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Abstract: An extensive study of the optical absorption spectra of the blue fluorescent protein (BFP) is
presented. We investigate different protonation states of the chromophore (neutral, anionic, and cationic)
and analyze the role of the protein environment and of thermal fluctuations. The role of the environment is
2-fold: (i) it induces structural modifications of the gas-phase chromophore, the most important being the
torsion of the imida rings; and (ii) it makes a local-field modification of the external electromagnetic field.
It turns out that the torsion of the imida rings shifts significantly the gas-phase spectra to lower energies,
whereas the consistent inclusion of the closest residues field produces only minor modifications on the
spectra. From all of the configurations studied, the neutral cis-HSD and the anionic HSA seem to be the
most likely candidates to explain the experimental spectrum. Furthermore, the present results clearly rule
out the presence of the cationic protonation state (HSP) of the chromophore. However, a better description
of the measured experimental absorption data may be obtained when the temperature fluctuations of the
floppy torsional motion of the two imida rings are included. Our results, together with previous work on the
green fluorescent protein, demonstrate the power of combining time-dependent density functional
calculations and optical absorption measurements to discern the relevant chemical information on the nature
and state of chromopeptides.

. Introduction own absorption properties. This unique characteristic, due to
The study of the optical properties of biochromophores has the protective_ cage-like _secondary st!ructu_re of the protein, makes
developed into an important and active field of research. The the GFP an ideal candidate for a biological marker.
rationale is clear, as the absorption and emission of light by = With the widespread use of the GFP, there has been an
biomolecules are at the center of crucial biophysical processes,ncreasing demand for the ability to visualize different proteins
such as vision or photosynthesis, and has led to variousin Vvivo that require multicolor mode imagirfgrhis has triggered
important technological applications. Among photoactive pro- intensive research aimed at the development of GFP mutant
teins, and due to its unique photophysical propettias, family forms with different optical responses. A mutant of the
composed by the green fluorescent protein (GFP) and its mutantschromophore of particular interest is the Y66H variant, in which
has attracted a considerable amount of attention during the pastfyr66 is mutated to Hid:* The resultant protein exhibits
decade. These molecules have been used as important anfluorescence shifted to the blue range and is, for that reason,
versatile fluorescent markers, with widespread applications in often referred to as the blue emission variant of the GFP, or
the field of biotechnology. One of the originalities of the GFP the blue fluorescent protein (BFP; see Figure 1).
resides in the fact that the chromophore responsible for the Important differences and similarities exist in the absorption
photophysics of the protein, g-hydroxybenzylideneimidazo-  spectra of the GFP and BFP. The optical absorption spettfum
lidin-5-one, is completely generated by an autocatalytic, post- of the wild-type (wt) GFP has two main resonances at 2.63 and
translational cyclization and oxidation of theSer66-Tyr66— 3.05 eV, which are normally attributed to two protonation states
Gly67— triad, without the need of any external cofactor. Thus,
all of the information needed to synthesize the biochromophore (2) Heim, R.; Tsien, RCurr. Biol. 1996 6, 178-182. . .
is encoded in the corresponding gene. Furthermore, the GFP (%) Bachiet, Ri King, B 1re87 a6 avao orgs, oo R Boxen S
can be easily attached to other proteins without changing its (4) gB?L,J?biitZ. G.; King, B.; Boxer, SJ. Am. Chem. Sod 99§ 120, 9370~

(5) Yang, F.; Moss, L. G.; Phillips, G. N., Xat. Biotechnol1996 14, 1246—
1252.

T Euskal Herriko Unibertsitatea.

¥ DlP_C- . . . (6) Chattoraj, M.; King, B.; Bublitz, G.; Boxer, $roc. Natl. Acad. Sci. U.S.A.

8 Freie UniversitaBerlin. 1996 93, 8362-8367.

TUPV/EHU. (7) Niwa, H.; Inouye, S.; Hirano, T.; Matsuno, T.; Kojima, S.; Kubota, M.;
(1) Zimmer, M.Chem. Re. 2002 102 759781 and references therein. Ohashi, M.; Tsuji, FProc. Natl. Acad. Sci. U.S.A996 93, 13617-13622.

10.1021/ja050935! CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 12329—12337 = 12329



ARTICLES Lopez et al.

obtain useful chemical information on the nature and state of
biochromophore& QM/MM combines the ability of molecular

. GLN9%4 mechanics to efficiently simulate very large compounds and the

HIS148 ARG96 necessity of quantum mechanics to compute many important
guantities and to model chemical reactions. It is currently the

: Cs o I , method of choice to study the dynamics of chromophores
h Ne ' embedded in large protein matrices. On the other hand, TDDFT

is a very powerful tool for the calculation of excitation spectra
of finite systems. It has, therefore, become a popular method
to solve this kind of problems both in physics (atomic,
molecular, and condensed matter) and in quantum cherfidfry.

