo* state is calculated even higher in energy Cgl d|§tances strongly shorten .from about 2.4 A tp 1.985/1.978
with a very weak oscillator strength. Therefore, the twahd Ain isomers A and B, respectively. The electronic structure of

wco® states are unlikely populated through 266 nm (4.66 eV) t,he S state* becp mes a combination:of* and zo* con figura-
photon excitation. Note that the lowest unoccupied molecular oNS: theo™ orbital being the 3s Rydberg type localized on the

orbital LUMO in both isomers has* (3s Rydberg) character
with electron density localized over the Migroup. Thero*

NH3 group.
In construction of the reaction path for-NH bond cleavage

state is characterized by a larger dipole moment and similar of the protonated amino group, the coordinate-driven minimum-

oscillator strength as theylstate.

The main difference between isomers A and B is related in
the ordering of the higher excited states, withtfae state lower
than the seconds* state in isomer A. In Figure 2 are plotted

energy-path (MEP) approach was utilized, i.e., for a givertN
distance, all remaining intramolecular coordinates were opti-
mized in the $ state. The MEP along the proton-transfer
coordinate (NH distance) has been calculated for both isomers

the relevant molecular orbitals involved in the electronic and exhibits a small barrier of 0.1 eV at a NH distance of 1.3
excitation to the lowest excited states of the two isomers. In A (Figure 3a). At a N—Hss distance of 1.8 A (last point in
general, the electronic nature of the excited states is difficult to Figure 3a), the N-H constraint is released and thes3ate free
assign because they are considerably mixed. Furthermore, thedptimization results in a proton transfer to the carbefCgof
7* orbitals are significantly delocalized over the whole system the phenyl ring in isomers A and B, respectively. Along the
with some electron densities on carboxylic acid and amino optimization process, the electronic nature of the excited
groups. molecular orbital changes gradually (Figure 3b) from a (almost)
Basis Set EffectsThe effect of the basis set has been tested Purez* orbital to a mixture ofz* with the o™ orbital localized
on both isomers, and the calculated vertical excitation energieson the NH group and eventually collapses again to a nearly
are reported in tables TSI1 and TSI2 in the Supporting Pures* orbital of the aromatic ring.
Information. The extension of the basis set up to aug-cc-pVDZ It should be noticed that the; State free optimization has
on all atoms lowers the excitation energies by about 0.2 eV for not been completed because théSgenergy gap vanishes and
the lowestr* state and by about 0.4 eV for the lowest™* the near-degeneracy of the states causes convergence problems
state as compared to the basis set discussed above (Table 2)n the CC2 iteration cycle. In the proton transferred form of

6226 J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007
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(a) 5° dissociation experiments carried out in our group using a
es] T femtosecond pump/probe schethand with the electronic
e spectroscopy performed in the group of T. RiZZoThe
40 —o— g MEP electronic spectrum of cold TyrH shows well resolved

1 vibrational bands, with the origin band located at 4.35 eV. The

3.54 O¢? band origin calculated in the present work, 4.63 eV with

the medium size basis set is overestimated by 0.28 eV, which
is within the expected accuracy of the CC2 method. Sharp
2,54 vibrational progressions are observed in a quite narrow range
up to 0.06 eV above the origin band, which clearly indicates
that the excited state PES possesses a local minimum in the

3.0

eV

2.0

154 vicinity of the band origin, in agreement with our calculations.
Furthermore, the electronic spectrum of room-temperature
1.0 TyrH* has been recorded over a wider range in monitoring the
o5 .{( e — Som intensity of ion fragment as a function of the laser wavelength
’ and is therefore sensitive to the fragmentation efficiency.
0.0 +———————————r Although the spectrum is unresolved due to high internal energy
w12 14 18 18 200 22 of the ions, a second onset is observed roughly 0.1 eV above
N-H (A) the origin that matches the calculated energy barrier of 0.1 eV
(b) found in this work for proton transfer to the phenyl moiety.
S, min N-H:13A Proton transfer This onset may be interpreted as an increase of the fragmentation

yield above the barrier.

