JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Properties of the Emitting State of the Green Fluorescent
Protein Resolved at the CASPT2//CASSCF/CHARMM Level
Adalgisa Sinicropi, Tadeusz Andruniow, Nicolas Ferr, Riccardo Basosi, and Massimo Olivucci

J. Am. Chem. Soc., 2005, 127 (33), 11534-11535+ DOI: 10.1021/ja045269n « Publication Date (Web): 30 July 2005
Downloaded from http://pubs.acs.org on March 25, 2009

S(ZPm 499 nm— Exp. [508 nm]
= —

‘/ - o
~ < 469 nm M
—_

& ®

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 15 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045269n

JIAIC[S

COMMUNICATIONS

Published on Web 07/30/2005

Properties of the Emitting State of the Green Fluorescent Protein Resolved at
the CASPT2//CASSCF/CHARMM Level

Adalgisa Sinicropi,” Tadeusz Andruniow,’* Nicolas Ferré,™8 Riccardo Basosi,T and
Massimo Olivucci*
Dipartimento di Chimica, Uniersitadi Siena,via Aldo Moro 1-53100 Siena, ltaly, Institute of Physical and
Theoretical Chemistry, Department of Chemistry, Wroclaw.8rsity of Technology, Wyb. Wyspianskiego 27,
50-370 Wroclaw, Poland, and Laboratoire de Chimie’ ditigue et de Modésation Moleculaire,
UMR 6517-CNRS, Unersitede Praence, Case 521 - Facule Saint-JeBdme, A. Esc. Normandie Niemen,
13397 Marseille Cedex 20, France

Received August 5, 2004; E-mail: olivucci@unisi.it

Green fluorescent proteins (GFPs) have been found in numerous o , !
bioluminescent organisms, such as the jellyfiglguoreavictorial ¥ (@”‘rf i i
and the sea pansgenilla reniformis® Wild-type GFP (wt-GFP), HOAN e
features gp-hydroxybenzilideneimidazolinone chromophore (see koo i i
1 in Figure 1) located at the center of a barrel-like protein R RREEEDEELEE :

backboné:* The two peaks seen in the absorption spectra are Ly S
. - . T 143 137 o 13
attributed to distinct chemical states of the chromophore. The A },HK& Wi P51 (1) P )
state is assigned to the neutral form and the B state to a deprotonated PoT 13 29 %0 - 0p
(anionic) form. In contrast, the fluorescence spectrum shows only W= o A PR |
one peak attributed, within the three-state mddéto the | state 5205 Ea A SRR G
(see Figure 1) featuring the anionic chromophore of B. wid lll-_??_l‘I 1277 =@
Presently, it is still not clear how the protein environment of 24GFP 1

wt-GFP tunes the spectral properties of the hydroxybenzilideneimi- Figure 1. (Left) Cavity of the | state model. (Rightio@ind S (square

dazolinone anion. Indeed, in water solution the same anion displaysprackets) CASSCF/CHARMM equilibrium structure of the | state chro-
fluorescence and absorption peaks.() 18 and 70 nm blue-shifted  mophore. Parameters in A and degrees.

with respect to the corresponding | state valtitidere, to determine
the nature of the wt-GFP emitting domain, we employ “brute-force”
ab initio QM/MM computations to model the groundg(Sand
singlet excited (9 states of | and of its chromophore in water.
The results indicate that the emitter corresponds to a slightly pe
turbed H-bonded chromophore- -,® pair. The rest of the protein . .
seems to be designed in such a way to mimic an environment that€aturing the H-bonding networkO(-)- - -W1- - -S205- - -£222- - -
is more similar to the gas-phase than to the solution. S65- (s_,ee Figure _1)' Within - our QM/MM scheme (see Fhe
Only few quantum chemical calculations have been performed SUPPorting Information, SI) the MM protein is kept frozen during
for wt-GFP. The chromophore in vacuo has been investigated by (e optimization while the QM moiet§ (see Figure 1), comprising
Voityuk et ali%-12 at the NDDO-G, INDO/S-CI, and CISD level, e chromophore and the two S65 and G67 linkageand the
by Helms et al3 using post-SCF ab initio methods (CIS, MCSCF// position/orientation of three T_IPSP wgter (W1, W2, and W3) are
MCQDPT), and by Das et at.(SAC/SAC-CI). Attempts have been relaxed.. The computations |n.solut|0n have been carried out
reported to study the chromophore in the protelf and in embedding the QM mode (derived from the substructurk of
solution”~1° However, these calculations have not addressed the Figure 1) in a box of 701 TIP3P waters using periodic boundary

