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Absorption Properties

Laure Joly," Rodolphe Antoine,*t Michel Broyer, Jeréme Lemoinef and Philippe Dugourd?

Universitede Lyon, UniersiteLyon 1, CNRS, LASIM UMR 5579 tb#. Kastler,
43 Bud. du 11 neembre 1918, 69622 Villeurbanne, France, and &émsite de Lyon, UniersiteLyon 1, CNRS,
Sciences Analytiques, UMR 5180, 48dBdu 11 Neembre 1918, 69622 Villeurbanne cedex, France

Receied: July 5, 2007; In Final Form: Neember 9, 2007

Electron detachment from peptide dianions is studied as a function of the laser wavelength. The first step for
the detachment is a resonant electronic excitation of the dianions. Electronic excitation spectra are reported
for three peptides, including gramicidin. A comparative study of the detachment yield for 13 peptides was
performed at 260 nm and at 220 nm. At 260 nm, the detachment yield is mainly driven by the sum of the
absorption coefficients of the aromatic amino acids that are contained in the peptide. At 220 nm, no direct
relation is observed between the electron photodetachement yields and the sum of absorption efficiencies. At
this wavelength, the sequence and the structure of the peptide may have an influence on the photodetachment

process.
I. Introduction TABLE 1: Summary of the Peptide Sequences
Multiply charged anions (MCAs) are ubiquitous species _n°taton sequence name
encountered in solution and solid states. Their study in the gas P1 SDRGDGG
; e P RRRADDSDDDDD

phase provides new opportunities to address some fundamentalP RGDSPASSKP
questions about their intrinsic properties and the role of solvation p4 EGVNDNEEGFFESAR fibrinopeptide B human
or counterions in their stability-® In particular, MCAs in the P5 RPPGFSPFR
gas phase present specific properties with respect to the electron”8 S%BSSEEG'—M'NH Substance P
detgghment as compared to S|_ngly charged anions. The super-pg DRVYVHPE angiotensin Il [v4]
position of the short-range binding of the electron and the long- pg pyro-ELYENKPRRPYIL neurotensin
range Coulomb repulsion gives rise to a repulsive Coulomb P10 CYIQNCPLG-NH oxytocin
barrier (RCB) that can trap excess electrons. Electron detach- ! )

. . . P Bocg-AWMDF-NH, pentagastrin
ment can then_ occur through elec_tron tu_nnellng. H|gh barrier p12 WYGGWYGGWY
can also stabilize metastable anions with negative electron P13 formyl-VGALAVVVWLWLWLW-  gramicidin A
binding energy.” Direct measurements of the excess electron ethanolamine

binding energy and the RCB of MCAs are provided by the ) ) ) )
combination of photoelectron spectroscopy and mass spectrom- N this paper, we aim at evaluating the influence of the

etry8 Electron tunneling has also been investigated by photon S€duénce of the peptide and of the laser wavelength on the
energy dependent studig¥ electron detachment yield, which is a first step toward the

Proteins and DNAs can be easily transferred to the gas Iohasé'nterpretation of electron detachment processes in MCA polypep-
with a high charge state by electrosprai?and can be used as tides. We present a_detai!ed_study of electron photodetachment
prototypes to study detachment mechanisms in highly chargedOn a panel of peptlde_ d|an|(_)ns. The parameters that govern
anions and also the influence of the molecular flexibility on electron Qetachment, n partlc_:ulgr the influence of the phot.on
detachment314 Gas phase MCAs of DNA have driven many energy with respect to the binding energy and the repulsive

interest15 in relation with their redox properties and with ~Coulomb barrier, will be discussed.
photoinduced damages in solution. Recently, we performed . ]
energy-resolved spectroscopy experiments on gas phase MCA4!- Experimental Section
16,17
of DNAs. We observed electron detachment and showed Sample Preparation. Peptides, whose sequences are listed

that thls. o_Ietachment was strongly base dependent. in Table 1, were purchased from commercial sources (Sigma-
Surprlslngly, few works have been per_formed on M_CAS of Aldrich and Bachem). They were dissolved at a concentration

polypeptides. Doubly deprotpnatgd peptides are §ubjected ©sf 100 uM in H,O/CHsCN (50/50, v/v) and directly electro-

electron detachment when irradiated by a UV lightThe sprayed.