The excited-state lifetime of room-temperature TyrHas
been recorded after excitation at 266 nm (4.66 eV), i.e., 0.3 eV
above the band origi®. The excess energy in the Franck
Condon region is threefold higher than the calculated 0.1 eV
barrier for proton transfer to the phenyl ring and should induce
Q" a very short excited-state lifetime. The relatively long lifetime

of 22 ps measured for TyrHmay thus be related to a kinematic
effect which involves a strong rearrangement of the molecule,
formally a ring puckering, required for proton transfer to the
ring. It should be noticed that, for protonated tryptamine, theory
also predicts a similar barrier of about 0.1 eV in the first excited
Figure 3. (a) S Minimum Energy Path (MEP) for the proton-transfer singlet staté* and the 250 fs excited-state Iif_etime meas_ur_ed is
reaction of protonated tyrosine (isomer B) along theH\stretch to the much shortef? In the latter system, the excited-state lifetime
phenyl ring. The zero energy refers to the ground state optimized structure is governed by the H-loss reaction involving the stretching of
(MP2). (b) Snapshots of the structure along th@@ton-transfer reaction  the NH bond of the amino group, without strong rearrangement
?eflgcgr?tn&tgc'i tyrosine (isomer B) for given NH distances with their most of the whole system as in the former case. The measured

difference between the excited-state lifetime of protonated

tyrosine and tryptamine can thus be related to the mentioned
above kinematic factor.
Protonated Tryptophan. Ground State Isomers.TrpH" is
own to possess several isomers in aqueous solution where
the side chain adopts various conformational states, the so-called
rotamerst8 TrpHT in the gas phase is also believed to exhibit
such low-lying rotamers that mainly differ in the orientation of
the amino-acid moiety above the indole chromophore 182
rotation along of the &-Cs bond (see isomers A and C) and
by 7 rotation along the C-Csz bond where Cis the carbon
atom of the indole ring (see isomers B and®)he lowest-
energy protonation site of tryptophan is on the amino group,
whereas protonation on the indolic nitrogen lies about 1 eV
higher in energy? Two rotamers with the protonated amino
group away from the indole chromophore lie too high in energy
(more than 0.35 eV above the global minimum) to be populated
at 300 K. It should be emphasized that for each rotamer, a

tyrosine reported in Figure 3b, the;™NH;6 distance increases
to 2.6 A and the dihedral angles@CoC11 and GCsC1oCi1
exceed 50. The adiabatic excited-state energy at this geometry
is lowered by—0.66 eV from the optimized excited-state energy Kn
and the ¥, energy gap is reduced down to 0.35 eV. Starting
from the geometry of the last converged point on the S
potential-energy surface, the MP2 geometry optimization of the
ground state results in a back proton-transfer reaction to the
NH> group. Due to the low-energy barrier and large stabilization
energy of the proton-transfer reaction, UV excitation of proto-
nated tyrosine is expected to lead to a fast and efficient internal
conversion process.

The two other NH dissociation pathways have been inves-
tigated, the stretching of the NH-free bond and the NH bond
pointing toward the carbonyl group. For the free NH bond,
dissociation leads to the H-loss channel through a barrier of
0.8 eV (above the S1 vertical energy) for isomer A, and the
barrier is higher (1 eV) for isomer B. For both isomers, the
proton-tran;fer reaction to the carboxylic oxygen presents eVen(41) Kang, H.; Jouvet, C.; Dedonder-Lardeux, C.; Martrenchard, S.; Charriere,
higher barriers. C.; Gregoire, G.; Desfrancois, C.; Schermann, J. P.; Barat, M.; Fayeton, J.

Comparison with Experiments. The calculations presented A. J. Chem. Phy=2005 122, 084307.

. . (42) Lioe, H.; O'Hair, R. A. J.; Reid, G. El. Am. Soc. Mass Spectro2004
above can be compared with the recent UV photo-induced 15, 65-76.
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Isomer A Isomer B Isomer C Isomer D - the L, state, characterized by the excitation from the
mromo-1 to ast* orbital, both localized on the indole ring, noted
mp* (j = 3).

- the L, state, characterized by the excitation from thewo
orbital to az* orbital, both localized on the indole ring, noted
wp* (j = 3).

- the mo* state, characterized by the excitation from tie
orbital, ( being 1 or 2, i.e., thetyomo-1 Or mHomo Orbital
localized on the indole ring) toward tlae Rydberg-type orbital
localized on the NK group, notedrionns*.