problem of the quantitative evaluation of absorption and fluores- conditions (the Na c_ountenon is treated at the MM level). The
Ccencelmax In the past we reportédia quantum chemical study of ~ “maxOf @ gas-phase binary complé ¢ -H;0), of the chromophore

the S properties of the gas-phase wt-GFP chromophore. The results!” Solution (1+water), of the protein | statg2+GFP_l), of the
suggest that the theory required to correctly model its structural protein B stateZ+GFP_B) and of a | state model with a d'sr“Pted
and spectroscopic parameters must include the treatment of dynamic//1~ - ~¢hromophore H-bondib-2+GFP) are evaluated as vertical
electron correlation. In particular, the use of an ab initio CASPT2y/ differences in $and $ energies. The quality of the computed S
CASSCF strategy (i.e. geometry optimization at the CASSCF level and $ equilibrium struc_ture_s for t_he solution and protein models
and energy evaluation at the CASPT2 level) yields an absorption have been assessed via S|mulat|c_>n of the resonance Raman (RR)
Amax ONly 15 nm off the observed val#é The same strategy has ~ SPectra ofl+water and computation ofimax of @ model of the

been recently employed within a QM/MM scheme to investigate Wt-GFP B state2+GFP_B), respectively?

the visual pigment rhodopsf The results indicate that the method As show in Table 1, for all models_the computighys compg_re
is able to reproduce the absorptidia, of the protein with a less well (errpr lower than 5 kcal mol) Wlth_the observe_d qL_Jantltles.
than 40 nm error (less than 5 kcal ml Here the same  Comparison of the gas-phase motilwith 1- - -H.O in Figure 2
computational scheme is used to investigate the wt-GFP chro- "€Veals that hydrogen bonding of the chromophoresimgleH.0
mophore in water and in the protein environment. molecule leads to a dramatic change ip Sructure. More
— specifically, this becomes remarkably similar to that found in
Igﬂg’gg‘;ﬁj‘éﬁg;‘ﬁ‘y of Technology. 2+GFP_l. Such change is explained by the increased anionic
§ Universitede Provence. character of the oxygen due to stabilization of the negative charge

Our wt-GFP model is derived from monomer A deposited in
the PDB archive as file 1GFL. The | state has been set up by
deprotonation of the chromophopeOH and protonation of E222
- yielding a neutral cavity. The orientation of the residues S205 and
E222 are then relaxed to generate the accepted | state stffcture
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Table 1. CASPT2//[CASSCF/CHARMM Absorption and Emission

2/ICA energy I-state configuratioru-2+GFP) where such interaction
Amax and Change in Dipole Moment Au

has been disrupted and W1 is now linked to S205. In Figure 2 we

structure exc. Amax (NM)? Au (D) show that inub-2+GFP the § and § equilibrium structure of the
1 S—S 465 [480]¢ 1.0 chromophore becomes close to the gas-phase structAgeshown
S —S 507 - 1.0 in Table 1 this also displayssS~ S; and § — S Au closer to the
1---H0 S~ S 453 - 4.0 corresponding gas-phase quantities.
Liwater 2: g.i ot 25y ol In conclusion, CASPT2//CASSCF/6-31G*/CHARMM computa-
S —S 469 [490]'e 54 tions can be used to study the structure and spectroscopy of GFPs.
2+GFP_| S— S 468 [495] 4.3 Remarkably, our results imply that, in the protein environment, the
_ S—S 507 (508 23 positively charged R96 counterion does not perturb much the
2+GFP_B s": S 333 [ggg] gg [6.8] electronic and molecular structure of tBe- -W1 chromophor&®
ub-24+GFP %ﬁgg 471 [ _ ] 0.8 This can only be explained by admitting that the charges distributed
S —S 521 - 1.2 in the various parts of the protein cavity counterbalance each other

