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ABSTRACT

The fragmentation times corresponding to the lokshe chromophore (€&Cp bond

dissociation channel) after photo-excitation at B68 have been investigated for several

small peptides containing tryptophan or tyrosiner Eyptophan-containing peptides, the

aromatic chromophore is lost as an ionic fragmeniz L30) and the fragmentation time

increases with the mass of the neutral fragmentohtrast, for tyrosine-containing peptides

the aromatic chromophore is always lost as a nlefrtagment (mass = 107 amu) and the

fragmentation time is found to be fast (< 20 n$)eJe different behaviours are explained by

the role of the post-fragmentation interactionhe tomplex formed after theodC3 bond

cleavage.
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The x-CB bond breaking is a specific fragmentation processmall peptides
containing tryptophan and tyrosine occurring aftieoto-excitation in the UV. Recently, new
spectroscopic experiments and calculations on padéal tyrosine and phenylalanine have
shown the extreme dependence of the UV inducedmieatption channels upon the
electronic nature of the electronic excited stateThe photodissociation of protonated
tryptophan and tyrosine have been studied at 268siny a multicoincidence approachor
protonated tryptophan, it has been shown tmé& 130, resulting from G-CB bond
dissociation, have two different origins and inwlthe coupling of thax* locally excited
state with : (i) thewut* co State, which leads to a fast fragmentation ocguwithin t < 20 ns
after a proton transfer to the carbonyl group andhe no*\n3 state, which leads to a slow
fragmentation with a characteristic> 1 ms, consecutive of a fast H-loss. In contrasthe
case of protonated tyrosine, only the fast fragaden is observed. Note that the direct
excitation of thero*\u3 state in protonated tyrosine has been recentlgeeced below
240 nm leading to the formation of the radical @at{H-loss channel), which subsequently
fragments through &Cp bond dissociation forming the/z 1072 Since theto*\us charge
transfer state is located lower in energy in prated tryptophan, the excited state decays
much more rapidly (380 fs) via H-loss and subsegu&nC3 bond dissociation of the

radical catiorf.

Very recently, Zabuga et akeported a detailed study of the UV photofragmemta
mechanism in Ac-FAX-H™ and Ac-YAK-H", i.e. with phenylalanine and tyrosine as the UV
chromophores, respectively. They proposed thatapséem crossing (ISC) plays a key role
in the fragmentation of peptides, as evidencedheylarge enhancement of the-C3 bond
cleavage fragmentation channel by IR radiationaipehs of ms after the UV excitation. As

for protonated tyrosine and phenylalnine, a picosdcpump-probe excitation scheme in a



cold ion trap has been set up to record the exsitai® lifetimes as a function of the excess
energy in thenn* state’® The excited state lifetimes of the probed confoemgecreases
exponentially as a function of the excess energyaimed in the system with respect to the
n* band origin. Moreover, these measurements arallyotonsistent with independent
measurements using a femtosecond pump probe scite®® nm at ambient temperatdre.
Since no constant signals at longer times (t >)lhase been detected in the excited state
lifetimes measurements for protonated tyrosindiag been concluded that ISC to a triplet

state is not at play for protonated tyrosine.

From an analytical point of view, undeniably, UVagbbdissociation, is complementary to
other techniques such as Collisions-Induced Dissioci (CIDf or Infra-Red Multiphoton
Dissociation (IRMPD) for the study of peptides in mass spectrometryvdiance with
IRMPD and CID, the use of UV photons allows depositof a known amount of energy
(4.71 eV at 263 nm) at a particular location (UVrathophore) in the peptid8.As a
consequence, ragi@nd specific fragmentations may occur such as ddsthie side chain
through @-CB bond cleavage as already demonstrated in seveealops studie$'*?
However, in conventional mass spectrometry, ingasibn of such bond ruptures relies

solely on the detection of ion fragments afterdraiion of the protonated species with

limited information on the formation dynamics oétfragments.

In the case of a binary fragmentation (one ion @me neutral fragment), it can be argued that
even if the @-CB bond is broken, the incipient fragments attractheather due to
electrostatic forces and are stabilized in the fafvan intermediate compléX.In a first
approximation, these forces can be described maaf ion-dipole and ion-induced dipole
interactions; as discussed further in this contribution. Mommvfor the same ion

interacting with different neutral fragments, then-induced dipole force is expected to



increase with increasing molecular weight, sin@dtrength of the ion-induced dipole force

is related to the polarizability of the neutralgnaent.