‘ - the 73p state, characterized by the excitation from the
_- ' ) o . orbital (localized on the indole ring) toward ap localized
. _ - on the NH group, notedr;3pyHs.

) o ' ' - the mrco* state, corresponding to the excitation from the
Figure 4. Four low-lying isomers of protonated tryptophan (a)gBound N . . . . .
state optimized structures (MP2). (b) Snapshots of the structures along the’THomo t0 @zr* orbital mainly localized on the carboxylic acid

(a) Ground state optimized structure

(b) S, an* state structure along the PT reaction

S, proton-transfer reaction. group, notedrymco*

Table 3. Vertical Excitation Energies (eV), Oscillator Strength, Basis Set EﬁeCt'The basis set effect has been tested on _the
and Dipole Moment (in Debye) of the Four Compact Isomers of two lowest energy isomers A and B and the calculated vertical
Protonated Tryptophan at the CC2 Level with the Mixed Basis Set, energies are reported in Tables TSI3 and TSI4 of the Supporting

def-SV(P), on Carbon and Hydrogen Atoms and aug-cc-pVDZ on

Nitrogen and Oxygen Atoms? Information. The results obtained for Trptare much more

complicated than for TyrH due to the dense manifold of low-

state en;r/gy/ ] d:tllee configuration lying excited singlet states of different orbital nature. As the
lsomer A numb(_er of basis functions increases, the vertical excitation
S _ _ 499 — energies decrease roughly by €0.3 eV and a pronounced
ar* (LJlp)  4.90 0.031 4.75 23%fpme*), 21%(T1775*) mixing between the excited states occurs, especiallyrtite
wo* 5.04 0.045  2.77  32%f20nHs"),16% (273" and themo* states are getting highly mixed. Therefore, the
zz:;ﬁ:o* g:ég 8:82(1) ?:82 gggﬁ;ﬁgﬁ?%ﬂg‘gﬁ;ﬂ labeling of the state is quite tenuous and depends on the basis
Isomer B set_ usgo!, bL_Jt the overall picture remains quall_tatlvely similar.
S (0.059F — 512 — This mixing is reflected by the rather similar oscillator strengths
i (L) 4.92 0.025 4.83 35%fs*), 20%(T2e*) borne by the different excited-state as can be seen in Table 3.
7 (La) 5.11 0.085  4.77 39%fbns*), 21%(20NH3") This is in straight contrast with protonated tyrosine where the
;ng; ot g% 8:83% 13'_2‘5 Zgﬁggﬁﬂlgﬁﬁéﬂ*) fir_st_ excit_ed-state still _remains of* character without strong
Isomer C mixing with the o* orbital.

(o.o8p - 514 - As can be seen from Table 3 and in Figure 5, the four isomers
zg: (Lo 54-882 8-8??; 3‘}-?5 52;;’;;2(1’;3*)’%9%(”13%3) share several similarities. The &nd L, states are always within
2 (L) 533 012 263 32%ursd), 18%(maons’) the three lowest excited states, the dtate having a vertical
o 5.71 0.018 8.07 72%10NH3Y) energy always lower than the,lalthough they are strongly
Isomer D mixed with each other (see isomer A) and with the* and
]S["n* (L) (21227)’ 70.038 8'798’6 720%(1%3*), 20%(71313) 73p states. Thmrco* state_s lies alway_s much higher thar_1 the
0* 5.03 0.031 5.84 68%0n5") z* state. Finally depending on the isomer, the* state is
73pla*(lsy 531 0.09 577 34%f(3pHs), 18%(roms*) located either below or above theg &tate. In isomers C and D
73p 553 009  7.51 19%b3puna), 16%(r23pnrs) for instance, the firsto* state that corresponds tom to oyms*