In this work, we apply our combined approach QM/MM
TDDFT to the calculation of the optical absorption spectrum
I%; of the different protonation states and conformers of the BFP.
Figure 1. Structure of the cis-HSD chromophore (balls and sticks) of the Our resu',ts indicate that the mOSt, likely protonation state of
blue fluorescent protein and of its closest residues. We also indicate the the BFP is the neutral (HSD in Figure 2). Furthermore, the
nomenclature used in the text for each atom. In the QM/MM calculations, influence of the protein environment in the absorption spectrum
B S o e 1S Melnly of structural crgin, by inducing & cistorted nonplanar
TDDF?calculations, some residues around the chrorﬁopeptide were addeds'[rUCture in the chror_’nopeptlde. This C.OUId be contributing to
to the QM part. Thus, His148, Glu222, and Arg96 foEmvironment | the observed red-shift in the absorption spectrum when the
whereas His148, Glu222, Arg96, Ser205, GIn94, and the water molecule protein is folded. However, a better agreement with the
(all residues shown in the figure) forBryironment IL measured experimental absorption data may be obtained when

of the chromophorThese two states, one anionic and the other 1€ temperature fluctuations of the floppy torsional motion of
neutral, result from the deprotonation/protonation of Tyr66. On € o imida rings are included. _
the other hand, the spectrum of the BFP (see Figure 5) is This article is organized as follows. In the next section, we
characterized by absorption between 3 and 3.5 eV, with a main describe our methods. These include (i) ground-state density
peak appearing at 3.21 eV and a secondary peak at 3.36 evfunctional calculations of the chromophore in the gas phase;
Furthermore, the spectrum also shows a smaller peak at 3.05() QM/MM techniques to characterize the structure of the
eV and finally a shoulder at 3.49 eV. Another important chromophore under the influence of the protein matrix; and (iii)
characteristic of the spectrum is the shift observed between TDDFT to obtain the absorption spectra. The following section
folded and unfolded conformations of the BFP protein. Ac- is devoted to the presentation and discussion of our results. We
cording to Wachter et af.the excitation spectrum of the BFP ~ Start by studying the structure, energetics, and optical spectra
chromophore in the folded protein exhibits an absorbance Of the chromopeptide in the gas phase. Next, we investigate
maximum at 3.25 eV. However, in the unfolded protein, the the influence of the protein matrix, the role of the charged
absorbance maximum is at 3.38 eV. Thus, the observed effect'€Sidues closest to the chromophore, and the effect of temper-
of the protein folding is a red-shift in absorbance of about 0.13 ature on the spectra. Finally, we draw our conclusions and give
eV. Comparing this spectrum with the one of the wt-GFP, we @& Small overview.
observe that the BFP absorbs in the region corresponding t0;, methods
the neutral state of the GFP. However, the low-energy peak _ _ _ _
detected at 2.63 eV in the GFP (corresponding to the anionic A. Density Functional Calculations in the Gas PhaseThe
state of the chromophore) is not present in the BFP. structures of the different protonation states and conformations of the
In the case of the BFP, the assignment of the absorption p(:)‘,;lkschromophore were characterized in the gas phase. The combination of
o . ' . oo L four different protonation states (one cationic, two neutrals, and one
:ﬁesf?rg:é;;;g[ﬁizgzglifjtiitzsolr?eacr?rlg;frlﬁgghtsrsekbfl?hgrénlflgplgn anionic) and three structures for each (two stable structures, and one

. . o transition state) leads to 12 different conformations, which are depicted
assume three different protonation states (cationic, neutral, and, Figure 2.

anionic), in several possible conformations (see Figure 2). A calculations were carried out using the Gaussian 98 suite of
Estimations of the i§, of the chromopeptidepoints to values  programsi The gas-phase structures were optimized at the B3LYP/
of 4 and 13 for Kt and (K2, respectively, which seems to  6-31++G(d,p) level>-® and the electronic energy was then refined,

exclude a significant population of the anionic state of the BFP

in the ground state. Nevertheless, the anionic state could, in (9) Gross, E. K. U.; Dobson, J. F.; Petersilka, MDansity Functional Theory
L. . . . Il, Topics in Current ChemistryNalewajski, R., Ed.; Springer: Berlin,
principle, be formed in the excited state, as in the case of the 1996; Vol. 181, pp 8+172.

