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Direct and Indirect Electron Emission from the Green Fluorescent Protein Chromophore
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Photoelectron spectra of the deprotonated green fluorescent protein chromophore have been measured in
the gas phase at several wavelengths within and beyond the S,-S; photoabsorption band of the molecule.
The vertical detachment energy (VDE) was determined to be 2.68 = 0.1 eV. The data show that the first
electronically excited state is bound in the Franck-Condon region, and that electron emission proceeds
through an indirect (resonant) electron-emission channel within the corresponding absorption band.
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The green fluorescent protein (GFP) is exten-
sively used as a marker in biology owing to its
remarkable fluorescent properties [1]. The photoactive
molecular unit (chromophore) in wild-type GFP is
p-hydroxybenzylideneimidazolinone (para-HBDI)—see
Fig. 1. The chromophore is strongly fluorescent while
being inside the barrel-shaped protein which keeps the
chromophore in a planar configuration by a network of
hydrogen bonds. When the chromophore is in vacuum, the
dominant deexcitation pathways are internal conversion
through nuclear rearrangement and electron emission [2,3].

Studies of the isolated chromophore provide a helpful
reference for understanding the important, but complicated
interplay between the protein and its chromophore mole-
cule. The first experimental gas-phase absorption measure-
ment with a deprotonated para-HBDI chromophore was
reported over ten years ago [2]. Later this measurement
was repeated in other laboratories [3-5], and also studied
theoretically [6-8]. Based on action spectroscopy, where
the action in turn was based on internal conversion and
statistical fragmentation, the measurements show a maxi-
mum fragmentation yield at ~480 nm which coincides
with the absorption maximum of the entire protein and
hence gives indications of rather ‘“‘gentle” interactions
inside the chromophore pocket in GFP. Indeed, some of
the protein properties like the fluorescence color, can be
controlled by modifications of the active chromophore
emphasizing the importance of the isolated chromophore
properties [9].

For understanding the dynamics of the para-HBDI
chromophore upon photoexcitation its vertical detachment
energy (VDE) must be determined. In contrast to normal
absorption spectroscopy, electron detection allows the en-
ergy levels to be determined relative to the electronic
continuum. This provides an additional test of molecular-
quantum theory, and gives a vacuum reference for GFP
proteins. Correspondingly, our group as well as others
[10,11] have simultaneously measured and characterized
the photoelectrons from the deprotonated GFP chromo-
phore in vacuum (experimentally, electron emission was
previously inferred indirectly through loss of parent ions
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that did not lead to charged fragments upon photoexcita-
tion [4]). Here, in addition to measuring the VDE, we study
the competition between the different deexcitation path-
ways leading to electron emission by measuring the photo-
electron spectra at several wavelengths within and beyond
the first photoabsorption band. The results reveal a com-
petition between direct and indirect electron emission, as
explained below, which are alternative “‘action’’routes to
internal conversion—see Fig. 2.

The experimental setup has been described in detail
[12]; however, several modifications were made to facili-
tate detection of low energy electrons from biomolecules
and to achieve better resolution. The setup consists of an
electrospray ion source, which includes a multipole trap for
ion accumulation. At a rate of 10 Hz, ions were extracted
from the ion source and accelerated to a kinetic energy of
20 keV. The ions were then mass-selected using a magnet
and steered into the interaction region where the ions were
irradiated by a nanosecond laser pulse. The laser used in
this work is an EKSPLA tunable optical parametric oscil-
lator laser, which was operated at 20 Hz. Half of the laser
shots, in which ions were not present, were used for
background subtraction. Electrons produced in the interac-
tion region were accelerated by an electric field towards a
microchannel plate (MCP) detector (labeled E-MCP in
Fig. 3), where their position and time of flight were re-
corded. The main ion beam as well as neutral fragments
continued and passed through a hole in the center of the
E-MCP detector. A deflector was used 0.45 m downstream
to steer away the main ion beam, while the neutral frag-
ments were counted by a second MCP detector (labeled
N-MCP in Fig. 3). Thus, in the process of photoemission
from negative ions, A~ + iw — A + ¢, the position and
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FIG. 1. The two resonance forms of the deprotonated GFP
model chromophore para-HBDI ion.
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FIG. 2 (color online). Direct and indirect electron emission
shown schematically. S is the electronic ground state and S; is
the first electronically excited state of the anion. Dy, is the ground
state of the neutral chromophore.

time of flight of both the electron and neutral molecule A
were measured.

