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Abstract. Absorption of gas-phase biomolecules has been studied at the heavy-ion storage ring ELISA.
Here we discuss the absorption characteristics of the chromophores of the Green Fluorescent Protein
(GFP). The gas-phase absorption maximum of the deprotonated chromophore (anion form) is at 479 nm.
This is almost identical to one of the two absorption maxima of the protein, being at 477 nm, which is
ascribed to a deprotonated chromophore in the protein. The protonated chromophore (cation form) has a
maximum at 406 nm in the gas phase. We compare the gas-phase results with absorption profiles of GFP
and chromophores in liquids, and argue that the absorption characteristics of GFP are mainly ascribed to
intrinsic chemical properties of the chromophore. Evidently, the special 3-can structure of GFP provides
shielding of the chromophore from the surroundings without significantly changing the electronic structure
of the chromophore through interactions with amino acid side chains.
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1 Introduction

Functional consequences of protein dynamics may con-
veniently be studied by photoactive proteins because
the chromophore, i.e. the molecule responsible for light-
absorption, acts as a build-in “trigger” that allows syn-
chronization of events on time scales as short as tens of
femtoseconds. The absorption properties of such proteins
are remarkable. The absorption is intense and the absorp-
tion spectra are broad. Moreover, the spectra of emission
are significantly red shifted upon absorption which forms
the basis for many applications. Most well known is per-
haps the Green Fluorescent Protein (GFP) which is found
in the jellyfish Aequorea victoria. GFP is a relatively small
protein whose natural function is to convert blue light to
green light [1-4]. This single chain protein, consisting of
238 amino acids, has triggered a revolution in molecular
biology since it may be fused into other proteins and by
its special absorption and emission characteristics used
for continuously monitoring gene expression and develop-
ments in living cells [1-4]. Many other photoactive pro-
teins like, e.g., the photoactive yellow protein (PYP) [5],
which is found in the purple sulfur bacterium Ectothiorho-
dospira halophilia, have also been studied. The atomic
scale structure of PYP has been determined and the pho-
tocycle of PYP has been examined in great details.
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To fully understand the photophysics of these pro-
teins, relevant chromophore information must be col-
lected. The electronic and conformational structures of the
chromophore molecule in the ground and excited states
are responsible for the initial absorption (wave length and
intensity). The response of the protein is given by an inter-
play between the photo excited chromophore and the envi-
ronment in the protein. Typically, the interaction with the
protein determines whether isomerization can take place
or not. The protein can also deliver or take away protons
from the chromophore and hence change the charge state
and electronic structure of the chromophore.

Many studies of the photophysics of such biosystems
are performed in solutions. It is, however, clear from ob-
served shifts of the absorption maxima that the environ-
ment provided by the protein is not identical to that of
aqueous solutions. To shed light on the intrinsic proper-
ties of chromophores, we have initiated a series of studies
of gas phase chromophores. In the present communica-
tion we will focus on results obtained with the wild-type
GFP chromophore. We used the model chromophore,
4-hydroxybenzylidene-2,3-dimethyl-imidazolinone, shown
in Figure 1, which was also used in an experiment by
Webber et al. [6].

2 Experiment

Our measurements were performed at the new electro-
static ion storage ring in Aarhus, ELISA [7] (see Fig. 2).
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Fig. 1. The structure of the neutral gas-phase GFP-model
chromophore used in the present work. Anions are created
when the proton is removed from the hydroxyl group and

cations are created when a proton is attached to the imida-
zolidinone ring containing the two nitrogen atoms.
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Fig. 2. The electrostatic ion storage ring ELISA equipped
with an electrospray ion source, a pulsed laser and a detector
for neutral products.

The storage ring is based on electrostatic bending and
focusing elements, which gives ions of a given energy to
charge ratio identical storage conditions regardsless of
their mass. Thus, the ring may be used to study ions
of light elements as well as heavy molecules, such as
biomolecules. In the storage ring, molecular ions may be
stored for several seconds and interactions with e.g. laser
light or electrons can be studied. Since revolution times
are of the order of microseconds, each stored ion may typ-
ically, at a given position in the ring, be studied about 10°
times during its lifetime. Moreover, ions that were born
hot in the ion source, or made hot by collisions during the
acceleration and injection, will have time to cool down by
infrared emission before a given measurement starts.