In an attempt to bridge the gap between the prég@onamino acid chromophorese.
protonated tyrosine and protonated tryptophan,larger peptides, we have investigated the
evolution of the fragmentation time of the3 bond cleavage reaction in a series of small
peptides with increasing molecular weight containiyrosine or tryptophan as the UV
chromophore. Our unique multicoincidence experimentapproach to UV
photodissociatiol®° ascertains that thec@Cp rupture is indeed a binary fragmentation,
allowing a systematic study of the evolution of tih@agmentation time as a function of
increasing molecular weight. For these systems, ejleeted aromatic chromophores are
respectively neutral for molecules involving tymsi(mass = 107 amu) and ioni/g 130)

for those involving tryptophan. This result isancord with the higher ionization potential
(DFT B3LYP/aug-cc-pVDZ calculations) of the sideaghof tyrosine as compared with that
of tryptophan.(private communications) The role tbe post-fragmentation interactions
between the ion and the neutral fragment on theamhecs of their seperation will be

discussed.

Summarized in Table 1 and Table 2 are the fragrtientdime {£AT in ns), the mass and the
calculated polarisability of the neutral fragment tryptophan- and tyrosine-containning
peptides. Details on the determination of the fragtation times, which is in essence the
decay time of the distribution of the ion fragméoit neutral fragment) as a function of the
time-of-flight, are given in the experimental matheection and references therein. An
example of such a decay measurement is given iaor&id for protonated tryptophan-

methionine, where the neutral fragment has a m&36=amu. For the sake of discussion, we



computed the polarizabilitiesy, of the neutral fragments using the additivity metHor

molecular polarizability by Millef*

Table 1 : Studied tryptophan-containing protonated peptides

Name Letter Mass Fragmentation Mass of  Polarisability
ofthe time t#At (ns)  neutral (A%
parent fragment
ion
Tryptophan W 205 <20 75 7.35
Glycine-Tryptophan GW 262 315 132 12.8
Tryptophan-Glycine WG 262 3015 132 12.8
Tryptophan-Cystine wcC 308 213+20 178 16.76
Glycine-Tryptophan-Glycine GWG 319 80+20 189 18.28
Tryptophan-Methionine WM 336 120410 206 21.8
Methionine-Tryptophan MW 336 145415 206 215
Tryptophan-Methionine(oxydized) WMoy 352 164420 222 22.9
Glycine-Tryptophan-Methionine GWM 409 200+20 279 24.9

Table 2 : Studied tyrosine-containing protonated peptides

Name Letter Mass Fragmentation Mass of Polarisability
ofthe time txAt (ns) neutral (A%
parent fragment
ion

Tyrosine Y 182 <20 75 7.35
Tyrosine-Glycine YG 239 33+10 107 13.6
Tyrosine-Alanine YA 253 <20 107 13.6
Tyrosine-Cystine YC 285 135+10 178 16.76
Tyrosine-Lysine YK 310 36+10 107 13.6
Lysine-Tyrosine KY 310 <20 107 13.6
Methionine-Tyrosine MY 313 <20 107 13.6
Tyrosine-Methionine YM 313 <20 107 13.6
Tyrosine-Methionine(oxydized) Y Mox 329 <20 107 13.6
Methionine(oxydized)-Tyrosine MoxY 329 <20 107 13.6
Tyrosine-Lysine(acetylated) YKac 352 <20 107 13.6
Glycine-Tyrosine-Methionine GYM 370 <20 107 13.6
Glycine-Tyrosine-Methionine(oxydized) GYMox 386 <20 107 13.6
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Figure 1 : Fragmentation time distribution for the m/z 130 fragment of protonated tryptophan-methionine.
Full line is a fit of the data with a Gaussian function (w = 4615 ns) convoluted with an exponential decay
function giving T = 120+10 ns

The evolution of the fragmentation time distribuopresents very different behaviours for
molecules with a tryptophan or a tyrosine UV chrpimare. For tryptophan-containing
peptides the fragmentation time increases withntiméecular mass of the parent molecule.
This behavior is manifest in Figure 2(a), which idepan increasing fragmentation time as a
function of the mass of the peptide, with the exioepof protonated Tryptophan-Cysteine
(WC), which shows a fragmentation time that is ligadeviated from the smooth behavior
of all other values. In contrast, for tyrosine-a@ning peptides, the fragmentation times are
very short (< 40 ns) for all the studied specieshwhe exception of protonated Tyrosine-
Cysteine (YC). Overall, the measure of the fragmaiom time is seemingly independent of
the molecular weight of the parent ion and comgdaralbth the ultimate time resolution of

the experiment (20 ns).
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Figure 2 : Evolution of the Ca-Cf fragmentation time T(ns) as a function of the mass of the parent ion for (a)
tryptophan-containing peptides and (b) tyrosine-containing peptides. Note that the scale on top of (a) is for
the mass of the neutral fragment and no such scale is shown in (b) since the mass of the neutral fragment is
equal to 107 (with the exception of YC).