electron_ detachment yield was qsed to monitor_ the excited Mass Spectrometry, Laser Irradiation of Trapped lons

electronic spectrum of the trapped i&h¥ as recently illustrated and UV/Vis Absorption. The experimental setébconsists of

by the first measurement of the electronic excited spectrum of ; )
a gas phase protefl. a commer_clal_ LCQ Duo quadrupole ion trap mass spectrometer
(ThermoFinnigan, San Jose, CA) coupled to a Panther OPO
* Corresponding author. E-mail: rantoine@lasim.univ-lyonl.fr. la.Ser pumped by a 355 nm Nd:YAG PowerLite 8000. (5 ns pulse
tCNRS, LASIM UMR 5579. width, 20 Hz repetition rate). Frequency doubling allows
*CNRS, Sciences Analytiques. scanning in the 215330 nm range. The vacuum chamber and
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Figure 1. Mass spectrum obtained after laser irradiatior= 260 £ P7 peptide 8
nm) of the doubly deprotonated angiotensin Il fyapeptide ion 8 061 r0.6 §
precursor (sequence DRVYVHPF). The irradiation time was 500 ms. 3 'g
The inset shows the detachment yield (p{zrz + lm—2u)/ s 0.44 r0.4 @
Iim-2n12-)) measured as a function of the laser powef at 260 nm. B . <
The experimental zoom scans recorded for the{MH]>~ and [M — uij 0.2 F0.2
2H] ions are also shown. = "
0 % B w0 o
the central ring electrode of the mass spectrometer were Wavelength (nm)
modified to allow the injection at the center of the trap of UV ) ) , . . ,
and visible lights. An electromechanical shutter triggered on 1.04 L1.0
the RF signal of the ion trap synchronizes the laser irradiation 3 ,_
with the trapping of the ions. The ions are injected into the z 084 RRRADDSDDDDD 0.8
trap, mass selected, and then laser-irradiated. Fragmentation % 06l | P2 peptide 06 §
spectra are systematically recorded as a function of the laser s : s
wavelength. The photodetachment yield is given by, In((parent S 04l L0.4 §
+ fragment)/parenty/P, wherei is the laser wavelength and s . <
P, is the laser power. g 0.2+ +0.2
UV —vis spectra in solution were recorded using an AvaSpec- w 0.0 e m L0.0
2048 Fiber optic spectrometer, an AvaLight-B8 deuterium- 220 240 260 280 300 320 340
halogen light source, and a U\Wis cuvette by Avantes. Wavelength (nm)

Molecular Dynamics Simulations.One of the goals of this Figure 2. (M) Normalized photodetachment yield as a function of the
wavelength for the doubly deprotonated fM2H]?~ ions of gramicidin

paper i_s to study the ir_1f|uence of the repulsive Coulomb (formyl-VGALAVVVWLWLWIL W-ethanolamine) (a), peptide DYKD-
interaction between negative charges on the electron detachmenpppk (b), and peptide RRRADDSDDDDD (c). Dashed curves are
The dynamical motions of the doubly deprotonated peptides, smoothed curves of the experimental photodetachment yields. The
at 300 K, cause the distanfamong the negatively charged irradiation time was_500 ms. Soli_d lines show the normglized absorption
units to fluctuate. MD simulations were carried out to estimate é%igglgé tr\‘/(/evsept'des in solution (108 of peptides in HO/Ch-

this distance and the Coulomb interaction. Molecular dynamics ' '

(MD) trajectories were obtained using the DYNAMICS pro- LE —
gram, which is a part of the software TINKER pack&§@he T E @) ————
simulations were run in vacuum with the dielectric constant set Al — —
at 2 and temperature at 350 K. The MD simulations were carried
out using Amber with the parm99 all atom force field using :
the weak-coupling Berendsen mettddnitial structures (ex-
tended conformation) were first subjected to a short minimiza-

tion to remove bad steric contacts and were thermalized for 50

ps for peptides P1 and P8 and 100 ps for peptide P4. A total of

1500 ps simulations were performed i 1 fs step. We :

collected the Coulomb repulsion energ¥/R = (14.4 eV)/R [M-2H}*

(A)],WhereRis the distance between the two negative charges, Figure 3. Two-step mechanism for electron photodetachment in

every 0.1 ps (100 steps). Note that we assume that eachpPeptide dianions: (1) electronic excitation of a chromophore (local
b Il : ful1 h (= 1) wh luati excitation; LE); (2) crossing with an autoionizing state (Al) and

carboxylate carries a futk1 charge an (= 1) when eva uatlng. detachment of the electron.