wt-GFP! If this is the case, it is likely that this state has a very (10) Casida, M. E. IiRecent Deelopments and Applications of Modern Density
- . . Functional Theory Seminario, J. M., Ed.; Elsevier Science: Amsterdam,
short lifetime since a proton transfer from the protonated His148 1996: pp 39+439.

would again neutralize the chromophore. (11) Marques, M. A. L.; Gross, E. K. UAnnu. Re. Phys. Chem2004 55
Recently, we demonstrated how a QM/MM molecular (12) Marques, M. A. L.; Gross, E. K. U. IA Primer in Density Functional

H i H H Theory Fiolhais, C., Nogueira, F., Marques, M. A. L., Eds.; Springer-
dynamics characterization of the chromophore structure in the Verlag: Berlin. 2003: pp 144184,

protein matrix and first-principles time-dependent density (13) Onida, R.; Reining, L.; Rubio, ARes. Mod. Phys.2002 74, 601-659.
functional theory (TDDFT) calculations can be combined to (14) Frisch, M. J. et alGaussian 98revision a.2; Gaussian, Inc.: Pittsburgh,

C

A,
SERZ(]S\#

GLU222 |

PA, 1998.
(15) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.
(8) Marques, M. A. L.; Lopez, X.; Varsano, D.; Castro, A.; Rubio,ys. (16) Becke, A.Phys. Re. A 1988 38, 3098-3100.
Rev. Lett. 2003 90, 258101. (17) Lee, C.; Yang, W.; Parr, RRhys. Re. B 1988 37, 785-789.
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Figure 2. All gas-phase structures of the BFP chromophores characterized in the present work: the various protonation states, including the cis/trans
conformations and the transition state configuration.

at optimized geometries, by single-point calculations at the B3LYP/ molecules were added to fill empty spaces and to complem&nA
6-311++G(3df,2p) level. The enthalpic and entropic corrections were solvation shell around the protein.
determined with a frequency calculation at the B3LYP/6-31G(d,p) Departing from these coordinates, the positions of the hydrogen
level® These frequencies were also used to verify the nature of the atoms were initially estimated using the HBUILD comm#hdf
stationary points encountered. Thus, reactants, intermediates, andCHARMM.?* The CHARMM force field and parametéfswere
products exhibited real frequencies for all normal modes of vibration, employed for all of the calculations. An initial geometry optimization
whereas the transition states showed one imaginary frequency for thewas performed with all atoms within 10 A of the chromopeptide free
normal mode along the cidrans isomerization. The free energy was to move and the rest of the atoms fixed at their crystallographic
obtained as a sum of the B3LYP/6-3t+G(d,p) energy, the zero- positions. No cutoff was introduced to treat nonbonded interactions.
point vibrational energy (ZPVE), the vibrational correction to the ZPVE The system was minimized using the steepest descents and adaptive
at 298 K, and the rotational and translational energies at 298 K. The basis Newtor-Raphson minimization algorithms available in CHARMM.
zero-point vibrational energy and the thermal vibrational energy were After this initial relaxation, a second geometry optimization was
calculated in the rigid rotor-harmonic oscillator approximation. The performed, allowing this time all atoms to relax.
rotational and translational energies were treated classically d&8TL/2 Since the structure of the chromophore, especially due to the
per degree of freedom. heterocycle, does not correspond to the typical structure adopted by a

The nomenclature of the atoms in the chromophore is specified for serine, a histidine, or a glycine, there was a lack of specific force-field
the cis-HSD protonation state in Figure 1 and follows the characteristic parameters. Therefore, we decided to perform these calculations using
nomenclature for the atoms in the original amino acid sequence of the a quantum mechanical/molecular mechanical hybrid Hamilthian
BFP. (QM/MM), with an AM1 semiempirical Hamiltoniai to describe the

B. QM/MM Dynamics and Minimizations. The structures were  quantum par¥” The QM region was formed by the Ser65, His66, and
prepared according to the following protocol. The X-ray structure (2.1 Gly67 residues, and the frontier between QM and MM regions was
A resolution) of the BFP resolved by Remington ef (aIPDB code: 20) Brunger, A.: Karplus, MProteins1988 4, 148-156.
1BFP) was taken as the reference structure. The protein is composeqz1) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,

of 238 amino acids, the last nine C terminal residues missing, and S.; Karplus, M.J. Comput. Chenil983 4, 187-217.
(22) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L., Jr.;

corresponds to .thtle Y66H/Y145F variant of thequoregulctor}a’s Evanseck, J. D.. Field, M. J.; Fischer, S.: Gao, J.. Guo, H.; Ha, S.; Joseph-
GFP. The protein is folded in &-sheet barrel conformation, with the McCarthy, D.; Kuchnir, L.; Kuczera, K; Lau, F. T. K.; Mattos, C.;
chromophore occupying a central position inside the barrel as in the Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., lll;