The interaction region, whose total length is 275 mm,
consists of 25 equally spaced electrodes. The interaction
point between the laser light and the ions is centered
between the 7th and 8th electrode. The potentials applied
to the electrodes are shown in Fig. 3, and consist of a
linearly decreasing potential between electrodes 1 and
10, and a steeper potential slope between electrodes 11
and 25. The change in slope produces electrostatic focus-
ing, and the voltages were adjusted such that the detector
was at the focal plane. Thus, velocity map imaging con-
ditions are achieved; i.e., the final position of the electron
does not depend on the point of birth but only on the
velocity in the plane perpendicular to the ion beam. We
denote the ion beam axis as the z direction, and the
perpendicular plane as the x, y plane. The position of hits
on the detector depends only on the initial v,, v, compo-
nents of the electron velocity.

Photodetachment from para-HBDI results in very low
energy electrons which under normal operating conditions
would continue colinearly with the ion beam and exit the
spectrometer region through the hole in the center of the
detector. Therefore a small magnetic field of B = 0.6
Gauss was introduced, causing the electrons to be slightly
deflected from the central ion-beam axis and hit the detec-
tor off axis. We denote the direction of the electric field as
the z axis. For a small magnetic field one can neglect the
effect of the field on the motion along the z axis, which is
determined by the classical equation: Z = £ E, where ¢ and
m are the electron charge and mass, respectively, and E is
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FIG. 3 (color online). Schematic illustration of the interaction
region and the positions of detectors in the experiment.

the electric field. Denoting x as the axis perpendicular to
both Z and B, the displacement along this axis can be

determined by integrating ¥ = — £ B, 7 to yield
’B,E 2qL3 B,
x= =T — T (D
6m 9m JE

Here, B, is the component of the magnetic field in the
perpendicular direction to the z axis, ¢ is the time of flight
towards the detector, and L is the distance between the
interaction point and the detector. Thus, the displacement
is linear with magnetic field, but is inversely proportional
to the square root of the electric field. This agrees well with
numerical simulations. Electron trajectories were calcu-
lated with the SIMION [13] simulation program with the
applied potential profile. The same voltage settings which
provide focusing when no magnetic field is present, also
provide focusing in the presence of the magnetic field, and
it was verified that the final position of the electrons on the
screen was independent of the point of birth, linear with the
initial velocity in the x, y direction, and that the linearity
coefficient is the same in both directions. The setup was
calibrated by measuring the photoelectron spectrum of an
O~ beam, produced in a cold plasma ion source and
irradiated by A = 600 nm laser pulses. For the production
of chromophore ions, the ion source was switched to the
electrospray-ion source and photoelectron spectra were
measured for several representative wavelengths within
and beyond the chromophores absorption band.

Figure 4 (left) shows the position distribution of the hits
on E-MCP. As opposed to the case of photoemission from
atomic anions, no sharp circles are visible, rather the data,
here recorded at 500 nm, suggests that the electrons are
released with a broad distribution of low energies. In addi-
tion no angular dependence was observed. Figure 4 (right)
shows the corresponding radial distribution. After one step
of smoothing a Monte Carlo algorithm was used to produce
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FIG. 4 (color online). Left: Image of electron hits on the
E-MCP detector, for para-HBDI irradiated at A = 500 nm.
The lines centered around (0,0) indicate the boundaries of the
detector. Right: The radial distribution of the data.

an electron-energy distribution which fits the measured
radial distribution, shown as the red line in Fig. 4 (right).

Figure 5 presents the obtained electron-energy distribu-
tions for a range of different wavelengths. At low photon
energy, the data consist of a low-energy peak, centered at
~0.05 eV whose shape essentially does not change with
wavelength. Although most electrons are produced with
low energy, the peak has a tail extending up to 0.3 eV
which corresponds to the average thermal energy within
the molecule as calculated from its vibrational frequencies.
These low energy electrons could be a result of electron
emission from the S, state through the process

ho + Sy(v) — S,(v') — Dy(v") + e, 2)

which we here denote as ““indirect” (or resonant) electron
emission. Alternatively, they could result from thermionic
emission, in which, following internal conversion, elec-
trons are emitted from the hot ground state, a process
which Verlet [10] indicates as more likely. Nevertheless,
in the case of thermionic emission the energy of the
emitted electrons should depend on the wavelength of the
exciting laser. Moreover, the time scale for thermionic
emission is very long—on the tens of microsecond time
scale [2,14,15]. We see no evidence of delayed electron
emission and conclude that the low-energy peak in the
spectrum is a result of indirect electron emission.

With increasing photon energy the resonant Sy — S,
absorption decreases and a high-energy peak appears in
the electron spectrum which corresponds to direct (non-
resonant) electron emission:

ho + So(v) — Dy(v') + e™. 3)

At 355 nm indirect electron emission is no longer seen
since the excitation is not resonant with any electronically
excited anion states (Fig. 2).