aGround state energies (eV) are calculated at the MP2 level with the transition IIQS significantly below theﬁlstat,e .by ‘T"bom 0.25
same basis set.Ground state energy (eV) relative to the most stable isomer. €Y. One will see below that geometry optimization of the S
wo* state for these two specific isomers leads to an excited-
state hydrogen transfer to the carboxylic acid group.
rotation ofz of the carboxyl group along the€ Coon bond Optimization of Excited-State Geometry.Geometry opti-
leads to an equilibrium structure that lies about 0.13 eV higher nizations have been performed for the four isomers of TrpH
in energy with a barrier to the rotation calculated at 0.4 V. i their first and second excited singlet states. In the case of S
These isomers can thus be discarded. The structures of the foubptimization, the calculation is stopped when théSscrossing
lowest-energy rotamers are shown in Figure 4a and their point is reached. The geometry obtained at this last point is
respective energies (calculated at the MP2 level) are reported;sed as a starting point for an optimization on thes@rface,
in Table 3. which goes on until the convergence criteria are fulfilled or until
Vertical Excited-State Energies and Electronic Structures. a second crossing with the electronic ground state is reached.
Because the system has no symmetry, the labeling of the states Some general features can be drawn from these calculations.
is quite difficult. The molecular orbitals are more or less First, independently of the isomer, optimization of theng*
localized (indole ring, amino group, carbonyl group), but the excited singlet state results in a barrierless proton transfer from
excited-state wavefunctions are combination of several electronicthe NH;™ group to the indole chromophore (Figure 4b). This is
configurations. Ideally, the electronic structure of the excited- in contrast with protonated tyrosine, which exhibits a barrier
state can be defined as follows: of about 0.1 eV for this reaction. Second, optimization started
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(a) (b) g
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[somer A Isomer B [somer C Isomer D

Figure 5. CC2 vertical excited-state energies along with the molecular orbital decomposition of the 4 low-lying isomers of protonated tryptophan. Full line,
Lp and L, states; dotted linezo* state; (a) isomer A and isomer B; (b) isomer C and isomer D.

on the $ excited singlet state, and carried on thesgate PES bending mode. Interestingly, it leads to a stable structure with
after the 9/S, crossing, leads to different reactive channels stabilization energy of-0.17 eV with respect to the vertical
depending on the isomer. In isomers A and B, wherestht transition energy (calculated for isomer B) where thestte
state lies above theglstate, the same proton-transfer reaction keeps its l, electronic configuration, the state being located

to the indole chromophore is observed as for optimization of 0.34 eV above. When the geometry constraints are released,

the S state. However, for isomers C and D, where ther&* the proton-transfer reaction is observed.
state_is below the ;S_ast_ate, a spontaneous hydrogen transfer  Hydrogen Atom Transfer to the Carboxylic Acid Oxygen
reaction to the carboxylic oxygen occurs. (Isomers C and D). Optimization of theo* state, which is

In the following, the course of the different optimizations the second excited-state in isomers C and D leads to a
leading to the proton transfer and to the hydrogen atom transferspontaneous (barrierless) hydrogen transfer reaction to the
reactions is discussed in more details. It should be noted thatcarboxylic oxygen. In these two isomers, this state corresponds
because all the optimizations lead to exothermic reactions to the firstrnomo—onns* transition and lies below the state
without barriers, no stationary points have been obtained. (Homo—at* transition localized on the indole ring), Structure

Proton-Transfer Reaction. Proton transfer to the indole ring ~ optimization is first initiated until the $Sintersection is
involves deformation of the ring around the proton accepting reached, and needs to be restarted on tfex8ted-state surface.
carbon atom (C4 for isomer A and B or C2 for isomers C and At the S$/S; intersection, there is a slight breaking of the planar
D following the atom labeling of the indole ring moiety as symmetry of both the acidic group and the smallest one on the
reported in ref 42). This deformation includes the CH out-of- indole ring (the indole ring is tilted by°¥rom the plane defined
plane bending (20 and a ring puckering (1015°) as observed by the benzene ring). It however induces significant stabilization
in the case of protonated Tyr. When the optimized state energy of—0.17 and—0.24 eV as compared to the vertical
corresponds to thepLstate as in isomers B, C, and D, the excitation energies for isomers C and D, respectively. Thus, as
electronic structure of the optimized 8volves quickly along suggested by the results reported in Table 3, very small geometry
the proton-transfer reaction coordinate and is characterized bydifferences strongly affect the ordering of the electronic states
a mhomo—t* electronic configuration. As the NHC bond and have a strong impact on the result of the excited-state
distance decreases, thtorbital localized on the indole moiety ~ optimization.
gets some electronic density outward the indole ring and no  For Isomer D (Figure 6), when the,/S; intersection is
more changes are observed in the course of the reaction. Startingeached, the electronic structure of thes&te is a combination
from the geometry of the last converged point on the S of a¢* type orbital on the amino group and a delocalizeti
potential-energy surface, MP2 optimization of the ground state orbital on the indole ring with some electronic density on the
leads to a proton-transfer reaction back to the;Njrbup, as carboxylic group. When the excited-state optimization goes on,
calculated for Tyrosine. this latter orbital collapses to a* orbital located on the