. ; . R B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; St .; Wat:
GFP? The chromophore is formed by the sequence Ser65, His66 (which M(_);u\;(\,’iorkies\;icf_rkﬂfzéra’ JS{}]'n bJ_; Ea}p?uz,el\'/u_ ﬁhsyfgaéﬁ{_ Bgzgnabe‘
substituted Tyr66 of the wt-GFP), and Gly67. The residue Ser65 is 102, 3586-3616. _
chemically modified so that its carbonyl carbon is linked to the nitrogen (2%) %esld* M. J.; Bash, P. A.; Karplus, M. Comput. Chem9q 11, 700~

of Gly67 and the carbonyl oxygen is eliminated. As a result, the (24) Dewar, M.; Zoebisch, E.; Healy, E.; StewartJJAm. Chem. Sod.985

chromophore is formed by two consecutive rings, the imidazole-type 107, 3902-3909. L . .
. . . c . (25) The octopus project is aimed at describing the eleetam dynamics in
ring of His66 and a five-membered heterocycle (imidazolinone) formed finite and extended systems under the influence of time-dependent

by the backbone of His66, the carbonyl carbon of Ser65 and the nitrogen electro(?&?tgnet/ic fields. Tr/1e prograchandbe f_rleely dowr'uoaded fro'\r;] itAhttE://
: _ WWW.t .org/programs/octopus. For detalls, see: arques, AL LG
of the bacl_<pone of Gly67 (_S(_ee Figure 1). In the X ray st_ructure, several Castro, A.; Bertsch, G. F.: Rubio, AZomput. Phys. Commug00Q 151,
water positions were identified, some of them lying insidefkgheet 60-78.
rrel. Th r molecul re kept in th lculations. an r(26) (a) Yabana, K.; Bertsch, G. Phys. Re. B 1996 54, 4484-4487. (b)
barre ese water molecules were kept in the calculations, and wate vabana, K - Bertsch, G. ot J. Quantum Chen999 75, 5566,
(27) Castro, A.; Marques, M. A. L.; Alonso, J. A.; Rubio, A.Comput. Theor.

(18) Becke, AJ. Chem. Phys1993 98, 5648-5652. Nanoscienc&004 1, 230—-253.
(19) Hehre, W.; Radom, L.; Schleyer, P.; PopleAB.Initio Molecular Orbital (28) Castro, A.; Marques, M. A. L.; Rubio, A. Chem. Phy2004 121, 3425~
Theory Wiley-Interscience: New York, 1986. 3433.
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treated within the H-link approximation. In this approach, a hydrogen electrons.) The KohaSham wave functions at timi can be obtained
atom was included whenever the frontier between the QM and MM analytically and read am;(r,0t) = €<y;(r, 0). Those orbitals are then
regions passed through a chemical bond. This H-link atom was forced propagated in time using a unitary and stable sch&nfeom the
during the minimization to be in the line along the frontier bond, and induced densityn(r,w), it is then straightforward to calculate the time-

it did not interact with the MM atoms. To avoid the QM/MM frontier ~ dependent induced dipole moment, from which the photoabsorption
to be in the C(O)N peptide bond, the carbonyl group of Gly67 was cross-section follows

removed from the QM part and the carbonyl group of Phe64 was

included. In this way, the two H-link atoms included cut through@ o(w) = 4”w(7f A v, (r)ON(r,w) )
bonds. The resultant QM zone is depicted in Figure 1. KC &

In addition, we also minimized the structure following a different
protocol, in which a short QM/MM molecular dynamics of 200 ps was
carried out at 300 K with 0.5 fs time steps. After this molecular
dynamics simulation, the geometry of the BFP was again fully relaxed.
The structure thus obtained was very similar to the one obtained with
the QM/MM minimization using the X-ray geometry as the starting
point.

C. Excitation Energies in TDDFT. At least two different ap-
proaches are commonly used within TDDFT to calculate electronic
excitations: one based on the direct propagation of the time-dependen
Kohn—Sham equationsand the other, more widely used, based on
the identification of the pole structure of the linear response function,
known as Casida’s equatioh¥’ The two are fully equivalent in that
one works in the linear response regime when solving the time-
dependent KohaSham equatior&3 (see below).