An electrospray ion source was used for production and
injection of the biomolecules. The source, which is shown
schematically in Figure 3, was constructed and built re-
cently in Aarhus [8]. Briefly, it may be operated in a DC
mode with typically 10° to 10° ions/s or in a pulsed mode
with 103 to 10* ions in a bunch (repetition rate 10 Hz).
Anions were formed by electrospraying a chromophore
sample dissolved in an ammoniated water/methanol (1:1)
solution (pH = 9). For cations we used a solution of wa-
ter/methanol (1:1) with HC1 (pH = 3). The mass spectra
of the ion source were remarkably clean. As an example,
Figure 4 shows the mass spectrum obtained with GFP-
chromophore anions. There is an unambiguous peak at the
correct mass of 215 amu (deprotonated ion). With cations
of this chromophore the peak is at 217 amu (protonated
ion).

In the ion source, a cylindrical ion trap accumulated
ions for 0.1 s before they were accelerated as an ion bunch
to a kinetic energy of 22 keV. The ions were selected ac-
cording to their mass to charge ratio by a magnet and
injected into the storage ring. About 5 ms after injection,
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Fig. 3. The principle of the electrospray ion source. The in-
serted figure shows measured intensities as a function of time.
Ton bunches of 2-5 us were obtained with He as a buffer gas
in the ion trap.
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Fig. 4. Mass spectrum of the electrospray ion source contain-
ing the GFP chromophore anions at 215 amu.

the ions were irradiated by a laser pulse of 3 ns dura-
tion in the straight section opposite the injection side.
An OPPO (optical power parametric oscillator; Lambda
Physik) pumped with the third harmonic of a Nd:YAG
laser (Coherent) was used to create ~1-2 mJ laser pulses
in the region 430-630 nm. Frequency-doubled light from
a dye laser (Lambda Physik), pumped by the second har-
monic of the Nd:YAG laser, was used for wavelengths
shorter than 430 nm. Tuning the laser wave length to
an absorption band resulted in the production of neu-
tral particles after electron emission or bond dissociation
(photo destruction spectroscopy). Neutrals formed in the
straight section opposite the laser-interaction region were
counted by a particle detector (see Fig. 2). Because of the
low background rate of neutrals and the applied single-
particle detection scheme, the technique allows us to mon-
itor weak absorption rates. An example of a decay spec-
trum (neutrals count rate as a function of time) acquired
for the chromophore anion at 490 nm is shown in Figure 5.
Collisions between anions and residual gas molecules in
the ring (mainly Hy) produce neutrals that account for
the small background signal even when the laser is off. It
is evident, however, that irradiation at the selected wave
length resulted in additional neutrals with an observable
decay over a few milliseconds. It would be very useful
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Fig. 5. Yield of neutrals as a function of time after the in-
jection of GFP-model chromophore anions into ELISA. One
revolution of the ion bunch takes about 50 ps. The ions were
irradiated after 4.75 ms with one 2.5 mJ laser pulse at 490 nm
photons. The grey area represent signal due to photon absorp-
tion.

if a mass spectrum of the fragment neutrals arriving at
the detector could be obtained. At the moment this is
not possible and we do not know the exact decay mech-
anism after photo absorption. In a separate experiment
we measured the collisional induced fragment spectrum of
100 keV chromophore ions colliding with Ny. For cations
as well as anions of the chromophore, positively charged
fragments were found primarily at mass 56 amu.

Yield of neutrals (integrated over time) were recorded
as a function of the wave length and produced the ab-
sorption spectrum (Fig. 6). The neutral yield was found
to be almost proportional to the laser power squared, in-
dicating that we mainly deal with a signal of a two-photon
absorption process (depletion of the ion bunch caused de-
viations from a pure quadratic power dependence at high
laser power) [9]. The yield of neutrals may be expressed as:

Nneutrals = Nions (0—@)2 ) (1)

where Npeutrals 18 the number of neutrals, Njons the num-
ber of ions in the ion bunch, ¢ the cross-section for photon
absorption, and @ the photon flux. The absorption at a
specific wave length was calculated as the square root of
the ratio between the total number of counts due to laser
excitation and the laser power squared.

3 Results and discussion

The measured absorption bands are shown in Fig-
ure 6, where we compare the absorption of the chro-
mophore in three different media: the protein (GFP) [1],
in vacuo [9,10], and in aqueous solutions of different
pH [9,10]. The protein absorption spectrum shows two
absorption bands that are ascribed to a neutral chro-
mophore in the protein (absorption maximum at 395 nm)
and a deprotonated chromophore (absorption maximum
at 477 nm).
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Fig. 6. Top: absorption spectrum of the wild-type Aequorea
victoria GFP. The two peaks are ascribed to a neutral and a
negative charge state of the chromophore in the protein [1], re-
spectively. Middle: absorption spectra of the GFP-model chro-
mophore in vacuo (the curves are Gaussian fits). Bottom: ab-
sorption spectra obtained with the GFP-model chromophore
in aqueous solutions of different pH values.