in both the $and S states. A similar counterion quenching effect
EX[ has been documented for rhodog3ttespite its completely different
derivative ofl (HBDI). See ref 20¢ Data from ref 219 Data for HBDI.

See ref 242 While the calculatedtmax for 1+Water cannot be directly protein and chromophore structure.

compared with the experiment (the fluorescence in water has a quantum Acknowledgment. We are grateful to Dr. S. R. Meech for
yield below 0.0001), the chromophore in &HEOH glass is highly  he|pfyl discussion. Funds are provided by Univérditaiena (PAR
fluorescent {max ca. 490 nm)f See refs 5 and 2%.See refs 5, 6, and 8. )

hThe B state model (see also Sl) is derived fratGFP_I by relaxing 02/04), HFSP (RG 0229/2000"\/'_)’ and CINECA. N.F. and T.A.
the T203 in a conformation allowing formation of an additional hydrogen are grateful for the EC fellowships HPMF-CT-2001-01189 and
bond with the phenate oxygenSee ref 8! See ref 7. HPMF-CT-2002-01769.

through hydrogen bonding. As reflected by the change reported Supporting Information Available: Methodological details; co-

in Table 1, (see charge analysis in the SI) upgnr-SS; excitation ordinates of all optimized structures; tables of energies, charge
the oxygen charge migrates toward the imidazolinone moiety. This distribution, « and oscillator strength f; simulated RR spectra. This
change in electronic structure is followed by a stretching relaxation Material is available free of charge via the Internet at http://pubs.acs.org.

aExperimental values in square brackét®ata for the 2,3-dimethyl

that leads to the emitting states (i.e. to thesGuilibrium structure).

Inspection of Table 1 indicates that, in contrast to the solvate
chromophore1- - -H,O “mimics” closely the properties of the |
state with differences in the absorption and emisdign less than
15 and 10 nm, respectively. Furthermore, theSS, and S — S
Au agree within 0.6 D. This value reflects the similar magnitude
of the instantaneous increase in negative charge of the imidazolinone
moiety (e.g., for 3— S;, +0.23 € in 1- - -H,0 and+0.26 € in
2+GFP_l). In contrast, and consistently with its ca. 40 nm blue-
shifted absorptionl+water display a larger{0.36 €) negative
charge increase that leads to a larder change and shorter; S
C1—CT7 bond. The spectral difference betwekehwater and1- - -
H,0 could be primarily attributed to the more effective Na
stabilization of 3 (featuring the negative charge on the oxygen)
with respect to §(where part of the negative charge has moved
away from the oxygen and toward the imidazolinone).

The data reported in Figure 2 and Table 1 indicate ZratW1
(i.e. the “internal” 1- - -H,O complex) represents the emitting
domain of wt-GFP. This is confirmed by the values of the
absorption (470 nm) and emission (502 nig)y of the 2- - -W1
moiety taken with it2+GFP_I| geometry (see Sl for details). To
demonstrate the importance of the bonding to W1, we report the
S and S equilibrium structures of a (ca. 20 kcal mé) higher-

1---H,0

143 1.36
[144]y [1.45]
P

1.25
[1.26]

140 138
1471 [1.42]

ub-2+GFP

144 136

208

Figure 2. S and S (square brackets) CASSCF/CHARMM optimized
structures of the models discussed in the text. Parameters in A and degrees.
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