the Coulomb potential. A histogram of the Coulomb repulsion

between the deprotonated sites can be obtained after the MD

run. This histogram gives the number of events in which a given ~ MD simulations were performed for peptides P1, P4, and P8

value of the Coulomb potential is realized (see below). with several different initial extended structures. MD simulations
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SCHEME 1: Proposed Mechanism for the Loss of CQ (—44 Da) from the[M — 2H]~* Anion
0 (o' 0
... —C——NH—CH—-C >
N

R (e} R

c NH—CI:H~' + O0=—=C=0

d SCHEME 2: Schematic Energy Diagram Showing (a)
the Excess Electron Binding Energy (BE) without
Barrier for Singly Deprotonated Anion [M — H]~, (b) the
Excess Electron Binding Energy (BE) with the Repulsive
Coulomb Barrier (RCB) for Doubly Deprotonated Anion
Photodetachment Spectra in the Gas Phase versus Ab- [M - 2H]?" 2
sorption Spectra in Solution. The mass spectrum obtained a) b)
following the UV laser irradiation at 260 nm of the doubly
deprotonated P8 peptide (DRVYVHPF) is shown in Figure 1.
The main fragment observed atz 1029 corresponds to the
oxidized [M — 2H]* ion generated by electron detachment from

were performed with different initial structures and lea
qualitatively to similar trends.

I1l. Results and Discussion

the [M — 2H]>~ precursor ion. This photoinduced charge b IM-H] + e
reduction from the precursor ion is the main fragment channel RCB
observed for every peptide dianions used in this study. Another
fragment observed atVz 985 is due to the loss of Cq—44 BE, § [M2H] + &
Da) from the [M— 2H]~* anion (see Scheme 1). BE,
Experiments performed at 260 nm as a function of the laser |

power show that this charge reduction is a one-photon process _ 5
(as shown in inset of Figure 1 for P8 peptid&). [N [A-2H]

The influence of the laser wavelength was also investigated. “BE:i = RCB+ BE; is assumed (see refs 8 and 13).
Figure 2 presents the electron photodetachment efficiency as a
function of the wavelength for three peptides. The detachment repulsive Coulomb barrier (see Figure 3). In particular, if the
yield curve shows a strong dependence of the electron detachPhoton energy brings the peptide dianion into an electronic
ment events with the laser wavelength. The detachment is€Xcited state, which is higher than the ground state energy of
observed in the region where the absorption occurs in solution [M — 2H]™* species, but lower than the barrier (RCBh >
(also displayed in Figure 2). In particular, for peptides P7 BE), electron detachment from the excited state occurs by
(DYKDDDDK) and P13 (formyl-VGALAVVVWLWLWLW- tunneling through the barrier. Tunneling efficiency depends on
ethanolamine), which possess respectively one and four aromatidhe width of the barrier, which depends on the stability of the
amino acids, the electron detachment is observed below 300radical. Electron tunneling through repulsive Coulomb barriers
nm in the wavelength range where-7* transitions of aromatic ~ has been reported, for example, for linear dicarboxylate dian-
residues occur. On the other side, for peptide P2 (RRRADDS- ions?
DDDDD), which does not possess aromatic amino acid, the In a peptide dianion, the negative charges are localized on
electron detachment is only observed below 240 nm, which acidic residues (in particular on carboxyl groups beared by the
corresponds to the emergence of thdéo 7* and & to 7* peptide C-terminal and side chains of the acidic aspartic and
transitions in the peptide backboffeThis spectrum shows that  glutamic amino acids). An estimation of the binding energy of
it is possible to efficiently detach electron even for peptides the electron at the C-terminal carboxylate can be obtained from
that do not contain chromophores. In Figure 2, the small shifts photoelectron spectroscopy of the HCO@nion. An electron
observed between gas phase and solution spectra illustrate thaffinity of 3.498 eV was determined. Adiabatic detachment

effect of the environment. In particular, the band at 2800 energy for HCOO was calculated using density functional
nm is red-shifted for gas phase gramicidin and (in a lesser extent)theory (DFT) with the B3LYP hybrid functional and the aug-
for peptide P7 as compared to solution spectra. cc-pvdz basis set. The calculated value is 3.49 eV in close