The absorption spectrum of the gas phase chro-
mophore anion reveals that the absorption band has a
maximum at 479 nm and a full width at half maximum
of 45 nm. There is, thus, almost no difference between
the absorption bands obtained with the protein and the
chromophore in vacuo. It is seen that the absorption max-
imum for the anion form of the chromophore is shifted to
426 nm when recorded in an alkaline aqueous solution.
This large shift may be explained by hydrogen bond in-
teractions which localize the active electrons of the chro-
mophore in the anion form. There is a significant amount
of electron-delocalization for the anion form [9], which
makes the chromophore sensitive to perturbations from
the environment and is, in general the reason for the red-
shifted absorption.

The similarity between the absorption band of the
gaseous anion and the second absorption band of the pro-
tein is striking. In the protein, the chromophore is co-
valently attached to an a-helix that runs up the axis
of a hollow cylinder formed by eleven S-strands [1,11,
12]. The cylindrical shape of the rigid §-can protects the
buried chromophore from solvent and dioxygen quenching
of excited states [12,13]. At the same time, the rigidity
of the protein may prevent radiationless stabilization of
the chromophore through cis-trans photo-isomerization.
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Our results indicate that the actual environment of the
chromophore inside the protein cavity is much closer to
vacuum than to bulk solution, assuming that the second
band is indeed due to the anion as suggested by previ-
ous studies [14-18] and our measurements [10]. In other
words, the electron delocalization in the Aequorea victoria
GFP chromophore matches the one of the gaseous anion.
This does not preclude, however, that the protein envi-
ronment does affect the displayed photophysics. Indeed,
the charge state of the chromophore prior to excitation is
directly determined by its local environment of proton do-
nating and proton accepting groups, which explains why
the photophysics of a single chromophore can differ signifi-
cantly from protein to protein and between mutants [1-4].

The chromophore cation in the gas phase exhibits an
absorption maximum at 406 nm and a width of about
20 nm. It is not possible to make direct comparisons
with protein data as this chromophore charge state is not
present in GFP. However, we may compare with the mea-
surement performed in solutions. Here the absorption in
the acidic solution (pH < 1) has a maximum at 396 nm,
i.e. a blue shift of only 10 nm with respect to the gas-
phase case. It may be argued that the shift is significantly
smaller for cations than for anions because of less electron
delocalization for GFP-chromophore cations [9].

It is our hope that the newly obtained gas-phase data
may provide a basis for theoretical developments in this
area, and we end the discussion by briefly considering the
status of calculations. The chromophore in GFP is not
terminated by the two methyl groups that were used in
our model system (Fig. 1), and different theoretical ap-
proaches have used different groups R and R’ to termi-
nate the chromophore and replace the two links to the re-
maining protein in GFP. The difficulty in calculating the
absorption maximum for the deprotonated chromophore
(anion form) in vacuo is reflected in the various reported
values, which are 284 nm (substituents R, R’ = CHs,
CHj) [19], 402 nm (adiabatic excitation; R, R’ = CHs,
CHj) [19], 448 nm (R, R’ = CHjs, CH,CH20H) [20],
444 nm (R, R’ = CH3, CH2CH;OH) [16], and 479 nm
(R, R" = H, H) [16]. The measured absorption spectrum
of the gaseous anion provides the most direct test of
such calculations. A perfect agreement is found with the
semi-empirical calculation by Weber et al. [16] (479 nm),
whereas ab initio based models significantly overestimate
the gas-phase excitation energy [19]. In the case of cations,
the calculation by Voityuk et al. gives an absorption max-
imum at 401 nm (R, R’ = CHjz, CH,CH,OH) [21] and at
404 nm (R, R’ = CHj3, CH,COOCH>CH3s) [22], both in
good agreement with our gas-phase measurements.

To summarize, a sensitive absorption technique for
studies of gas-phase bio-molecules has been used by cou-
pling an electrospray ion source with the ELISA storage
ring. With this technique we studied the absorption char-
acteristics of the GFP chromophore anion and cation. We
present evidence that the exact location of the absorp-
tion band of the anionic form of the GFP chromophore
is ascribed almost purely to the intrinsic chemical proper-
ties of the chromophore rather than to a result of interac-
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tions with amino acid side chains in its vicinity. Absorp-
tion measurements with model chromophores of mutated
GFP proteins are currently being performed in our labo-
ratory to investigate to what extend our findings apply to
other systems.

The GFP model chromophore was kindly donated by Prof.
Stephen Meech and Naomi Webber (University of East Anglia).
We thank J.U. Andersen for many discussions on subject of
this work. This work was supported by the Danish National
Research Foundation through the Aarhus Center for Atomic
Physics (ACAP).
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