The proton-transfer reaction involves ring puckering and CH carboxylic group, which corresponds to an electron transfer from
bending mode. We have performed B8ptimization under the indole chromophore to the carboxylic acid group that induces
geometry constraints, including planarity of the ring and CH the proton transfer from the amino group to the carboxylic
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Figure 6. Snapshots of the structure along the H transfer reaction to the Trp Isomer A, free NH (A) Tyr Isomer A, free NH @®

carboxyl oxygen of protonated tryptophan (Isomer D) with their most Figure 8. CC2 vertical excited-state energies along the free-\stretch.
relevant molecular orbitals. W, S, ground stateQ, * state; A, wo* state; (a) isomer A of protonated
tryptophan. The barrier for H atom loss reaction is 0.2 eV; (b) isomer A of
protonated tyrosine. The barrier for H atom loss reaction is 0.8 eV.

N-H:1.06 A C-N:1.55 A H transfer to CO

mentally and theoretically. On the other hand, the proton-transfer
reaction has not been evidenced in protonated tryptamine, even
when stretching the NH bond directed toward the indole ring.

) ; - : - Excited-state optimization of protonated tryptamine leads to the
o . H atom loss reaction through a small barrier along theHN

: : : stretch coordinate (0.1 eV) or to the NIbss process through

a higher barrier of 0.3 e¥* Therefore, an energy barrier to H
atom loss is also conjectured in the case of protonated
tryptophan.

We have performed several vertical excited-state calculations
on different isomers for which the free-NH bond is stretched
gradually while keeping the rest of the intramolecular coordi-

nates at their ground-state optimized values. The results are
Figure 7. Snapshots of the structure along the H transfer reaction to the reported in Figure 8a for isomer A. Under these geometrical
carboxyl oxygen of protonated tryptophan (Isomer C) with their most . .
relevant molecular orbitals. See text for details. constraints, the H atom loss reaction occurs through a small

barrier of about 0.2 eV at a NH bond distance of 1.3 A,
oxygen. This hydrogen atom transfer reaction can thus be Ther6f0re, even if this channel is not favored by the optimization
viewed as an electron-driven proton-transfer process with the procedure due to the presence of a small barrier, it may be
two events decoupled in time and space. favored through dynamics because H loss is a single coordinate

In the case of isomer C, the optimization path is even more Process that involves the motion of a light atom, whereas proton
complex. A direct electron transfer from the indole moiety to transfer requires a more complex mechanism with amino chain
the carboxylic acid group is unlikely because this group is not and indole ring deformation and may occur on a longer time
interacting with the chromophore (Figure 7). During the excited- scale. It is noteworthy that the same H loss reaction exhibits a
state optimization after the,&; crossing is reached, the-NH much higher barrier in the case of protonated tyrosine (Figure
bond first elongates from 1.04 to 1.06 A, the-N bond next  8b), of the order of 0.8 eV at a-\H distance of 1.3 A. This
stretches from 1.50 to 1.55 A. At this point, the electronic agrees well with the absence of the H loss channel in protonated
structure of the excited-state is mainly determined by a tyrosine excited at 266 nm.
delocalized orbital on both the amino and the acidic groups, Comparison with Experiments. The present calculations
which collapses into a localized orbital on the carboxylic acid have to be related with the spectroscopic and dynamics studies
group after the H atom transfer has occurred. performed on protonated tryptophan by several grééps2°

The H atom transfer reaction leads to a biradical ion with a All the electronic spectra of protonated tryptophan are broad
positive charge on the indole ring and an unpaired electron onwithout sharp features, even at the very low temperature
the aliphatic carbon. Such electronic configuration may induce achieved in T. Rizzo experimef#t.This has been rationalized
the G,—Cg bond rupture directly in the excited-state that leads in terms of short excited-state lifetime, even at the band origin.
to the detection of Trp side chaim/z 130 fragment. Further ~ Our present calculations show that the fitst* excited singlet
calculations will be necessary to investigate the fragmentation state reacts without barrier via proton transfer, which agrees
channels of this radical species. quite well with these spectroscopic results.