In the present work, we follow the former, more direct route to
compute excitation spectra. The scheme is based on solving in real-
space the time-dependent KehBham equations for a system respond-
ing to a perturbing electromagnetic field This method has been
successfully applied to clustét$” and biomolecule$?”

The starting point for the time-dependent simulations is the Kohn
Sham ground state of the electronic system. The time-dependent
equation is then solved for the occupied Ketham orbitalsy; in
the presence of the (time-dependent) perturbatian(r, t)

wherec is the velocity of light. For smalt, this time evolution maps
the linear response of the system, thus being equivalent to solve Casida’s
equations?®

There are several advantages in our method relative to the traditional
linear response function approat’(i) the scaling with the number of
atoms is more favorable; (ii) we do not need an approximation to the
exchange-correlation kernel (only the exchange-correlgtmtential
appears during the equations); (iii) only the occupied states need to be
tpropagated, so there is no need to compute empty states; (iv) this
method is trivially extended to nonlinear response and is ideal to be
combined with molecular simulations of the ions.

All calculations of the BFP chromopeptide were performed with the
code octopu$® The electror-ion interaction was described using norm-
conserving pseudopotenti&sAll quantities were computed using a
uniform grid-spacing of 0.23 A and a time-step of 0.002V. The
time evolution was run for a maximum time of 20 fs, which yielded
spectra with a resolution of about 0.1 eV.

Finally, some words on the choice of the approximation to the
exchange-correlation potential. We recognize that the LDA functional
is less successful than either GGA or hybrid functionals for the purpose
of computing both structural and energetic propeidsowever, it is
well-known that using the traditional generalized gradient approxima-
tions (GGA) does not lead to significant improvements over the local
density approximation (LDA) for the calculation of absorption spettra.
Furthermore, the spectra calculated in this way turn out to be in quite

,hw = good agreement with experimental data, typically with an error of about
ot 0.1 eVv&L1227There are, however, some important exceptions to this
A, rule, namely, infinite, periodic systefisgnd charge-transfer processes.
"~ 2m V2 Vion() + Ve (1) 0 (] 911 D (1) With this in mind, we opted for using the LDA in the parametrization

of Perdew and Zungé?,due to its numerical stability.

whereuion denotes the potential generated by the nucleiapglis the
Hartree plus exchange-correlation potential.

To obtain the linear optical absorption spectrum, one excites all  A. Isolated Chromophore.In this section, we study the BFP

Il. Results and Discussion

frequencies of the system by applying the electric figddd(r, t) = — chromophore in the gas phase. Several structures are considered,
«z0(t). (This is equivalent to giving a small momentumto the involving three different protonation stateanionic (HSA),
neutral (HSE or HSD), and cationic (HSP), and three different

29) (a) Troullier, T.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006. (b . -,
9) |(<|E)3inman, L.; Bylander, D. MPhyé_ Re. Lett. 1982 48, 14251428,("1) conformers-the cis, the trans, and the transition state (TS). All

this work, we used the core radij = 1.49, 1.39, and 1.39 au for the s, p, of these structures are depicted in Figure 2.

and d components of the carbon, nitrogen, and oxygen pseudopotentials. . .

The pseudopotentials can be downloaded from the octopus wel?fpage. 1. Structure and Energetics.For each protonation state of
(30) Mercero, J. M.; Matxain, J. M.; Lopez, X.; York, D. M.; Largo, A.; Eriksson, ; i

L A Ugalde. 3. Mt 3. Mass. Spectron2005 240 3799, the_BFP, _there are two stable (_:onforrr_lguons, acis an_d a trans,
(31) Marques, M. A. L.; Castro, A.; Rubio, A. Chem. Phy<2001, 115, 3006~ defined with respect to the relative position of the two nitrogens,

3014. o o ; ; ]
(32) Dreuw, A.; Head-Gordon, M. Am. Chem. So€004 126, 4007-4016. Ns and N, on the imidazole and imidazolinone rings, respec
(33) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048-5079.
(34) Boye S.; Nielsen, I.; Nielsen, S.; Krogh, H.; Lapierre, A.; Pedersen, H.; (38) The main structural features of the AM1/MM calculations were confirmed

Pedersen, S.; Pedersen, U.; Andersed, IChem. Phys2003 119, 338- by two additional geometry minimizations using two other methods. In
345. the first, the SCE DFTB method® interfaced with CHARMM was used,

(35) Laino, T.; Nifosi, R.; Tozzini, VChem. Phys2004 298 17—28. and the system was prepared with the same definitions for the QM and

