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Electron Photodetachment Dissociation
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Double stranded DNA multiply charged anions coupled to chromophores were subjected to
UV-Vis photoactivation in a quadrupole ion trap mass spectrometer. The chromophores
included noncovalently bound minor groove binders (activated in the near UV), noncovalently
bound intercalators (activated with visible light), and covalently linked fluorophores and
quenchers (activated at their maximum absorption wavelength). We found that the activation
of only chromophores having long fluorescence lifetimes did result in efficient electron
photodetachment from the DNA complexes. In the case of ethidium-dsDNA complex excited
at 500 nm, photodetachment is a multiphoton process. The MS® fragmentation of radicals
produced by photodetachment at A = 260 nm (DNA excitation) and by photodetachment at A
> 300 nm (chromophore excitation) were compared. The radicals keep no memory of the way
they were produced. A weakly bound noncovalent ligand (m-amsacrine) allowed probing
experimentally that a fraction of the electronic internal energy was converted into vibrational
internal energy. This fragmentation channel was used to demonstrate that excitation of the
quencher DABSYL resulted in internal conversion, unlike the fluorophore 6-FAM. Altogether,
photodetachment of the DNA complexes upon chromophore excitation can be interpreted by
the following mechanism: (1) ligands with sufficiently long excited-state lifetime undergo
resonant two-photon excitation to reach the level of the DNA excited states, then (2) the
excited-state must be coupled to the DNA excited states for photodetachment to occur. Our
experiments also pave the way towards photodissociation probes of biomolecule conformation
in the gas-phase by Forster resonance energy transfer (FRET). (] Am Soc Mass Spectrom 2007,
18, 1990-2000) © 2007 American Society for Mass Spectrometry

wide variety of activation methods can be used  action pathway with strands containing guanines. Elec-
to fragment ions in tandem mass spectrometers ~ tron photodetachment itself is not useful for DNA
structure analysis, but subsequent collisional activation

[1]. Ton activation methods can be classified in

the following way: collisions with neutrals (atoms,
molecules or surfaces), collisions with ions (including
proton and electron-transfer reagents), collisions with
electrons, and photoactivation. The most widely used
method is collisional activation, because of its availabil-
ity on all commercial tandem mass spectrometers. The
DNA fragmentation pathways resulting from the vari-
ous activation methods have been reviewed in 2004 [2].
Since then, some major advances must be mentioned in
electron activation methods [3-5] and in infrared pho-
todissociation [6].

We recently started exploring the gas-phase reaction
pathways of multiply charged DNA single strands and
double strands upon UV irradiation around 260 nm [7,
8]. To our surprise, we found out that, instead of
fragmentation, electron detachment was the major re-
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of the oligonucleotide radicals produced by electron
photodetachment gives fragmentation into w, d, a- and
z- ions with good sequence coverage [7]. This technique
combining electron photodetachment and collision-in-
duced dissociation was coined electron photodetach-
ment dissociation (EPD). It has now been shown to
apply to peptides and proteins as well [9].

Apart from the sequencing applications of EPD,
numerous questions remain about the electron photo-
detachment mechanism, and how it compares with
electron detachment dissociation [3-5] and thermal
electron detachment [10, 11]. We will briefly summarize
our current understanding of the photodetachment
mechanism [8]. The electron binding energy in multiply
charged DNA anions depends on the balance between
electron binding energy of the different DNA constitu-
ents (the phosphates, the sugars, and the bases) and the
Coulombic repulsion between like charges [10-12]. It
has been shown that in a negatively charged environ-
ment, the electron binding energy of the nucleic bases
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can become lower than the electron binding energy of
the phosphate groups, and that the highest occupied
molecular orbital (HOMO) can be located on the bases
[13-15]. Guanine is the base with the lowest ionization
energy, followed by adenine, cytosine, and finally thy-
mine. If the photon energy (for A = 260 nm, hv = 4.77
eV) is superior to energy difference between the even-
electron parent ion and the anion radical with one
electron fewer (this energy difference is defined as the
electron binding energy, or BE), electron photodetach-
ment can occur. If the photon energy is superior to the
electron binding energy plus the repulsive Coulomb
barrier (BE + RCB), photodetachment can be very fast.
If the photon energy falls between BE and BE + RCB,
electron photodetachment can still proceed via tunnel-
ing through the barrier. The other key point in the
mechanism is that electron photodetachment proceeds
via some specific electronic excited states correspond-
ing to base excitation. This is suggested by the wave-
length-dependence, which shows maximum photode-
tachment efficiency around 260 nm and a drop-off at
higher photon energies (shorter wavelengths).

