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a b s t r a c t

The gas-phase IR spectrum of the anionic chromophore of the green fluorescent protein (p-hydroxy-
benzylidene-2,3-dimethylimidazolidinone, HBDI) is recorded in the 800–1800 cm−1 frequency range
using the free electron laser FELIX in combination with an electrospray ionization (ESI) Fourier trans-
form ion cyclotron resonance (FTICR) mass spectrometer. The spectrum is substantially different from IR
spectra of the anion recorded previously in solution, which were found to be difficult to interpret on the
basis of electronic structure calculations involving the polarisable continuum model (PCM) method. In
contrast, the IR spectrum of the isolated anion recorded here matches favourably with its DFT calculated
counterpart if diffuse functions are included in the basis set. IR photo-fragmentation of the HBDI anion
proceeds via loss of a methyl radical (CH3

•) resulting in an odd-electron product anion. The IR spectrum
eywords:
reen fluorescent protein
hromophore

nfrared
on spectroscopy

of this radical anion photoproduct is also recorded, which indicates that the radical site resides on the
imidazolinone nitrogen atom where the methyl group is detached.

© 2012 Elsevier B.V. All rights reserved.
nion

. Introduction

The discovery of the green fluorescent protein (GFP) [1] in
he jellyfish Aequorea victoria has revolutionized imaging meth-
ds in molecular cell biology and has been key to the study
f energy transfer in proteins by application of Förster reso-
ance energy transfer (FRET). The fluorescent chromophore of GFP,
-hydroxy-benzylidene-2,3-dimethylimidazolidinone (HBDI), is
ormed post-translationally from the Ser65-Tyr66-Gly67 sequence
f the protein [2]. X-ray crystallographic studies show that the
hromophore is embedded inside a beta-barrel structure in the
ore of the 238-residue protein and acts as a photoacid: upon
hoto-excitation the chromophore transfers a proton to the protein
atrix adopting its anionic phenolate form (see Scheme 1), which

s responsible for the fluorescent properties of the chromophore

3–5]. Inside the protein pocket, the chromophore is subject to

ultiple interactions with the protein matrix, which sensitively
etermine the photochemical properties of the chromophore.
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∗∗ Corresponding author at: Radboud University Nijmegen, Institute for Molecules
nd Materials, Heyendaalseweg 135, 6525AJ Nijmegen, The Netherlands.
el.: +31 24 3653935.

E-mail addresses: w.j.buma@uva.nl (W.J. Buma), joso@rijnhuizen.nl (J. Oomens).

387-3806/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijms.2012.08.017
Protein engineering has hence resulted in a large variety of GFP
mutants with improved fluorescent properties [6,7]. Importantly,
variants have been developed in which HBDI can be reversibly
switched between the non-fluorescent trans- and the active
cis-conformation [8,9]. In recent variants the wavelength for photo-
switching the chromophore between cis- and trans-conformations
is different from that for photo-excitation of the anionic chro-
mophore, providing an independent optical “on/off” switch for the
fluorescence activity of the chromophore [10].

In addition to the photochemical properties of the protein,
numerous studies have addressed the fluorescent properties of iso-
lated HBDI. In the unique microenvironment of the protein pocket,
fluorescence of the chromophore is favoured over non-radiative
relaxation by both steric hindrance and electronic effects [11]. In
contrast to the fluorescence spectrum of the protein, the emission
spectrum of the isolated anionic HBDI chromophore in solution is
rather broad and structureless, suggesting that the chromophore
experiences a significantly larger conformational freedom when
it is removed from the protein environment [12]. Moreover, the
fluorescence intensity is partly quenched at room temperature
but recovers at 77 K [12,13], suggesting that deactivation path-

ways become allowed by thermal motion. It has been suggested
that excited state isomerisation directly influences the fluores-
cence quantum yield [14]. In order to study the intrinsic properties
of HBDI, that is, in the absence of interactions with the solvent,

dx.doi.org/10.1016/j.ijms.2012.08.017
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:w.j.buma@uva.nl
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cheme 1. Deprotonated 4-hydroxybenzylidene-1,2-dimethylimidazolinone (HBD
elocalize the charge over the entire molecule.