We now focus on the marked difference in the tremdsthe fragmentation times
corresponding to the loss of the UV chromophorexofprehensive understanding of the
fragmentation mechanism leading to the productioa oeutral side chain loss for tyrosine-
containing peptides (with the exception of YC) awrdionic side chain loss for tryptophan-
containing peptides (with the exception of WC) dess excited-state calculations, which are
outside the scope of this paper. Again, the expgartal multicoincidence approach is central
to ascertain that the occC@ bond cleavage is indeed a direct (one ion and roadral
fragment) dissociation for both the tryptophan- ayrdsine-containing peptides. We recall

that Gx-CB bond cleavage is specific to UV excitation.

While the fragmentation time increases with the srasthe neutral fragment for tryptophan-
containing peptides, it is fast for tyrosine-coniag peptides. These different behaviours

could be due to the post-fragmentation ion-indudipdle interaction in the complex formed



after the @—Cp3 bond cleavage as detailed hereafter. The majterdiice lies in the size of
the neutral fragment which is released in the fragt@tion process. On the one hand, for
tyrosine-containing peptides, the neutral fragmerdlways the samé,e. mass = 107 amu,
while the ion fragment has an increasmi. On the other hand, for tryptophan-containing
peptides, the ion fragment is always the sareem/z 130, while the neutral fragment has an
increasing molecular mass. Aftea€3 bond rupture, it is assumed that the ion and the
neutral fragment are bound together in the forra tdose complex. The stabilization energy

V(r) of such a complex may be approximated by eqoat*

__Hecosd  a€

4ngor®  8mgor?

V(r) (1)

The first term represents the contribution of tkeenpanent dipole moment of the neutral (4
is the dipole momeng is the electronic chargé,is the angle between the direction of the
dipole and the charge-dipole axis,s the vacuum permittivity andis the distance between
the center of charge of the ion and the midpointhefdipole). The second term represents the
contribution of the interaction between the ion #mel induced dipole moment of the neutral
(ais the molecular polarizability). In a peptidee timain contribution to the electric dipole is
due to the peptide bond between amino acids (~3@&mbond¥? Since the fragmentation
times measured are on the order of tens to hunafetsnoseconds, it can be argued that the
mean value of the cosine function is zero. Thismstérom the assumption that in the case of
a loose complex, the ion and the neutral fragmetdte freely,i.e. there is no prefered
orientation of the ion with respect to the dipala, this timescale. The second term, which is
proportional to the polarizability, has to be ovmre in order for the incipient fragments to

separate.



The polarizability ¢ in A% as a function of the mass of the neutral fragnaeatshown in
Figure 3. Clearlya increases (linear trend) with the mass of the maéditagment, which
indicates that the ion-induced dipole interactiocréases as the mass of the neutral fragment

increases in the ion-neutral complex.
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Figure 3 Polarizability a of the neutral fragments as a function of their masses : full square values are
obtained with the Miller additiviy method for molecular polarizability and open square values are calculated
values from ref. 23.

Furthermore, assuming that the rate constantX/fr) of the fragmentation reaction at a given
temperature T is related to the activation enefgpy the Arrhenius equation given in

equation (2),

= Aet )

and : (i) the temperature of all studied specighéssame as that of the electrospray source,
(ii) the activation energy is proportional to thelgrizability of the neutral fragment and (iii)
the internal energy is the same after absorptiahe@iUV photon and dissociation of the-C

CB bond in the first approximation for all compoundsg can estimate crudely the average

ion-neutral distance at which the two fragmentgriaatt. Shown in Figure 4 is a plot of the

10



fragmentation time as a function of the polarizapibf the neutral fragments. The red line is
a fit of the data points with a monoexponentialction. As can be seen, the data points (with
the exception of protonated WC and YC as discusated in this section) follow a linear

evolution (In y scale) as a function @f
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Figure 4 : Plot of the fragmentation time (1/ns) as a function of the polarizability of the neutral fragments for
tryptophan-containing peptides. The fragmentation times of protonated WC and YC, which deviate from the
general trend, are also indicated on the plot (see text). All data points, with the exception of protonated WC
and YC are fitted with a monoexponential function (red line).