Hydrogen Atom Loss Reaction.None of the excited-state By scanning the excitation wavelength from the band origin
optimization leads to the hydrogen atom loss reaction, which to higher energies, P. Dugourd et?&lhave shown that the
is observed experimentally, at the opposite to the protonatedbranching ratio between the different ionic fragments changes
tryptamine case where the H atom loss is established experi-drastically. Near the band origin (285 nm, 4.35 eV), the main
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fragmentation channels are those usually observed in collisionplane bending. Although this reaction exhibits a small or no
induced dissociation experiments and are thus related to anbarrier, the large deformation of the molecule implies a longer
internal conversion process following UV excitation. A smooth excited-state lifetime than direct bond dissociation in the excited
increase of the tryptophan radical cation yield (issued from the state (as for protonated tryptamine). In protonated tryptophan,
H loss) is observed around 270 nm (4.60 eV) that extends upthe manifold of excited states in the Franck Condon region
to 240 nm where its specific secondary fragmafzt130 sharply allows to open other reaction channels, such as a barrierless H
increases. Near the band origin, the proton-transfer reactionatom transfer to the carboxylic acid oxygen or the H atom loss
leading to internal conversion is predominant while at higher process through a small barrier of roughly 0.2 eV. These two
energy, the H atom loss reaction occurs above a barrier of aboutreaction paths can compete with the barrierless proton-transfer

0.25 eV in agreement with our calculations. reaction because only one-M stretching coordinate is
Competition between these two reactive processes has beefnyolved.

evidenced in our femtosecond pump/probe experirffeRto-
tonated tryptophan exhibits an ultrafast decay with two time
constants of 400 fs and 15 ps. Although the short lifetime
component has been ascribed to the dynamics ondtetate

Although the role of thero* state in isolated protonated
aromatic amino acids and peptides with an ammonium group
in the vicinity of the aromatic chromophore is now clearly
evidenced, one can wonder what will be the solvation effect on

surface along the free NH stretch coordinate as for protonated - . . . .
. . . . the excited-state properties. Protein folding can be studied by
tryptamine, the interpretation of the 15 ps time constant was . . . .
changes in the fluorescence intensities or emission spectra as

unclear. Because the pump photon excites the molecule at 266 :
- the tryptophan residue becomes more or less expose to water
nm, both proton transfer and H transfer reactions are allowed

and both IC-type and radical cation-type fragments are detected.frm”t'rc?nr?;l int}(;rtzgngr.g';gf n;]?ltt(')eggir:angzl t%e;]iyz '.r;tse' zgée;f
With the help of the excited-state calculations reported here and yptophan proteins i ugnt t : X!

by comparing with protonated tyrosine, we assign the 15 ps such multiple protein conformguons. As T. Rizzo reported.v.ery
time constant of protonated tryptophan to the dynamics on the recently?2 TrpH* complexed with two water molecules exhibits

7 state that decays through proton transfer to the indole ring. & ViPrationally resolved excitation spectrum, emphasizing an
increase of the excited-state lifetime of these hydrated species.

Conclusions We are presently working on a new hydrated electrospray ion

Vertical excited-state energies and excited-state optimizationsSource to record the excited-state lifetime of mass-selected
at the CC2 level have been performed for low-lying isomers of TrPH"—(H20), clusters by means of pump/probe photofrag-
protonated tyrosine and tryptophan and are compared to recenfnéntation spectroscopy.
experimental results. The longer excited-state lifetime recorded
for tyrosine is explained by the larger energy gap between the
locally excitedzz* state and the dissociatives* state, which
confirms the initially proposed model based on simple energeti
consideration. For both species, ther* state undergoes a
proton-transfer reaction from the amino group to the aromatic
chromophore, that provides an efficient and fast pathway for
internal conversion. This reaction occurs without barrier in the
case of protonated tryptophan or with a small barrier of 0.1 eV
in protonated tyrosine. This reaction involves changes in several
internal coordinates with a ring puckering and a CCH out-of- JA069050F
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