In the present paper, we report further photoactiva-
tion experiments on DNA complexes with chro-
mophores absorbing at different wavelengths than the
nucleic bases. We investigated the noncovalently bound
and the covalently bound chromophores shown on
Scheme 1. Two kinds of noncovalent ligands were
tested: minor groove binders (these ligands interact
with DNA mainly by hydrogen bonding with the sides
of the base pairs), and intercalators (these ligands stack
between base pairs and interact mainly via electrostatic
dipole-dipole interactions). We also investigated one
covalently linked fluorophore (6-FAM, an analog of
fluorescein which is more photostable) and one co-
valently linked quencher (DABSYL). In a fluorophore,
following photon absorption, the initial excited-state
relaxes into a lower lying excited-state from which light
is re-emitted. In a photostable quencher, all electronic
energy is converted into vibrational energy. In the case
of azobenzenes like DABSYL, the relaxation to the
electronic ground state involves trans-cis isomerization
of the N=N bond [16]. Azobenzene chromophores can
therefore be used to locally deposit vibrational internal
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energy and probe its redistribution over the biomol-
ecule [17]. The general aim was to discover whether
chromophore-specific photochemical reactions might
be observed. The underlying questions relate to the
efficiency of internal energy redistribution from specific
electronically excited to vibrationally excited states, and
to the efficiency of intramolecular energy redistribution
in large biomolecules including noncovalently bound
partners, when the energy is initially located in one
well-defined chromophore [18-24]. We show here that
for some of the chromophores, photodetachment is the
major photochemical pathway, like for the nucleic bases
[7, 8]. We also found some evidence of internal energy
redistribution over the whole biomolecule ions. The
relationship between de-excitation channels, the life-
time of excited states of the chromophores, and electron
photodetachment of the DNA-chromophore complexes
is also discussed.

Materials and Methods
Materials

All DNA single strands were purchased from Eurogen-
tec (Angleur, Belgium) and used without further puri-
fication. The duplex d(CGCGAATTCGCG), (noted dsB
like in some of our previous papers) was prepared by
mixing 100 uM single strand in 100 mM aqueous
NH,OACc to yield a 50 uM duplex stock solution. The
hairpin-forming oligonucleotide sequence dCCAG-
GTCTGAGGCGTCCTGG was purchased from Euro-
gentec in three different forms: unmodified, modified
with DABSYL on the 3’ end, or modified with 6-FAM
on the 5 end. Hairpin formation was ensured by
storing the oligonucleotide in 100 mM NH,OAc. All
ligands were purchased from Sigma-Aldrich (www.
sigma-aldrich.com). The drug stock solutions were pre-
pared in bi-distilled water, except m-Amsacrine which
was dissolved in methanol. DNA-ligand mixtures were
prepared at 10-10 uM or 1020 uM in 100 mM
NH,OAc, with 20% methanol added just before spray-
ing.

Mass Spectrometry

All experiments were performed on an commercial
LCQ Duo quadrupole ion trap mass spectrometer
(ThermoFinnigan, San Jose, CA), coupled to a Panther
OPO laser pumped by a 355-nm Nd:YAG PowerLite
8000 (5 ns pulse width, 20 Hz repetition rate). The
vacuum chamber and the central ring electrode of the
mass spectrometer were modified to allow the injection
of UV and visible lights [25]. An optical fiber glued to
the ion trap opposite to the incoming beam was used for
laser alignment, ensuring reproducible overlap between
the laser beam and the ion cloud. In the visible region
(410-700 nm), the signal wave of the OPO was used.
Frequency doubling of the signal wave allows reaching
the UV range 215-320 nm. There is a gap between 320
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nm and 410 nm, where the only possibility was to use
the 355-nm Nd:YAG laser (after attenuation). A cylin-
drical lens (f = 500 mm), located ~500 mm from the
center of the trap, is used to reduce the ellipticity of the
laser beam. The standard electrospray source was op-
erated as described previously [7, 8]. To perform laser
irradiation for a given number of laser pulses, we add
an MS" step with activation amplitude of 0%, during
which a shutter located on the laser beam is open. This
electromechanical shutter triggered on the RF signal of
the ion trap synchronizes the laser irradiation with the
MS/MS events conducted in the ion trap.