arious investigations have recently addressed the properties of
he gas-phase anion using a combination of ion-trapping and laser
pectroscopy methods [13,15–19]. Since the fluorescence quantum
ield was found to be negligible in the gas phase as well [13,19],
xcitation spectra were obtained in these studies by monitoring
issociation or photodetachment from the gas-phase anions. The
ain absorption band of anionic HBDI in solution exhibits a sub-

tantial blue-shift as compared with the absorption maximum of
he chromophore inside the protein [15,16], while the absorption

aximum of the gas-phase HBDI anion at 479 nm agrees well with
hat of the wild type protein at 480 nm [15,16]. This suggests that
he gas phase is a reasonable mimic for the environment inside the
rotein pocket, which is probably the result of a number of crucial
ut counteracting contributions [20].

The charge state and conformational structure are thus impor-
ant parameters that determine the fluorescent properties of the
hromophore. While the charge state of the chromophore in the
rotein can be inferred from the optical absorption bands at 395 nm
or neutral HBDI and 480 nm for anionic HBDI, vibrational spec-
ra of the protein chromophore provide more accurate molecular
tructure information. Hence, various solution-phase studies of the
ibrational spectra of HBDI in its protonated, deprotonated and
eutral form have been reported [21–24]. Computational mod-
lling of the infrared and Raman spectra used the polarization
ontinuum model (PCM) to account for the effects of solvent inter-
ctions on the vibrational spectra [23]. While the computed spectra
ccurately reproduced the vibrational spectra of neutral and pro-
onated HBDI, the agreement with the anionic chromophore was

arkedly poorer. Moreover, this study revealed that inclusion of
olvent effects using the PCM method has little effect on the com-
uted spectra of neutral and protonated systems. The opposite is
rue for the computed spectrum of the anion, which alters substan-
ially upon going from the gas phase to the solution phase. This is
ossibly due to inadequacies of the PCM method to handle, in par-
icular, electronically more diffuse systems, such as the conjugated
BDI anion under study here. In addition, experimental spectra
ere recorded in a solution that inevitably contained counterions;

he extent to which these counterions interact with the HBDI anion,
hether this influences the IR absorption spectrum and whether

uch effects are different for positive and negative ions is generally
ot known, nor is it taken into account in the calculations.

Here we present the first experimental IR spectrum of the HBDI
nion in the gas phase, i.e., devoid of any environmental effects,
sing a combination of tandem mass spectrometry and a widely
unable infrared free electron laser. The spectrum is compared to
he solution-phase spectra reported previously and to DFT calcu-
ated spectra.

. Experimental
IR spectra are recorded by infrared multiple-photon dissocia-
ion (IRMPD) of the ions using a Fourier transform ion cyclotron
esonance mass spectrometer (FTICR-MS) coupled to the beamline
odel for the GFP chromophore. The two resonance forms of the anion efficiently

of the infrared free electron laser FELIX, which provides intense,
wavelength-tunable IR radiation. The anions are produced by elec-
trospray ionization (ESI, Waters Z-Spray) from a 1 mM solution of
HBDI in water/methanol with about 1 mM NaOH added to enhance
deprotonation. The anions are sampled through a cone and a
skimmer and then accumulated for approximately 5 s in a linear
hexapole trap. The ions are subsequently pulse-extracted from
the trap and injected into the ICR cell via a quadrupole deflec-
tor and a 1 m long rf octopole ion guide. The m/z 215 anion is
SWIFT-isolated [25] and irradiated with the IR beam for about 3 s.
A mass spectrum is recorded from which the intensity of the par-
ent ion peak and the IR induced fragment peaks are extracted. This
procedure is repeated while the wavelength of FELIX is scanned
between 800 and 1800 cm−1 in steps of approximately 5 cm−1. An
IR spectrum is reconstructed by plotting the fragment ion yield
(�Ifrag/[Ipar + �Ifrag]) as a function of wavelength. The laser band-
width amounts to about 0.5% of the central frequency. Observed
linewidths may thus be slightly different at the low- and high-
frequency ends of the spectrum. Typical pulse energies employed
are on the order of 50 mJ.