Energetic Considerations.These results (power and wave- agreement with experimental value. The same calculation
length dependences) show that the first step in the electronprovides a value of 3.79 eV for the binding energy of an electron
detachment is a resonant electronic excitation. Fhetate is at the deprotonated carboxylic side chain of the aspartic amino
a bound state and the ionization energy of the aromatic residueacid. For a dianion, the binding energy is reduced by the
(~8.49 eV for the phenol) is well above the photon energy (4.66 repulsione?/R = (14.4 eV)/R (A)] between the two charges.
eV at 260 nm) which should prevent a direct decay from the The RCB is equal to the same valg#R = (14.4 eV)/R (A)]

7* state to the photodetached continuum. The decay might occur(as depicted in Scheme 2).

through a two electron process whereby ttteelectron fall To estimate the RCB, we have carried out molecular
back into thexr hole and transfer its energy to a more weakly dynamics simulations for peptides P1, P4, and P8, which vary
bound electron that can be ejected to the continuum. Anotherfrom 7 to 14 amino acids in size. For these calculations, the
possibility is that the nuclear motion in ther* excited state charges were localized on the sequence according toKhe p
leads to a curve crossing a different state that autoionizes (asvalues of the different acidic groups containing peptides. For
illustrated in Figure 3). Without time-resolved experimental data peptide P1, we localized the two negative charges on the
or theoretical modeling, it seems speculative to decide betweencarboxyl groups of agpand C-terminal. For peptides P4 and
these mechanisms. Obviously, this detachment may be influ- P8, charges were localized respectively orPasm C-terminal,
enced by the value of the photon and of the autoionizing state and asp and C-terminal. During the MD simulations, the
energies with respect to the binding energy (BE) and the geometrical fluctuations result in changes in the distance
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by tunneling through the RCB. This step depends on the stability
1000- of the radical and on the IP of the excited base.
Relation between Electron Photodetachment and Absor-
250. bance at 260 and 220 nmBecause, for peptides, the electron
2 photodetachment is a two-step mechanism which does not
3 involve tunneling through RCB, one may expect that the first
O 5004 step depending on the absorption properties of the peptide will
drive the detachment yield. Thus, the electron photodetachment
250+ yield P; = In((parent+ fragment)/parent) can be compared to
the absorbancé, of the peptides defined by
0_

Ai = Ceéieptide (1)

Energy (eV)

i . . . . . .
Figure 4. Distribution of the Coulomb repulsion energy between the Whereey,q.is the extinction coefficient of peptides at the
two deprotonated sites. Each histogram is obtained from a 1500 pswavelength. C is a normalization constant. For a given

MD simulations. The sampling time is 0.1 ps. wavelength,C was chosen to minimize

between the two charge sites, inducing fluctuation of the N )

Coulomb repulsion energies. The distribution of the values for Q= z (Cepleptide_ ) (2)
|

the Coulomb potential values, obtained during the MD simula-
tions for the three peptides are plotted in Figure 4. The Coulomb
energies oscillate between 0.5 and 3.5 eV. The widths and the
maxima of the distribution are strongly peptide dependent. The
maxima of the distribution are for peptide R11.8 eV, for P8
~2.2 eV, and for P4~2.9 eV. The evolution of the maximum

where the sum on the indeéxs over the molecules considered.

At 260 nm, the optical absorption of peptides is mainly given
by the absorption of their aromatic amino acid residues. The
extinction coefficients of peptides may thus be approximated

. . . b

is correlated to the number of amino acids between the two y

charges in the peptide. In peptide P4 there are 9 amino acids Trp,Tyr,Phe

between the two negative charges whereas for peptides P1 and o= Z e2eonm (3)

P8, there are respectively 5 and 6 amino acids between charges. [
This evolution may be explained by the fact that a high number . he el hotod h d
of amino acids between charges allow a better charge solvation F19uré Sa compares the electron photodetachment e

leading to structures with shorter distances between charges. Aper_formed at 260 nm f_or 13 peptides (listed in Tab_le 1). With
more plausible explanation would perhaps be that the Iongerthe'r absorption properties estimated by eq 3 and their extinction

molecule could more easily fold back on itself leading to shorter CO€fficients listed in Table 2. Except for oxytocin (peptide P10),

distances between the charge centers. We tested this by doing" ©verall good agreement is obtain€i 0.913). In particular,
the same simulation on P8 without the charges. We see thatt'® Peptides without chromophores do not present significant