Results
Noncovalently Bound Chromophores

We have shown previously that DNA single strands
and double strands undergo electron photodetachment
when using laser wavelengths matching nucleic acid
base absorption (maximum between 250 and 270 nm).
In the present study we explored the relaxation path-
ways following photoactivation of DNA-ligand nonco-
valent complexes using wavelengths corresponding to
ligand electronic excitation. The ligands tested here are
listed in Table 1, together with their known absorption
and fluorescence properties in solution. The initial
choice of working wavelengths was done by assuming
that ligand absorption in the gas-phase DNA complexes
occurs at similar wavelengths than ligand absorption in
the solution phase DNA complexes. Then, when laser
tuning was possible, we checked that the same path-
ways are also observed at wavelengths above and
below the initially chosen wavelength, to check for
possible shifts in the absorption maxima.

We studied here four minor groove binding ligands:
netropsin, Hoechst 33258, DAPI, and berenil. When
bound to DNA, all have their maximum absorption
wavelength in the range 320-370 nm, where DNA alone
does not absorb. For netropsin, we performed laser
excitation experiments at 310 nm, and for the other
three dyes we used the 355-nm laser. The results are
shown in Figure la-d, and in the Supplementary Ma-
terial section, which can be found in the electronic
version of this article. With netropsin, very little elec-
tron photodetachment is observed at 310 nm even after
irradiation during 5 s (100 laser pulses) at 6.5 mW (see
Supplementary Material). Control experiments show
that when irradiating the duplex DNA alone in the
same conditions, no photodetachment is observed.

At 355 nm, the Nd:YAG laser was attenuated to 30
mW to perform the laser excitation experiments. Figure
la shows that even for the duplex DNA alone, some
electron photodetachment occurs. This spectrum consti-
tutes the background spectrum for Figure 1b—d. We can
see in Figure 1b that when one molecule of Hoechst
33258 is noncovalently bound to the duplex DNA,
photodetachment at 355 nm is dramatically enhanced.
The photodetachment yield is lesser with the ligand



Table 1. Absorption and fluorescence properties of the chromophores with corresponding literature references

Chromophore alone

Chromophore bound to dsDNA

Chromophore Amax Fluorescence Binding mode Amax Fluorescence
Hoechst 33258 337 nm [26, 27] Aem = 508 nm, Minor groove 349 nm [26] Aem = 458 Nm
$ = 0.015 360 nm [27] d = 0.42
7= 0.20 ns [26] 355 nm [28] 7= 1.94 ns [26]
Aem = 475 nm Aem = 485 nm
@ = 0.02 (A, = 340 ® = 0.3 (A, = 340 nm) [27]
nm) [27]
DAPI 341 nm [26] Aem = 496 Nnm Minor groove 356 nm [26] Aem = 455 nm
¢ = 0.019 ® =0.34
7= 0.16 ns [26] 7= 2.20 ns [26]
Netropsin 296 nm [29] Not fluorescent Minor groove 320 nm [30] Not fluorescent
Berenil 370 nm [31] Not fluorescent Minor groove Not fluorescent
Ethidium 479 nm [26] Aem = 632 nm Intercalation 520 nm [26, 32] Aem = 608 Nm
$ = 0.039 $ =0.35
7 = 1.56 ns [26] T = 28.3 ns [26]

Doxorubicin (quinizarin
chromophore is the same
as for daunomycin)

m-Amsacrine

DABSYL

6-FAM (data from fluorescein)

2 maxima: 473 and

494 nm [33] Aem = 590 Nnm (A,
400 nm) [33]
7, = 0.63 ns (23%)
7, = 1.1 ns (77%) [33]
434 nm (MeOH) Not fluorescent

453 nm (MeOQOH) [36] Not fluorescent

490.5 nm [38]
® = 0.92 [38, 39]
7= 4.16 ns [39]

Aem = 552 nm [34]

Ao = 515 nm [38],

Intercalation

Intercalation
Covalently linked (3’ end)

Covalently linked (5’ end)

Daunomycin:
505 nm [35]

475 nm [37]

494 nm [37]

Daunomyecin:

Xem = 555 nm (A, = 480 nm) [35]

Fluorescence quenching (fluorescence
relative to free chromophore = 0.05)
[35]

Not fluorescent
Not fluorescent

Supposedly similar as free chromophore

Amax = wavelength of maximum absorption; A.,, = wavelength of maximum fluorescence emission; A, = excitation wavelength; ® = fluorescence quantum yield; = = fluorescence lifetime.
Properties in water unless mentioned otherwise.
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Figure 1. MS/MS spectra on the duplex dsB (sequence: [dCGC-
GAATTCGCG],) complexes with ligands at different wavelengths
for the charge state 5-. (a)—-(d) MS/MS during 1 s at 355 nm (30
mW at OPO exit) on dsB alone (a), dsB + Hoechst 33258 (b), dsB
+ DAPI (c), dsB + 2X DAPI (d); (e) and (f) MS/MS during 2 s at
550 nm (90 mW at OPO exit) on dsB + ethidium (e), dsB + 2X
ethidium (f). Asterisks indicate neutral adducts on the parent ion
occurring upon long ion storage.