The experimental spectra are compared with theoretical vibra-
tional spectra obtained from quantum-chemical calculations on
the anion at the density functional theory (DFT) level. Geometry
optimizations and harmonic vibrational frequency calculations are
performed with Gaussian03 using the B3LYP functional and various
basis sets including and excluding diffuse functions. Calculations
modelling the spectrum in solution make use of the polarisable
continuum model (PCM) taking water as a solvent and using the
RADII = UAHF keyword. Calculated harmonic frequencies are scaled
with a factor appropriate for the functional and basis set used as
advised by Radom and coworkers [26]; i.e., 0.9627, 0.9648 and
0.9648 for the 6-31G**, 6-31+G** and 6-31++G** basis sets, respec-
tively. For comparison with the experimental data, calculated stick
spectra are convoluted with a Gaussian band profile with a fwhm
bandwidth of 20 cm−1.

3. Results and discussion

3.1. The HBDI anion at m/z 215

Upon resonant IR irradiation, the HBDI parent anion at m/z 215
dissociates, forming a product anion at m/z 200. This dissociation
presumably occurs by loss of a neutral CH3

• radical, which is in
agreement with photo-dissociation studies in the UV/vis range
of the spectrum [13]. This somewhat uncommon fragmentation
into two radical species, violating Mandelbaum’s “even-electron
rule” [27], and the molecular structure of the fragment is further
addressed below where we discuss the IR spectrum that has been
recorded for the m/z 200 fragment anion.
The IRMPD spectrum of deprotonated HBDI at m/z 215 is shown
in Fig. 1 along with calculated spectra using the B3LYP functional
and basis sets with (6-31+G**, 6-31++G**) and without (6-31G**)
diffuse functions. When the calculated spectra are compared, one
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Fig. 1. IRMPD spectrum of anionic HBDI (panel d) compared with calculated spectra
using the B3LYP functional and 6-31G**, 6-31+G** and 6-31++G** basis sets (pan-
els a–c). Vibrational bands labelled A through F correlate with entries in Table 1.
Panel (e) represents the spectrum of the anion in aqueous solution reported in Ref.
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Fig. 1. It is striking to see how much the spectra differ between
22]. Calculated spectra using the PCM method to model solution-phase spectra are
hown in panels (f) and (g).

otices immediately that inclusion of diffuse functions in the basis
et, i.e., going from 6-31G** to 6-31+G**, has a substantial influ-
nce. This is not surprising as it is well-known that basis sets with
iffuse functions substantially improve calculations of the ther-

ochemistry as well as vibrational frequencies for anionic species

28–32]. The variations in the spectrum are particularly noticeable
n the region between 1400 and 1700 cm−1 where all the strong,
s Spectrometry 330–332 (2012) 118–123

diagnostic bands are located. It is further observed that addition of
more diffuse functions, i.e., going to the 6-31++G** basis set, does
not appreciably change the predicted spectrum any further.