(36) Cui, Q.; Elstner, M.; Kaxiras, E.; Frauenheim, T.; Karplus, MPhys. MM regions as in the AM1/MM calculations. In the second method, we
Chem. B2001, 105 569-585. performed a full QM calculation using B3LYP/6-31G* but with limiting

(37) The precision of the AM1 semiempirical method for these systems was the definition of the protein environment to the side chain of His148,
tested by performing gas-phase calculations for all chromopeptide isomers Glu222, and Arg96. A constrained geometry optimization was then
in the various protonation states and comparing to the B3LYP relative performed with some of the His148, Glu222, and Arg96 side chain atoms
energies. It was found that, for the three protonation states, AM1 and fixed at their AM1/MM positions. We found that these two new structures
B3LYP gave the same lowest-energy conformer. Thus, the AM1 relative were qualitatively similar to the structure obtained by AM1/MM. In
energies (in kcal/mol) for each protonation state are: trans-HSAJ) < particular, all of them exhibited: (i) £&-Cs < Cs —C,, (ii) very small
cis-HSA (0.0), cis-HSD €6.7) < trans-HSE {-3.4) < trans-HSD¢2.9) DH1 angles, and (iii) DH2 values that denote an important breakdown of
< cis-HSE (0.0), and cis-HSP-.3) < trans-HSP (0.0). In addition, there the coplanarity of the two rings in the chromopeptidd:5.6> (SCC-DFTB/

is a very good agreement between the AM1 and B3LYP gas-phase MM), —11.4(B3LYP/6-31G*).

geometries for cis-HSD (the isomer for which we performed extensive QM/ (39) Here, we take(w) = fdaf (o, T)o(a,w), wherea denotes the DH2 angle,
MM simulations): G—C; distance is 1.350 A, £-C, distance is 1.427 o(o,w) = o75(90w) + (1 — a/90)(0cis(0,0) — o75(90w) is given in terms
A, C,—Cs—C, angle is 126.7, DH1 is 0.F, and DH2 is—0.3". of the absorption cross-section of the cis and TS conformations.

12332 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005
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Table 1. Some Relevant Qeomet;ical Features of the reference). Quite interestingly, the nature of the lowest-energy
Chromophores Shown in Figure 2 conformer (cis or trans) varies with the protonation state. In
Distances Angles the case of the HSA and HSE, the trans conformers are more
Co—Cs CsyC, X Ng=X NHs Co-Cs~C, DH1®  DH2" stable, whereas for the HSD and HSP, the cis conformers are
Anionic HSA favored. These trends can be explained by simple qualitative
cis  1.383 1.409 N 3.302 1335 0.0 0.0 arguments: the conformer with a proton closer to the nitrogen
TS 1355 1.469 127.9 00 892 qfimidazolinone (V) is favored because of a favorable internal
trans 1.386 1.406 £ 3.231 2737 130.4 0.0 180.0 L . . .
N I HSE hydrogen bond/electrostatic interaction with this proton. In the
eutra H H
s 1356 1441 N 3471 130.4 0.0 0.0 case of the HSA and HSE, this conformation happ(_ans to be the
TS  1.345 1.476 124.9 14 836 trans. In the case of the HSD and HSP, both cis and trans
trans 1357 1.439 £ 3.075 259  127.1 0.0 180.0  conformers have a proton located for a favorable interaction
Neutral HSD with N,. However, the cis conformers are favored due to the
cis  1.362 1.426 B 2.853 2165 125.6 0.0 00  higher polarity of the N-H bond.
TS  1.347 1471 1248 —14 918 . S .
trans 1359 1.430 £ 3.182 2687 127.1 0.0 1800 2. Optical Ab.sorptlon in Fhe Gas PhaseFigure 3 shows.
Cationic HSP the TDDFT optical absorption spectrum for each protonation

cis 1.355 1.441 B 2.696 1.913 122.2 0.0 0.0 state and conformation of the chromophore in the gas phase.
TS  1.348 1.469 121.9 -0.8 929 To help the discussion, we collect in Table 3 the positions of
trans 1.355 1438 £ 3013 2523 1235 00 1800  the main peaks for each spectrum. The spectrum is sensitive to
both protonation state and conformation of the chromophore.

aBond distances are in angstroms and angles in dedt@ds1 stands

for the dihedral angle formed by the,NC,—Cs—C, nuclei, and DH2 is For the cis-HSD, the lowest-energy chromophore in the
the dihedral angle formed by NC,—Cs—Co. neutral state, there are two main peaks in th&2V region:
Table 2. Relative Energies in the Gas Phase with Respect to the at 3.24 and 3.82 eV. Isomerization to the trans conformation
cis Conformera for the Various Protonation States of the leaves the first of these peaks almost unaffected. However, the
Chromophore second one is shifted by 0.1 eV and witnesses a significant
AE, AE AH TAS AG decrease of its absorption strength. At the TS, and due to the