DAPI, but it is nevertheless significant (Figure 1c).
When two molecules of DAPI are bound to the duplex
DNA instead of one, the photodetachment yield seems
more than doubled (Figure 1d). It must be mentioned at
this stage that, although the first binding site is most
probably minor groove binding in the vicinity of the
AATT site, the binding mode of the second molecule is
probably intercalation [40, 41], because the doubly
charged DAPI in the minor groove is likely to prevent
binding of a second molecule in its vicinity.

At this stage we have two ligands (Hoechst 33258
and DAPI) provoking significant electron photodetach-
ment, and one ligand (netropsin) provoking almost no
electron photodetachment. As Hoechst 33258 and DAPI
are fluorescent when bound to DNA while netropsin is
not, we hypothesized that the photodetachment mech-
anism could be related to ligand fluorescence. How-
ever, the comparison between netropsin and the other
ligands is difficult because of the limited laser power at
310 nm (at 355 nm the netropsin complex gave no
photodetachment either, see Supplementary Material).
We therefore used berenil, a nonfluorescent minor
groove binder that absorbs significantly at 355 nm when
bound to DNA (absorption maximum is at 370 nm).
Even after 3 s irradiation, no photodetachment is ob-
served (see Supplementary Material).

We also investigated the photoactivation spectra of
three intercalating molecules. Intercalators are usually
polyaromatic compounds which absorb at A > 400 nm.
Experiments with doxorubicin and m-amsacrine at var-
ious wavelengths around their reported absorption
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maximum did not show significant electron photode-
tachment (see Supplementary Material). The ligand
ethidium, however, showed significant electron photo-
detachment efficiencies from 490 to 550 nm. Photode-
tachment spectra recorded at 550 nm for the complexes
with one and two ethidium molecules are shown in
Figure le and f, respectively. When two ethidium
molecules are present in the complex, the photodetach-
ment yield is doubled. The binding sites are supposed
to be equivalent (intercalation of both ligands in the 2:1
complex). Ethidium is fluorescent when bound to DNA.
Free doxorubicin is fluorescent, but on the contrary to
ethidium, Hoechst 33258 and DAPI, fluorescence-
quenching occurs upon DNA binding [33, 35]. m-
Amsacrine is not fluorescent.

m-Amsacrine as a Probe of Internal Energy Uptake
Upon Laser Irradiation

While exploring the pathways of the m-amsacrine li-
gand, we made an interesting observation. m-Amsa-
crine is a very loosely bound noncovalent ligand which
is lost as a neutral at low collision energies when
MS/MS is performed on the DNA complexes [42], and
we propose to use it as a messenger to probe the
vibrational internal energy uptake. This kind of strategy
involving the loss of a weakly bound neutral [43] or ion
[44] has been used by others for infrared spectroscopy.
No significant photodetachment or photodissociation is
observed when using wavelengths between 400 and 500
nm. However, when irradiating the [dsB + amsa-
crine]®” complex with 260-nm light, loss of neutral
ligand was observed. Figure 2a shows the photodetach-
ment spectrum of the complex [dsB + amsacrine]’,
irradiated at 260 nm during 600 ms. In addition to
electron photodetachment, loss of ligand is observed
from the closed shell 5- ion (i.e., from the parent ion)
and from the resulting -4- radical. We checked that
when the [dsB + amsacrine]”~ complex is left for 600
ms in the ion trap without laser activation, no sponta-
neous ligand loss occurs. Loss of neutral amsacrine
therefore indicates some internal energy uptake by the
closed shell species that did not undergo photodetach-
ment, and also by the radical species produced by
photodetachment. This confirms that internal conver-
sion must indeed be taken into account in the energy
relaxation mechanisms following DNA excitation at 260
nm [8].

m-Amsacrine can therefore be used as a probe of
internal energy uptake upon irradiation of other chro-
mophores as well. Due to the limited mass range (m/z
maximum 2000), this experiment could be performed
only with the ethidium complex. The duplex dsB was
mixed in solution with the two ligands ethidium (E)
and m-amsacrine (A). The mixed complex [dsB + E +
A]P” at m/z = 1597.4 was isolated and subjected to laser
irradiation at 550 nm, corresponding to ethidium ab-
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Figure 2. (a) MS/MS during 600 ms at 260 nm (16 mW at OPO
exit) on [dsB + m-amsacrine]®” at m/z = 1535.1. (b) MS/MS
during 5 s at 550 nm (70 mW at OPO exit) on [dsB + Ethidum +
m-amsacrine]®~ at m/z = 1597.4. dsB = d(CGCGAATTCGCG),; A
= m-amsacrine; E = ethidium. Asterisks indicate neutral adducts
on the parent ion occurring upon long ion storage.

sorption. As can be seen on Figure 2b, loss of the
m-amsacrine ligand occurs only to a small extent.