The comparison of computed and experimental spectra in Fig. 1
clearly indicates that inclusion of diffuse functions in the basis
set sensitively improves the overall match between experiment
and theory. On the basis of the B3LYP/6-31+G** calculation, we
thus propose an assignment of experimentally observed absorp-
tion bands as listed in Table 1, where letters A through F refer to the
corresponding bands in Fig. 1. The weak but well-resolved band at
1660 cm−1 at the blue end of the scan range (A) is due to the imida-
zolinone C O stretch. Unlike most other bands in the spectrum, the
calculations predict a substantially lower frequency (1643 cm−1)
for this mode. We attribute this discrepancy to a slightly different
scale factor that would be required for this specific mode (see e.g.,
Refs. [33,34]) and believe its assignment is nonetheless secure given
the good overall match of the entire spectrum. The strongest feature
in the experimental spectrum clearly consists of two absorption
bands centred at approximately 1558 and 1515 cm−1 (C and D),
which can be assigned to the bands computed at 1574 (imida-
zolinone C N stretching) and 1524 cm−1 (out-of-phase stretching
of the vinyl C C and phenoxide C O bonds), respectively. The
calculations further show a very weak band at 1606 cm−1 (B) asso-
ciated with the in-phase stretching of the vinyl C C and phenoxide
C O bonds, which is perhaps just visible as a weak shoulder in
the experimental spectrum. The band at 1455 cm−1 in the exper-
imental spectrum (E), exhibiting a red wing that extends down
to about 1400 cm−1, is assigned to the bands computed between
1400 and 1450 cm−1, which mainly involve the umbrella motions
of each of the methyl groups. The apparent blue-shift and inten-
sity enhancement observed in the experimental spectrum may
be an artefact of the IRMPD method, which can cause bands on
the low-frequency side of strong features to become artificially
enhanced [35]. Between 1200 and 1400 cm−1 various weak bands
are observed, which match approximately with the convolution of
the many relatively weak calculated features in this range. The band
positions observed in this range are 1355, 1320 and 1250 cm−1; the
calculations indicate that they are mainly due to (combined) bend-
ing motions of the methyl, vinyl and aromatic hydrogen atoms. The
observed spectrum further exhibits a relatively intense and slightly
asymmetric feature peaking at 1153 cm−1 (F) with a shoulder
around 1130 cm−1. This feature matches the two bands calculated
at 1143 and 1126 cm−1, which correspond to the in-plane aromatic
CH bending mode and a more delocalized hydrogen bending mode,
respectively. The calculated spectrum displays various very weak
bands further to the red, which are however not clearly observed
under the present experimental conditions (note that the tiny fea-
ture at 988 cm−1 is actually a confirmed absorption). Overall, we
find a satisfactory match between the experimental and B3LYP/6-
31+G** calculated spectra.

In the lower part of Fig. 1 we show the IR spectrum of the
HBDI anion in aqueous solution as reported in Ref. [22]. It should
be noticed that in this study only the diagnostic modes between
1500 and 1700 cm−1 were reported. Mode assignments were made
by isotopic substitution and have been “translated” here into the
vibrational mode descriptions used in Table 1. The bands at 1583
and 1499 cm−1 indicated in Fig. 1e with ph were referred to as
“phenol” modes [22], being mainly phenol CC stretches [24]. Cal-
culated spectra of the anion in solution – generated using the
polarisable continuum model (PCM), the 6-31G** and 6-31+G**
basis sets and assuming frequency scale factors identical to those
used for the gas-phase calculations [36] – are also presented in
calculations that include or exclude diffuse functions in the basis
set. For the spectra in Fig. 1f and g, an attempt has been made to
correlate the vibrational modes to those in Fig. 1a–c on the basis
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Table 1
Experimental band positions (in cm−1) in the gas-phase spectrum of deprotonated
HBDI with proposed vibrational mode assignment (only dominant mode character
is given).

Exp Codea Vibrational mode

1660 A CO stretch imidazolinone
1558 C Imidazolinone C N stretching
1515 D Asym vinyl C C/phenoxide C O stretch

∼1455 E CH3 umbrella motions
1355

Various CH bending motions1320
1250
1153 F In-plane CH bending phenol ring

∼1130 Delocalized in-plane CH bending
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Fig. 2. Experimental spectrum of the main fragmentation product of the HBDI anion
(a). The fragment is formed by loss of a neutral methyl group (CH3) hence forming
a radical anion at m/z 200. Panel (b) shows the calculated spectrum for the species
formed by methyl loss from the imidazolinone nitrogen atom. Panels (c)–(e) show
calculated spectra for its isomers formed by H-atom transfer (effectively moving the
radical site). Panel (f) shows the calculated spectrum of the species formed by loss
988

a Letter codes correlate with bands labeled in Fig. 1.

f their mode character. However, many of the strong modes in
he 1300–1550 cm−1 region in the 6-31+G** (PCM) spectrum have
elocalized character and are not easily correlated to any of the
odes labelled A through F. Although the vibrational mode char-

cters of the 6-31G** (PCM) calculation are more straightforward to
orrelate with the gas-phase calculations, there is nevertheless not
clear one-to-one correlation with the experimental bands of Ref.

