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The green fluorescent protein (GFP) and its homologues are
important tools for direct visualization of proteins in cells using
fluorescence microscopy.'® The barrel-shaped conformation of the
folded protein provides a stabilizing environment for the light-
emitting chromophore buried at its center.'® Upon protein
denaturation, the fluorescence is lost. How the protein fold enables
fluorescence is not well-understood. The suggestion that the interior
of the protein’s barrel provides a gas-phase-like environment for
the chromophore? led us to ask whether the chromophore, isolated
in the gas phase, fluoresces significantly or whether other deactiva-
tion channels prevail.

Wild-type GFP has two characteristic absorption bands at room
temperature, A (395—397 nm) and B (470—475 nm), ascribed to
the neutral and anionic states of the chromophore, respectively.®*
Emission from the anionic state gives rise to the intense green
fluorescence (A5, = 504 nm, ®; = 0.79).3>¢

To better understand the intrinsic photophysical properties of
the chromophore independently from the protein, numerous spec-
troscopic* and computational studies® have investigated synthetic
analogues of the GFP chromophore (see the Supporting Information
for additional references). The GFP model chromophore p-hy-
droxybenzylidene-2,3-dimethylimidazolone (HBDI, Scheme 1)
exhibits an electronic absorption spectrum in solution that is
significantly blue-shifted relative to that of the intact protein.*
Ultrafast internal conversion of HBDI in room-temperature solutions
effectively out-competes fluorescence as a deactivation pathway;**<
however, fluorescence activity is restored at 77 K.*

An important link between the properties of the chromophore
buried inside the protein and those of the model chromophore has
been provided by gas-phase investigations using photodestruction
spectroscopy. Experiments on gaseous HBDI™, photodissociated
in the electrostatic heavy-ion storage ring at Aarhus (ELISA),
detected a single, broad electronic absorption band (A%, = 479
nm) that closely matches absorption band B of the native protein,
suggesting that the protein scaffold provides an environment similar
to the gas phase.”

We have constructed an apparatus to measure laser-induced
fluorescence and photodissociation action spectra of mass-selected
ions trapped in a modified quadrupole ion trap (QIT) mass
spectrometer.® Briefly, gas-phase ions are generated using electro-
spray ionization and stored in the QIT, where they are mass-selected
and then irradiated with the frequency-doubled tunable output of a
Ti:sapphire laser (80 MHz repetition rate, ~130 fs pulse duration).
Fluorescence is collected orthogonally to the excitation beam and
dispersed. Photodissociation action spectra are constructed by
monitoring the disappearance of the precursor ion and appearance
of product ions as a function of laser irradiation wavelength.

Irradiation of the isolated precursor ion HBDI™ (m/z 215) with
470 nm light revealed no detectable fluorescence between 480 and
1100 nm (Figure S2 and Table S1 in the Supporting Information).
Gaseous HBDI™ does absorb 470 nm light, as shown by the ~20%
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photofragmentation yield observed upon irradiation. Dispersed
fluorescence was readily observed (S/N = 25 at A,,,) from dyes
such as gaseous rhodamine 575 under the same conditions (Figure
S2). These results indicate that the isolated GFP chromophore has
a low or negligible fluorescence quantum yield at room temperature
in the gas phase, in line with the rapid internal conversion measured
in the condensed phase.**-*

The dominant fragment ion observed upon photoactivation is at
m/z 200, corresponding to the loss of a methyl group (Scheme 1).
However, the intensity of the m/z 200 product ion was significantly
less than the depletion of the precursor ion (Figure S3). In contrast,
analogous experiments on protonated HBDI showed 98% recovery
of ion yield (Figure S4). Evidently, an additional dissociation
pathway is accessed by HBDI™ in these experiments.

Electron photodetachment (ePD) from anions is a well-known
mechanism of ion deactivation” and is a probable explanation for
the observed loss of ion signal (Scheme 1). The B3LYP/6-
3114+G(d,p)-computed bond dissociation energy (BDE) for the
fragmentation channel (~2.5 eV) is similar to the computed
adiabatic electron detachment energy (~2.8 eV). Both channels are
in the range of the photon energies used here. For singly charged
anions, neither product of electron detachment (the neutral species
or the detached electron) is stored or detected in the QIT. Here,
the extent of electron detachment was inferred from the difference
between the precursor ion intensity without irradiation and the sum
of the precursor and product ion intensities following irradiation
(eq S4 in the Supporting Information).