Covalently Linked Chromophores

We tested a commercially available fluorophore (6-
FAM) and a commercially available quencher (DAB-
SYL), linked to a hairpin-forming DNA 20-mer. The
results for the fluorophore FAM at 490 nm and the
quencher DABSYL at 450 nm are shown in Figure 3.
Both the fluorophore-labeled and the quencher-labeled
DNA show a very tiny amount of -4- radical indicating
some photodetachment from the 5- closed shell parent
ion (Figure 3a and b, respectively). Control spectra
using the unlabeled hairpin under the same laser irra-
diation conditions (see Supplementary Material) show
no photodetachment at all, confirming that photode-
tachment was due to the covalently linked chro-
mophore. To ensure that no significant photodetach-
ment was observable, experiments were also performed
on the 6- charge state, which should be even more
sensitive to electron detachment than the 5- charge state
because of coulombic repulsion. The laser wavelength
was tuned from 440 nm to 560 nm, but no photodetach-
ment is detected (see Supplementary Material).

It can be noted that the spectrum obtained with the
quencher (Figure 3b) is noisier than all other photode-
tachment spectra, indicating possible fragmentation of
the DNA strand. But an obvious problem is the large
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number of vibrational degrees of freedom (>2000) in
the system, among which the 2.76 eV of each 450-nm
photon absorbed by the quencher can be redistributed.
Even if energy redistribution among all vibrational
degrees of freedom is not complete before fragmenta-
tion, many fragmentation channels can possibly be
accessed, resulting in a noisy spectrum and inefficient
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Figure 3. MS/MS spectra obtained by 4 s laser irradiation of a
DNA hairpin with covalently linked fluorophore 6-FAM (noted F)
and quencher DABSYL (noted Q), with and without ligand
m-amsacrine (noted L). (a) FAM-hairpin conjugate irradiated at
490 nm. (b) DABSYL-hairpin conjugate irradiated at 450 nm. (c)
FAM-hairpin conjugate complex with m-amsacrine irradiated at
490 nm. (d) DABSYL-hairpin conjugate complex with m-amsa-
crine irradiated at 450 nm. Asterisks indicate neutral adducts on
the parent ion occurring upon long ion storage.
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detection of quencher absorption. With the aim of
creating one low-energy dissociation channel that
would be easier to detect than DNA fragmentation, we
added the noncovalent intercalator m-amsacrine to the
hairpin. There are five base pairs in the hairpin stem,
and therefore four potential intercalation sites.

The spectra of the unlabeled hairpin complexed with
m-amsacrine at 490 nm and 450 nm show no ligand-
induced photodetachment at 490 nm, and a very small
ligand-induced photodetachment at 450 nm (see Sup-
plementary Material). Upon irradiation of the FAM-
hairpin complex with m-amsacrine (Figure 3c), the
amount of photodetachment is the same as for the
FAM-hairpin alone. More importantly, no loss of neu-
tral ligand is observed, indicating that there was no
significant internal energy uptake by the FAM-hairpin.
However, upon irradiation of the DABSYL-hairpin
complex with m-amsacrine (Figure 3d), loss of neutral
ligand from the parent ion is clearly observed, indicat-
ing internal energy uptake by the DABSYL-hairpin
upon laser irradiation. Overall, our results suggest that,
as expected from the solution-phase behavior, the flu-
orophore absorbs and re-emits light, while the quencher
absorbs light and converts it into vibrational energy.