the relative distances between the amino acids has qualitavely®'€Ctron detachment whereas the peptides containing a high
the same trend as in the case of the charged systems. Thé‘umt,’er of tryp;ophan, such as peptide P12 and gramicidin A
conclusions of these energetic considerations are the following: (PePtide P13) display an efficient electron detachment. Concern-
(i) The fluctuations in the RCB imply that the binding energy "9 oxytocin, the two cysteines are linked by a disulfide bridge
depends on the conformation of the peptide. which is characterized by a significant absorption around 260
(ii) There is a very low probability of observing a Coulomb nmé® that was not Faken. into account in eq 3. Fur.thern)ore, one
potential above~3.5 eV. Thus these peptide dianions possess of the deprotonation sites occurs on the tyrosine side chain

a positive binding energy and are stable in the gas phase.leading to a phenoxide anion known to have a low binding

S K .
Consequently, thermal electron detachment is expected to beEN€rdy (2:253 eV}? The low binding energy of the negative

negligible which is confirmed experimentally in our observation Ccarge on the tyrosylate residue close to the excitation site may
time window. enhance electron detfachment. _ _ _

(iii) The excitation with a UV light in the 226330 nm range At 220 nm,ftl;le Opt'fal storptlon of _p_eptld_es r:S due tg the
leads to an increase in the internal energy of the peptide of €Mergence of tha to 7* and to 7™ transitions in the peptide

3.76-5.64 eV. This energy range is above the binding energy backbo_ne and aromatic side chains_. The extinction coefficients

of the electron plus the RCB. If the energy of the autoionizing © PePtides may be crudely approximated by

state is close to the photon energy, electron detachment does Trp,Tyr,Phe

not imply tunneling through the RCB (as illustrated in Figure 220nm _ ., 220nm 220nm

3), and thus conformation fluctuations have a weak influence pepicie " Epepice bond - ,z € “)

on the photodetachment process contrary to what was observed

for DNA strandst326 wheren is the number of peptide bond units. Figure 5b compares
Here we want to emphasize the difference of mechanismsthe electron photodetachment yield measured at 220 nm with

for the electron photodetachment between peptide and oligo-their absorbance estimated using eq 4 (Wi pongand

nucleotide polyanions. For oligonucleotides, the charges areefzo"mgiven in Table 2). Here, no direct relation between the

carried by the phosphates. The electron binding energy of absorption propertiegy estimated by eqs 1 and 4 and the

H,PO,~ is ~5 eV2Z’ This binding energy is higher than the photodetachment yield is foun@(= 1.517). This discrepancy

binding energy of carboxylate on peptides35 eV). For may be due to the estimation of the absorption cross section

DNAs, the excitation with a UV light in the 226330 nm range and/or to the difference between absorption and detachment

leads to an increase in the internal energy that is below the RCB.cross sections. The absorption coefficient is particularly difficult

Thus, for oligonucleotides, the detachment of an electron occursto estimate at 220 nm. First, in solution, the extinction
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a) A=260 nm absorption coefficients at 220 nm with eq 2 may be significantly
inaccurate.
1.4+ EPD vield IV. Conclusion
{ . yie
1,2.‘ —a—absorbance In summary, we have presented an energy-resolved study of

electron photodetachment on peptide dianions. Photodetachment
yields of peptides in the gas phase are strongly correlated to
their absorption in solution. Within the time scale of our
experiment, an electron detachment is observed only if an
electronic excitation of the peptide has occurred. Simple
energetic considerations allow us to propose a two-step mech-
anism for the electron detachment: (1) resonant electronic
excitation followed by (2) a crossing with an autoionizing state

- leading to a detachment of the electron. A comparative study
SRR R Qﬂ; PORY of the electron detachment yield for 13 peptides was performed

o

absorbance

Photodetachment Yield (arb. unit)

at 260 nm and at 220 nm. At 260 nm, the photodetachment
yields follow the absorption efficiencies given by the aromatic
o G oF <« amino acid exctinction coefficients deduced from solution data.
< qfe RS The electronic excitation corresponds #Aar* excitation and
b) =220 nm > seems to _be weakly ser!sitive to the sequence and the overall
conformation of the peptide. On the contrary, at 220 nm, there
e EEE—— is no direct relation between the electron photodetachement
I EPD yield yields and solution absorption efficiencies. At 220 nm, the
= absorbance | peptide backbone contributes to the total absorption and electron
photodetachment yield may be sensitive to the peptide confor-
mation.

-
o

o
(o]
'l

o
o
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