_ Anionic HSA orthogonality of the two rings, the main absorption peaks are
cis 0.00 0.00 0.00 0.00 0.00 shifted to energies higher than 5 eV (5.21 eV), and only low
TS 17.83 17.08 16.80 -0.58 17.38 b fi t th b d in th&s 2V Th
trans 345 336 337 -0.06 331 absorption strengths are observed in range. These

Neutral HSE results reveal the important dependence of the optical properties
cis 0.00 0.00 0.00 0.00 0.00 of the chromophore on the relative orientation of the imidazole
TS 5.34 5.05 4.62 -1.08 5.70 and imidazolinone rings. In fact, the breaking of planarity going
trans -4.76 -4.64 -4.69 -0.23 -4.46 from the cis to the TS makes the evolution of the two lower-

_ Neutral HSD energy peaks depend on the protonation state; we get a red-
cis -10.47 -10.01 -10.17 -0.57 -9.60 shift for the HSD and HSA chromophores, whereas a blue-shift
TS 4.79 4.59 417 -1.00 5.17 i obtained for the HSP and HSE. This will h .
trans 474 459 460 2010 450 is obtained for the > and - This will have important

Cationic HSP consequences when discussing the optical properties of the
cis 0.00 0.00 0.00 0.00 0.00 chromopeptide in the protein matrix, where the most likely
TS 13.70 13.43 13.16 -0.37 13.54 configurations compatible with X-ray data are the cis-HSD and
trans 6.28 6.19 6.37 0.61 5.76 HSA.

aFor the case of the neutral chromophores, we have selected the cis- | h€ SPectrum is also sensible to the specific tautomer of the
HSE as reference. All numbers are in kcal/mek corresponds to the neutral chromophore. In cis-HSE, two peaks of almost equal
electronic energyE, corresponds to the electronic energy plus the zero- pejghts at 3.32 and 3.97 eV are obtained and two smaller peaks
point vibrational energy correctiof to the enthalpyT to the temperature, . .
Sto the entropy, and to the free energy. at 4.42 and 4.65 eV. Isomerization to the trans conformation

has a very small influence on the position of the first peak, but

tively. The transition state connecting them, which corresponds the second peak almost disappears. Finally, in the transition state,
to a torsion around the,SC, bond was obtained by constrained ~there is very little absorption between 2 and 5 eV.
minimization for each fixed torsion angle. All relevant structural The changes in the optical spectrum are more pronounced
information of the isolated chromophores can be found in Table when we consider the anionic and cationic states of the
1. In all of these structures, irrespective of the total charge of chromophore. The main absorption peaks for the HSP (cationic
the system and of the conformation, the-€C; bond distance  state) are located at 4.06 eV for cis and 4.02 eV for trans,
is shorter than that of &-C,, indicating a larger double bond  significantly higher than for the neutral states. There is a second
character for the £-Cs bond. As expected, all cis and trans peak at lower energies, 3.00 eV (cis) and 2.88 eV (trans), but
conformers exhibit coplanarity of both imidazole and imida- of much lower intensity. However, in the case of the anionic
zolinone rings, as indicated by the values of the dihedral anglesstate HSA, the main peaks overlap with the absorption region
DH1 (N,—C,—Cs—C,) and DH2 (N—C,—Cs—C,). At the of the neutral state, the main absorption being at 3.24 eV (cis)
transition states, both rings lie in almost perpendicular planes and 3.05 eV (trans). This behavior remains unaffected by the
(DH2 varying from 83.6 in TSHSE to 92.9 in TS HSP). protein environment and is relevant for the interpretation of the

The relative energies, with respect to the cis conformer in measured optical spectra of BFP (see discussion below). Note
each protonation state, are shown in Table 2 (for the two neutral that this characteristic of the anionic spectrum is fundamentally
species HSE and HSD, we took the cis-HSE as energy different from the spectrum of the wt-GFP, for which the main
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Figure 3. Optical absorption spectrum in the range ef®eV for the various protonation states and conformers of the chromopeptide in the gas phase (cis:
blue solid line; TS: green dashed line; and trans: red dotted line). Refer to Figure 2 for details on the geometries.