MS? of Radical lons as a Function
of the Wavelength Used for Photodetachment

Finally, to determine whether the radical produced by
electron photodetachment keeps some memory of the
chromophore that was excited, we compared the CID
spectra of the [dsB + Ligand]*~ radicals resulting of
electron photodetachment from the [dsB + Ligand]®~
complexes. The CID spectra of the [dsB + Ligand]*~
radicals were also compared to the CID spectra of the
[dsB + Ligand]*~ closed shell species. Figure 4 shows
these MS® spectra in the m/z range 1800-1950. No
fragment ion was observed outside this range. Figure 4a
shows the CID spectrum of the [dsB + Hoechst
33258]*" closed shell species. Figure 4b shows the CID
spectrum of the [dsB + Hoechst 33258]*" radical com-
ing from photodetachment at 260 nm (excitation of the
DNA chromophore), and Figure 4c shows the CID
spectrum of the [dsB + Hoechst 33258]*" radical com-
ing from photodetachment at 355 nm (excitation of the
ligand chromophore). As expected, CID of the radicals
results in different fragments than CID of the closed
shell species. In addition to the losses of H,O, CO,
neutral base, neutral z,- and a;- fragments already
reported for dsSDNA alone [7], we observe neutral losses
of =44 Da and ~58 Da. These correspond to small
neutral losses from the ligand, e.g., loss of CH;N-CH3,
and of CH;N-CH,CH;. However, the similarity be-
tween spectra 4b and 4c clearly indicates that the
radicals keep no memory of which chromophore was
excited. A similar conclusion is reached in the case of
ethidium: fragmentation of the radical produced by

J Am Soc Mass Spectrom 2007, 18, 1990-2000

(a) s

[dsB+H258]*
[dsB]*

1800 1840 1880 1920 miz
-58
(b) a4
A [dsB+H258]+%
2206, |/ y;
-C
1800 1840 1880 1920 miz
-58
(c) &
. -44 [dsB+H258]+*
arr [-A
-z e / /
1800 1840 1880 1920 miz
[dsB+E]*
(d)
-G
-A
E's:
18;0;3' Y '1814IOI T ‘18|8(lJI o l '1526I ‘nl'l.'z
[dsB+E]+*
© (4spp- .

1800 1840 1880 1920 miz

(f [dsB+E]+*
[dsB]* G

1800 1840 1880 1920 miz

Figure 4. Comparison of CID of closed shell and radical ions
from the ligand-DNA complexes. (a) CID during 30 ms at 10%
activation amplitude on [dsB + Hoechst 33258]*" produced by
electrospray. (b) CID during 30 ms at 10% activation amplitude on
[dsB + Hoechst 33258]*~ produced by electron photodetachment
of [dsB + Hoechst 33258]> under 2-s irradiation at 260 nm. (c) CID
during 30 ms at 10% activation amplitude on [dsB + Hoechst
33258]* produced by electron photodetachment of [dsB +
Hoechst 33258]°~ under 5-s irradiation at 355 nm. (d) CID during
30 ms at 9% activation amplitude on [dsB + Ethidium]*~ pro-
duced by electrospray. (e) CID during 30 ms at 9% activation
amplitude on [dsB + Ethidium]*~ produced by electron photo-
detachment of [dsB + Ethidium]®~ under 2-s irradiation at 260
nm. (f) CID during 30 ms at 9% activation amplitude on [dsB +
Ethidium]*~ produced by electron photodetachment of [dsB +
Ethidium]®~ under 2-s irradiation at 550 nm.

DNA excitation at 260 nm (Figure 4e) is the same as the
fragmentation of the radical produced by ethidium
excitation at 550 nm (Figure 4f). The major difference
with fragmentation of the closed shell 4- species (Figure
4d) is the observation of neutral ethidium loss when the
4- radical is subjected to CID. In closed shell species,
ethidium always remains positively charged and never
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Figure 5. Relative photodetachment yield of [dsB + Ethidium]®~
at 500 nm as a function of the total laser fluence (fluence per laser
pulse multiplied by the number of pulses). ® = 1 laser pulse, V
= 2 laser pulses, @ = 5 laser pulses, and ¢ = 20 laser pulses. The
inset shows a zoom on the low fluence region.

exits the complex as a neutral. The mass resolution and
accuracy does unfortunately not allow determining the
oxidation state of the resulting fragment [dsB]*". Future
investigation of oxidation/reduction reactions of the
ligand and DNA upon photoactivation would help in
refining the relaxation mechanisms.