22]. We note that a Raman spectrum of the HBDI anion in aqueous
olution, reported in Ref. [22] as well, was interpreted on the basis of
artree–Fock calculations (HF/6-31+G*), for which inclusion of sol-
ent effects using the PCM method sensitively improved the match
ith the experiment [23]. Nonetheless, the average absolute devi-

tion for the main Raman bands was on the order of 40 cm−1, while
he deviation for the gas-phase bands listed in Table 1 is 15 cm−1.

A closer inspection of the solution-phase spectrum of He et al.
22] in panel e of Fig. 1 reveals that it resembles to a significant
xtent the calculated gas-phase spectrum using the 6-31G** basis
et (panel a), i.e., the basis set not including diffuse functions. Even
hough the band positions are somewhat shifted, the overall inten-
ity pattern of the bands in the 1450–1700 cm−1 range shows a
emarkable similarity. One might be tempted to speculate whether
estricting the wavefunctions by not including diffuse basis func-
ions in the calculation correlates with the effect of the solvent
estricting the electronic wavefunction in the experiment. Further
tudy will be required to determine whether this apparent spectral
imilarity can indeed be explained by the influence of the solvent
r whether it is purely coincidental.

.2. IRMPD spectrum of the m/z 200 radical anion

Thermally induced dissociation of an even-electron ion, such as
ypically produced by ESI, commonly produces two even-electron
ragments rather than two odd-electron fragments, as explained by

andelbaum’s “even-electron rule” [27]. Although various excep-
ions to this “rule” have been reported over the years [37], the
resent case is of interest to investigate further. Here, the closed-
hell HBDI anion at m/z 215 dissociates by loss of 15 mass units,
pparently producing two open-shell fragments, the unobservable
eutral methyl radical and the anionic fragment observed at m/z
00. Loss of 15 mass units producing m/z 200 was also found to be
he main dissociation pathway in collision- and laser-induced dis-
ociation (CID, LID) of the HBDI anion [17]. Computations suggested
hat the methyl radical was lost from the imidazolinone nitrogen
ather than from the carbon atom [17].

Here, we use IR spectroscopy to determine unambiguously the
tructure of the m/z 200 radical fragment of the HBDI anion, so

hat we can establish whether the methyl group is indeed lost from
he imidazolinone nitrogen, but also whether radical site migration
y hydrogen atom transfer occurs. To this end, we let deproto-
ated HBDI undergo CID in the front-end of the FTICR-MS by the
of the methyl group from the imidazolinone carbon atom. Relative free energies of
the five isomers of the radical anion (B3LYP/6-31++G**) are given as well as their
structures where the radical site is indicated.

application of a high cone voltage, which is optimized to maxi-
mize the production of the m/z 200 fragment anion. This fragment
is then mass-isolated in the FT-ICR cell and its IRMPD spectrum
is recorded. Upon IR multiple-photon excitation, the m/z 200 frag-
ment is observed to photofragment mainly into mass channel m/z
131 with a minor contribution at m/z 199 due to loss of atomic
hydrogen. Substantial electron detachment was also observed in
this case, which is detected by leaking a low pressure of sulphur
hexafluoride into the vacuum of the ICR cell; IR induced electron
detachment is then detected by the appearance of a peak at m/z
146 [38]. To generate the experimental spectrum shown in Fig. 2a,
dissociation and detachment signals were summed and the total
yield was calculated.