The width of the nonresonant peak in the photoelectron
spectrum is determined by the vibrational structure of the
So — Dy + e~ electronic transition. The Frank-Condon
envelope takes into account the initial vibrational levels
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FIG. 5 (color online). Photoelectron-energy distribution for
para-HBDI. Shown are experimental data obtained at a series
of wavelengths and the calculated distribution convoluted by an
experimental energy resolution function at 355 nm. Also shown
is the nonconvoluted Franck-Condon (F-C) distribution at 300 K.

of the anions which are populated at room temperature as
well as the many accessible vibrational levels of the neu-
tral. The Frank-Condon envelope of the S, to D, transition
was calculated using a time-domain formalism based on
Fourier transforms of Lax’s autocorrelation function within
the double harmonic parallel-mode approximation [16].
Geometry parameters and vibrational frequencies in the
ground electronic states of the anion and neutral radical
were found using the PBEO/(aug)-cc-pVDZ functional in
the frame of the Firefly quantum chemistry package [17].
As the Frank-Condon envelope only determines the shape
of the electron energy distribution and not the absolute
position in energy, the calculated curve was shifted to
match the experimental data. Indeed good correspondence
between experiment and theory can be made. The resulting
VDE is determined to be 2.68 += 0.1 eV, 0.04 eV lower
than obtained from the peak position of the experimental
data in Fig. 5. This value is slightly lower than the recently
reported value of 2.85 = 0.1 eV [11] and 2.8 £0.1 eV
[10], but within the combined error bars.

The experimental data are close to but slightly higher
than the recently reported VDE of 2.5 eV (corresponding to
A =496 nm) [8]. Importantly, it was suggested that the S
state is unbound since the VDE was below the calculated
vertical excitation energy (VEE) of 26 eV [8].
XMCQDPT?2 [18] calculations by our group [15] give a
VDE of 2.62 eV and a VEE of 2.52 eV suggesting that the
S, state is bound. The present experimental results also
suggest that S is bound in the Franck-Condon region.
The kinetic energy of the photoelectrons, monitored as a
function of excitation wavelengths, reveals a nearly con-
stant narrow energy distribution peaked at very low energy
(0.05 eV) for a wide range of photon energies (2.48 —
2.82 eV). In other words, in this photon-energy region
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the electron energy does not shift with the wavelength as in
the classical photoelectric effect. Moreover, all experimen-
tally determined values of the VDE are higher than the
peak position in the action photoabsorption spectra
(2.57 eV) [2,3]. The existence of a competing internal
conversion channel [2,3] gives further support for assign-
ing the S, state as electronically bound.

Electron emission is observed to occur even below the
VDE, through indirect electron emission. Here, energy is
being transferred from the nuclear to the electronic degrees
of freedom, a process known as vibrational autodetach-
ment [19]. Interestingly, the VDE of 2.68 eV (~ 460 nm)
coincides with the photon energy beyond which internal
conversion almost ceases to occur [2,3,15]. Thus above the
VDE the direct electron emission channel opens while
internal conversion is suppressed. Nevertheless, within
the visible absorption band indirect electron emission is
dominant. At 425 nm, for example, the majority of elec-
trons are produced with ~0.05 eV, through the indirect
channel, and the contribution from direct electron emis-
sion, resulting in a shoulder of higher energy electrons is
apparent, but small. Finally, beyond the absorption band
direct electron emission becomes the only and therefore
the dominant reaction pathway.

Identifying the different electron emission channels opens
interesting questions regarding the dynamics of the outgoing
electron. The threshold behavior of the detachment process
was discussed many years ago by Wigner [20] who pointed
out the generalities that apply, and O’Malley extended the
theory to include long-range multipole forces [21]. These
corrections are of particular importance when dealing with
a complex polar molecule like the HBDI. The electron
emission process involves a final-state interaction with a
centrifugal barrier V. x @, [ being the angular momen-
tum of the outgoing electron, as well as a charge-dipole
interaction of the form V, « —% where d is the dipole
moment of the neutral radical chromophore. The relative
strength between the two terms determines the actual thresh-
old behavior [21], and in the limit where d = 0, the Wigner
form o ~ k**1 applies [20]. When d becomes greater than
(I + 1/2), solutions emerge where the cross section does not
vanish at threshold, but rather oscillates with constant
amplitude and increasing frequency as the threshold is
approached [21]. The dipole moment of the neutral radical
chromophore was indeed estimated to be very large,
7 Debye (2.75 a.u.) [15].

In summary, we identified direct (nonresonant) Sy, —
Dy+ e~ as well as indirect resonant Sy— S; —
D, + e electron emission channels in the photoelectron
spectra of the para-HBDI GFP chromophore in the gas
phase. In a spectral region with no resonant contribution
we measured the vertical detachment energy to be

2.68 eV = 0.1 eV. The shape of the nonresonant part of
the spectrum was found to be well reproduced by the
calculated Franc-Condon overlap between the involved
electronic states. Importantly, the first electronic excited
state is found to be bound.
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