With an effective temperature of 358Khe average ion-neutral distance amounts to 6.4 A,
which is consistant with the distance between #mdear of the indole chromophore and the

Ca carbon atom in protonated tryptoptfén.

As can be seen in Figure 2, protonated WC and Y@addollow the same trend as the other
species. In fact, the velocity vector (vv) corriglatdiagram® for WC does not correspond to
a binary fragmentation. The vv correlation (seepsaipentary information) suggests the
superposition of two structures : (i) a first sttme which has a slope very close to that of a
binary -178/130 fragmentation (within experimentatertainties) and (ii) a second structure
with a slope almost equal to zero, correspondinght ejection of a very light neutral

fragment. Actually, the detailed analysis of theadelearly demonstrates triple coincidence

11



events. By analogy with protonated tryptophaw'g 130 in protonated WC could result from
a two-step mechanismge. a fast H loss prior to €&C3 bond cleavage. Unfortunately, the
fragmentations times of the two steps are too cliasea precise determination of the
mechanism. Nevertheless, it is interesting to ndbat the fragmentation time
(t =213+20 ns), though slower than a direct-C3 bond rupture, is even faster than the
overall fragmentation time of the equivalent slaagimentation pathway & 1 ms) leading

to m/z 130 ions in protonated tryptophan.

With regard to YC for which the measured fragmeatatime { = 135+10 ns) is almost a
factor of three larger than the other species, dide chain is lost as an ionic fragment
(m/z285 — m/z 107 + 178). Hence, this species cannot be direxiimpared to the other
tyrosine-containing species. Moreover, this vakusignificantly close to the one that can be

predicted from the plot of Figure 2(a) for a speaigth am/z 285.

In conclusion, we report here on the evolutionh&f @x-C3 fragmentation time measured in
a series of tyrosine- or tryptophan-containing $mpaptides. The multicoincidence approach
to UV photodissociation allows a systematic stuflyhe latter UV specific fragmentation
channel, and in particular the loss of the UV chophore in a binary fragmentation. After
excitation at 263 nm, the aromatic chromophorelisased as an ion fragmen¥% 130) for
tryptophan-containing peptides and the fragmentaiime is found to increase as a function
of the mass of the neutral fragment. This expertaleybservation can be interpreted in terms
of ion-induced dipole interactions between thepret fragments. Conversely, the charge is
always localized on the backbone for tyrosine-coirig peptides,i.e. loss of the UV
chromophore as a neutral fragment of mass = 107 anuithe fragmentation times (within

the experimental limits and errors) are found tonoependent of the size of the system.
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EXPERIMENTAL METHOD

The experimental setup has been described in detséiwher®?®’ and only a brief
description is presented here. All dipeptides usethis study are obtained commercially
(GeneCust, 95% purity). Protonated molecules, predun an electrospray ion source as ion
bunches of ~130 ns duration are mass-selected eselesated to 5 keV. The pulsed ion
beam intercepts the 263 nm laser pulse (LDPulse, 200 ns duration and 1 kHz pulse
repetition rate) in the interaction region. Theenaction box is made of a set of electrodes
that can be polarized to create an electric fieidnbed along the beam axis. This allows
determining the fragmentation times in a range framfew tens up to hundreds of
nanoseconds for each fragmentation channel adetbtdsewheré’ An event is defined as a
coincidence between an ion and a neutral fragmenémgted in the dissociation of a given
ion during one laser pulse. We have ascertainet tthen Gx-C[3 ruptures are binary
fragmentations as discussed elsewl®feor each event, the fragmentation time is given by
the difference between the arrival times of the ({pnand of the neutral {t fragments on
their respective detectot$Thus we are not limited by the pulse width of taser beam.
Nevertheless, the time spread due to the kinetierggn release (KER) cannot be
compensated. The only recorded events are thos$e avitagmentation time smaller than
5 us, the time spent by the ions between the ictiera zone and the entrance of the
electrostatic analyser. The time dependence dirdgenentation rate is then derived from the
(t —t,) distribution given by a linear relationsHip.The fragmentation time is then obtained
from a fit of this curve by the convolution of augaian function, which accounts for the
kinetic energy release distribution and of an egmbially decreasing function for the

fragmentation decay time.
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