To investigate the wavelength dependence of the ePD, we
measured the photodissociation action spectrum of gaseous HBDI™
in the QIT. Figure 1a shows the fractional depletion of HBDI™ as
a function of irradiation wavelength. The maximum at 482.5 nm is
consistent with findings from ELISA,? yet the overall profile spans
a much broader spectral range than that found in the storage ring
experiments, with a strong feature present 1500 cm™! above the
band origin at 482.5 nm and shoulders at +550 cm™! and +2800
cm .

Shown separately in Figure 1b are plots of the measured fragment
ion yield (red) and the inferred ePD yield (green). ePD occurs over
the entire wavelength range and is essentially the sole dissociation
process at higher photon energies (4 < 425 nm), whereas both ePD
and fragmentation occur at lower photon energies (A = 445—500
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Figure 1. (a) Action spectrum of gaseous HBDI™ (solid blue circles)
compared to the simulated absorption spectrum® of HBI™ (black line), which
has been shifted to make the computed origin (465 nm) and experimental
origin (482.5 nm) coincide. (b) Individual action spectra from measured
fragmentation yield (solid red circles) and inferred electron detachment (open
green circles). Mass-selected HBDI™ was irradiated at each activation
wavelength for 250 ms at a power of 4 mW.

nm). There is a striking similarity between the fragment ion action
spectrum shown here (A, = 482.5 nm, fwhm =~ 30 nm) and the
ELISA data (A = 479 nm, fwhm = 45 nm),? implying that some
or all of the products of ePD were not observed to an appreciable
extent in the ELISA experiments. There was a dead time of ~15
us in the ELISA experiments. It is probable that electron detachment
(at least that activated by photon energies > 21600 cm™!) occurred
within the dead time. Interestingly, the dissociation kinetics, power
dependence, and experiments at varying pressures and laser pulse
rates indicate that electron detachment at 410 nm results from
absorption of a single photon while the band at 482.5 nm results
from absorption of multiple photons in the QIT.’

Figure la compares the gas-phase action spectrum of HBDI™
with a simulated absorption spectrum® of the simplified model
chromophore HBI ™, in which the two CHj3 substituents are replaced
by H atoms, as computed using CASSCF.?® The unscaled simulated
spectrum was convoluted with a 100 cm™' line width Lorentzian®
and shifted to align the computed band origin with the experimental
origin. Different values for the Sy — S; vertical excitation have
been computed with CASPT2;°™° the measured transition lies
between these values. The vibronic transitions computed at the
CASSCEF level and features measured experimentally show good
agreement. The resolved peak at 450 nm (1500 cm™") is predicted
well by the calculations. Smaller features at +550 cm™! (470 nm)
and 42800 cm ™! (425 nm) are also suggested by shoulders in the
experimental data. On the basis of a comparison with the simulated
spectrum, the following assignments are proposed: the band at 482.5
nm is assigned to the Sp — S, adiabatic excitation, and the strong
feature at +1500 cm™' is assigned to a vertical excitation corre-
sponding to a highly active mode of the excited state (computed at
1450 cm™!) that also correlates with the computed excited-state
relaxation pathway.®

At 77 K, resolved vibronic structure very similar to that observed
in the room-temperature gas-phase action spectrum is apparent for

intact GFPs®™° and the model chromophore in the condensed
phase.* In particular, HBDI™ in cold non-H-bonding solvents has
a strong feature 1470 cm ™' away from the origin,* matching closely
the 1500 cm™! feature observed here.

In conclusion, no fluorescence was detected from gaseous HBDI™
in the ion trap; rather, electron detachment was found to be a
significant mode of ion deactivation in addition to fragmentation.
The extended gas-phase action spectrum (390—510 nm) exhibits
vibronic activity that matches well with previous cold condensed-
phase experiments and in vacuo computations. These studies
illustrate the various deactivation pathways followed by the
photoexcited GFP chromophore. Such knowledge of intrinsic
chromophore properties is essential for understanding the photo-
chemical mechanism behind the activity of this useful protein and
its homologues.
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