Discussion

Mechanism of Electron Photodetachment Following
Chromophore Irradiation

The mechanism must take the following observations
into account. First, among chromophores noncovalently
bound to the DNA, only those with a significantly long
fluorescence lifetime (>1 ns) are able to provoke elec-
tron photodetachment from the complex. However,
when the fluorophore 6-FAM is covalently attached to
the DNA extremities by an alkyl linker, it is unable to
provoke electron photodetachment. Danell and Parks
[45] performed fluorescence counting experiments on
BODIPY TMR-X and BODIPY TR-X upon 532-nm laser
irradiation. Electron photodetachment was detected,
and the authors subsequently found that this was due
to a thermal autodetachment following internal energy
input by the laser excitation. Thermal electron detach-
ment was also observed in the absence of laser and
chromophores, just by heating the ions in the trap.
The first question is the single-photon or multipho-
ton character of electron photodetachment with chro-
mophores. In the case of ethidium, excitation with
550-nm light corresponds to 2.25 eV /photon, and in the
case of the minor groove binders, 355-nm light corre-
sponds to 3.49 eV/photon. We examined the power
dependence of photodetachment yield for ethidium at
500 nm (2.48 eV), where electron photodetachment is a
little more efficient, to allow single laser pulse experi-
ments. The results in Figure 5 clearly show that photo-
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detachment is a multiphoton process. First, there is an
energy threshold below which no photodetachment is
observed. A single-photon process would have resulted
in a linear dependence of the photodetachment yield on
the laser energy, with an intercept at 0,0. Second, the
series obtained with different number of laser pulses do
not overlap, indicating that for a given total fluence,
higher photodetachment efficiency is achieved if this
energy is given in one pulse than several pulses. This
suggests that, contrary to 260-nm photodetachment
which is a single-photon process [8] (mechanism repre-
sented in Figure 6a), electron photodetachment follow-
ing ligand excitation at 550 nm is a multiphoton pro-
cess.

Therefore, the fact that only ligands having long
fluorescence lifetimes can provoke electron photode-
tachment can be understood as follows. The ligand
must remain long enough in an excited state to have a
significant probability to absorb a second photon dur-
ing the laser pulse, which lasts for 5 to 7 ns. Chro-
mophores with too short excited state lifetime will
convert back to the ground state before absorption of
the second photon can occur, as depicted in Figure 6b.
The quenching occurs via internal conversion of elec-
tronic energy into vibrational energy and the parent ion
accumulates vibrational energy, as demonstrated in the
case of the quencher DABSYL via m-amsacrine loss.

Chromophores with excited states having nanosec-
ond lifetimes, however, they can absorb a second pho-
ton from their excited state within the nanosecond laser
pulse (resonant two-photon excitation). In the case of
ethidium, the chromophore with the longest photode-
tachment wavelengths measured to date, two 550-nm
photons make 4.50 eV (equivalent to one 275-nm pho-
ton), which is sufficient to reach the DNA excited states
[8]. The experiment with the ethidium complex bearing
the m-amsacrine reporter (Figure 2b) showed that in-
ternal energy remaining in the radical ion after photo-
detachment at 550 nm is low.

The next question is why the fluorophore 6-FAM
coupled to the DNA via an alkyl linker does not
provoke electron photodetachment? This observation
suggests that a second requisite for photodetachment to
occur is a coupling between the chromophore excited
states and the DNA excited states. An alkyl spacer
between the fluorophore and the DNA would prevent
such coupling. Fluorescein is very mobile when at-
tached to DNA or RNA [46], and is probably not
stacked on the terminal bases. In contrast, the excited
states of noncovalently bound ligand fluorophores ap-
pear to be coupled more effectively to the DNA excited
states, so that electron photodetachment from the 5-
complex can proceed. In our MS? experiments, radicals
seem to keep no memory of which chromophore was
excited (Figure 4). Although it is tempting to conclude
that this result supports the hypothesis that similar
excited states are involved in 260-nm photodetachment
and ligand-mediated photodetachment, experiments
with much shorter delays between photodetachment
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and fragmentations would be needed, because radical
rearrangements can occur between the MS” and the MS®
steps. The mechanism for the covalently bound fluoro-
phore (noted F) is represented in Figure 6c, and that for
the noncovalently bound fluorophores (noted L) is
represented in Figure 6d. Further experiments with
intercalating chromophores covalently linked to the
DNA strands would help understanding the differ-
ences.

The exact nature of the coupling between the ligand
excited states and the DNA excited states remains an
open question. It must nonetheless be noted that elec-
tron-transfer from the excited ligand to the DNA is
unlikely: the ligands are positively charged, and ligands
like ethidium are actually known to be better electron
acceptors in their excited-state than in their ground
state [47]. The hypothesis of electron-transfer from the
DNA to the excited chromophore might be considered
given the huge amount of literature about charge-
transfer in DNA where hole injection is controlled by
chromophores stacked between the DNA bases [48].
Ethidium is precisely one of the chromophores that can
be used for provoking charge-transfer in DNA [49, 50],
but doxorubicin is an even more efficient DNA oxidant
than ethidium [48], which is not in line with our
experiments. Furthermore, chromophores must be
stacked above or between DNA base pairs for long-
distance charge transfer to occur. In other terms, this
can only happen with intercalating molecules and not
with minor groove binders. In control experiments with
ethidium and DAPI complexes with single-stranded
12-mer DNA, photodetachment upon chromophore ex-
citation was also observed (data not shown). Therefore,
our electron photodetachment experiments are against
long range DNA-to-chromophore electron transfer as
the initiator of electron photodetachment and we pro-
pose in Figure 6d that the detachment involves an
energy transfer from the electronic excited state of the
Ligand to DNA excited states. This electronic coupling
is most probably sensitive not only to the ligand excit-
ed-state lifetime, but also to the nature of the binding
site. For example, for Hoechst 33258 and DAPI com-
plexes, although excited-state lifetimes are similar, the
photodetachment yields differ significantly. Further ex-