HBDI possesses two methyl groups (see Scheme 1), one attached
to one of the imidazolinone nitrogen atoms and one to one of the
imidazolinone carbon atoms. Our calculations show that loss of
the methyl group from the imidazolinone nitrogen atom leads to
structures that are substantially lower in energy than the structures
resulting from loss of a methyl group from the imidazolinone car-
bon atom. In addition, loss of a methyl group from either site may
result in a radical anion with the radical at the respective imida-
zolinone nitrogen or carbon atom, or at any other site via radical
site migration by H-atom transfer(s).

The IRMPD spectrum of the m/z 200 fragment of the HBDI anion

is shown in the upper panel of Fig. 2. The spectrum is compared
to the calculated spectrum of the radical anion where the methyl
group on the imidazolinone nitrogen atom is removed (panel
b), leaving an unpaired electron at this nitrogen atom. H-atom
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Table 2
Experimental band positions (in cm−1) for the m/z 200 radical anion fragmentation
product of anionic HBDI, compared to band positions calculated for isomer b (see
Fig. 2), for which the radical site is located on the imidazolinone nitrogen atom.

Exp Calc

Freq Inta Freq Intb

1645 m 1649 253
1588 s 1588 232
1570 s 1547 158
1507 sh 1500 222
1453 s 1467 203
1428 s 1420

1405
57
200

1350 s 1342 198
1303 vs 1307

1296
559
196

1140 m 1132 108
1017 s 1043 154

981 w 974 115
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a w, weak; m, medium; s, strong; vs, very strong; sh, shoulder.
b Integrated intensity in km/mol.

ransfer can migrate the radical site onto the remaining methyl
roup (panel c), the vinylic carbon atom (panel d), or on one of the
henolic carbon atoms (panel e). The alternative dissociation reac-
ion in which the methyl group is detached from the imidazolinone
arbon atom leads to an isomer for which the calculated spectrum is
hown in Fig. 2f. Our calculations indicate that the relative energy
f this latter isomer is particularly high, and its H-atom transfer
somers are not shown in Fig. 2.

The experimental spectrum in Fig. 2a shows a rich and diag-
ostic vibrational pattern. From a comparison with the calculated
pectra in Fig. 2b–f, one readily concludes that only the isomer with
he radical site located on the imidazolinone nitrogen atom (panel
) matches with the experiment. The strong band observed in the
xperimental spectrum near 1300 cm−1 is predicted only for this
somer and for the isomer in which H-atom transfer has occurred
rom the remaining methyl group to the imidazolinone nitrogen
tom (panel c). This isomer has a relatively low energy (+9 kJ/mol)
nd could thus be present as well on thermodynamic grounds. In
hat case a strong band would be expected near 1700 cm−1, which
s however not observed. We therefore conclude that isomer c is not
resent. All other isomers shown in Fig. 2 can easily be excluded
n the basis of both their computed IR spectra as well as their rela-
ive energies. In contrast, an almost one-to-one match between the
xperimental and the theoretical spectrum is observed for the imi-
azolinone nitrogen radical (Fig. 2b), for which band positions are

isted in Table 2. We thus conclude that in the dissociation process
he methyl group is lost from the imidazolinone nitrogen atom and
hat no H-atom transfer occurs.

. Conclusions

The gas-phase IR spectrum of a frequently employed mimic
f the GFP chromophore, deprotonated HBDI (m/z 215), has been
ecorded by IRMPD spectroscopy using an FT-ICR mass spectrom-
ter coupled to the FELIX beam line. Unlike the spectrum of the
nion recorded in solution, the gas-phase experimental spectrum
s convincingly reproduced by DFT calculations. Calculations show
hat good agreement with the experimental spectrum is obtained
nly if diffuse functions are included in the basis set.

IR photo-fragmentation as well as low-energy CID of the HBDI
nion results mainly in a product anion at m/z 200, indicating

he loss of a methyl radical forming a radical anion photo-
roduct. The structure of this odd-electron product has been

nvestigated by recording its IRMPD spectrum, which suggests that
he methyl group is lost from the imidazolinone nitrogen atom

[

s Spectrometry 330–332 (2012) 118–123

and that the radical site remains on that imidazolinone nitrogen
atom.
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