Figure 6. Photodetachment mechanism proposed in the DNA
complexes. (a) DNA excited around 260 nm results in electron
photodetachment. (b) DNA complex with a quencher Q excited at
the quencher absorption wavelength results in internal conversion
back to the ground state. (c) DNA linked with a fluorophore F can
absorb two photons, but if coupling to the DNA excited states is
not efficient, no photodetachment occurs. (d) DNA with nonco-
valently bound fluorophore ligands L can absorb two photons and
electron photodetachment occurs via coupling with the DNA
excited states. BE = electron binding energy; RCB = repulsive
Coulomb barrier. (In these schemes, the values of BE and RCB, in
particular the position of RCB compared with excited states, are
not known. They depend on the observed complexes, their exact
conformation, and the photon energy.)
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periments and calculation are needed to decipher the
nature of the coupling between ligand and DNA excited
states. A particularly interesting question is whether the
photodetachment spectra (photodetachment yields as a
function of the wavelength) can be related to the
biomolecule conformation and to the ligand binding
mode or binding site.

Electronic-to-Vibrational Energy Conversion:
Towards Photodissociation Probes of Gas-Phase
Ion Structure?

In instances where fast photodetachment does not take
place, internal conversion of the electronic internal
energy into vibrational internal energy can occur. The
energy is initially localized in the excited chromophore,
and then redistributes over all degrees of freedom.
Fragmentation channels occurring before complete in-
tramolecular vibrational energy redistribution (IVR)
over the entire species (nonergodic case) should be
indicative of the proximal environment of the chro-
mophore. An example of conformation-specific photo-
dissociation probes has been demonstrated in peptides
labeled with benzophenone, which showed CO, loss
when the C-terminus was in contact with to the chro-
mophore [51]. Unfortunately, with the ligands studied
here, no particular photodissociation channels could be
observed, and complete IVR seems to take place. The
only way to detect the increase in vibrational internal
energy once it is redistributed over all degrees of
freedom is to use a loosely bound reporter [43, 44], such
as m-amsacrine in the present case.

Of course once the energy is delocalized over the
entire molecule, the fragmentation itself is not indica-
tive of the local environment. Then, a donor-acceptor
configuration can be used instead, based on Forster
resonance energy transfer (FRET), also often named
“fluorescence resonance energy transfer”. FRET is a
nonradiative energy transfer from one molecule (a
fluorescent donor) to another (the acceptor) [52]. Al-
though it is a nonradiative process, its efficiency is
maximum when the emission wavelength of the donor
matches the absorption wavelength of the acceptor. As
FRET efficiency depends on the donor-acceptor dis-
tance (in 1/r°, FRET is commonly used to probe the
conformation of biomolecules in solution, including
nucleic acids [53]. Several groups developed specialized
instrumentation to allow fluorescence measurements in
trap mass spectrometers [54-56], and probing gas-
phase ion conformation either by measuring changes in
the donor fluorescence [45, 57], or by measuring the
acceptor fluorescence [58]. Here we propose using a
fluorophore as the donor and a quencher as the accep-
tor, in a configuration known as a “molecular beacon”
[59, 60]. In solution, energy absorption by the quencher
diminishes the fluorescence of the donor. In the case of
ions isolated in the gas phase, energy absorption by the
quencher would result in electronic-to-vibrational en-
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ergy conversion and ion fragmentation. Then, using a
loosely bound neutral as reporter, internal energy con-
version with quenchers can be detected even in large
biomolecules. Our experiment with the weakly bound
intercalator m-amsacrine and the quencher DABSYL
show that it might be possible to probe biomolecule
conformation by combining FRET and photodissocia-
tion. Detecting the onset of a fragmentation signal can
be much more sensitive than direct fluorescence count-
ing in the mass spectrometer, but most of all it can be
more readily implemented in commercial mass spec-
trometers, as photodissociation probes only require the
coupling of a light source to the mass analyzer.
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