solvents. Our results can be interpreted in the same way. We

Table 3. Main Absorption Peaks (with more than 0.5 oscillator
Iszgrengtgzaof the Chromophore in the Gas Phase Corresponding to remark that the specig@-can structure of the BFP provides
igure
9 - shielding of the chromopeptide with respect to the aqueous
_ _ conformation solvent. However, the spectrum of the chromopeptide inside
protonation state cis s trans the BFP can be influenced by the interactions with vicinal amino
anionic HSA 3.24 5.46 3.05 acids and buried water molecules, and by protein-induced
neutral HSE 3393;2 521 3.30 conformational changes. This is analyzed in detail in the next
neutral HSD 3.24 5.23 3.20 section.
o 3.82 B. Chromophore in the Protein Matrix. 1. Structure of
cationic HSP 4.06 5.06 4.02 the cis-HSD Chromopeptide in the BFP Based on QM/MM
2 All number are given in V. Calculations. To study the effect qf the protein gnwror)ment
on the structure of the chromopeptide, QM/MM simulations of

absorption peak of the anionic state is 0.4 eV below the neutral the chromopeptide embedded inside the BFP were performed.
state (i.e., 2.63 versus 3.05 eV). From the several protonation states of the chromophore, we

Taking together the absorption maxima for the lowest-energy chose to start with the cis-HSD. This choice was motivated by
conformer in each protonation state, we have the following order two reasons: (i) this is the lowest-energy structure for the neutral
in absorption energies as a function of the protonation state of chromophore; and (ii) the X-ray data indicate that theaxd

the chromopeptide in the gas phase (in eV) the N, atoms are in a cis conformation.
In Figure 1, we display the geometry of the chromophore

3.05(HSA) < 3.24(HSD) < 4.06(HSP) together with its closest residues after the 200 ps MD run
. - I . followed by a full QM/MM minimization. Selected geometrical
l)?lseritrr:en:tals aISSOC:uﬁg;atlr\:]zx?rg;eeor?et?e V\(I:I:r]ort:(? ereﬁg;teic:] parameters can be found in Table 4. The DH1 and DH2 dihedral
b P pep angles and the £-Cg and G—C, distances, collected along

3 )
solution;’ namely (in eV) the simulation, are shown in Figure 4. As in the gas phase, we
2.99(anionic)< 3.38(neutral)< 3.53(cation) found that during the simulation the values for thg—Cs
distance were smaller than that fog-€C,. More interestingly,

However, whereas the quantitative agreement is quite reasonable¢he inspection of the DH2 dihedral angle indicates that the
for the anionic and neutral states, there is a difference@b relative orientation between the imidazole and imidazolinone
eV in the absorption peak of the cationic state. This difference planes suffers important changes with respect to the gas-phase
is too high to be ascribed to an error of our computational structures. While the average value of DH1 is°Qi@dicating
method and, therefore, points to a significant solvent stabilization very small torsion around the,€ Cs bond, the DH2 dihedral

of the excited cationic state. In this respect, it has been regbrted significantly departs from gas-phase values, with an average
that the cationic state of the chromopeptide of the G¥BEW value of—18.3. Thus, the chromopeptide shows a considerable
mutant (where a tryptophan ring has been included instead of nonplanarity within the protein matrix. Other meth&tlalso
Tyr66) is sensitive to solvent effects as well, whereas the optical confirmed the breakdown of planarity of the chromopeptide
response of its anionic state is almost unchanged in differentwithin the protein, although the AM1 method seems to give
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Table 4. Selected Geometrical Parameters of the cis-HSD from Table 5. Absorption Energies in the Spectrum of the cis-HSD and
the QM/MM Dynamics and Minimizations?@ cis-HSA Chromophores in Different Configurations: Gas Phase
and Distorted as Inside the Protein (including different local
0 Fmin environments)?@
DH1 0.8 15 Structure Environment Peaks
DH2 —183 —196 Experiment
Ca-Cs 1.350 1.348 P 301
Cs-C, 1.428 1.427 (3.05, 3.36)
His66 His148
N;ises H[%fuzzz 1.844 1.809 Neutral cis-HSD
Hyo —Oa 2.508 2.318 planar gas phase 3.24 3.82
Hs66_Q@u222 1.957 1.997 distorted 3.09 3.54
distorted Env. | 3.04 3.39
aThe values ofX(andxmin differ since the potential around the minimum- distorted Env. Il 3.08 3.48
energy dihedral angle is not symmetrical. Anionic cis-HSA
planar gas phase 3.24
distorted 3.10
distorted Env. | 3.04
distorted Env. Il 3.08

2 0nly the peaks with an absorption larger than 0.5 in the range between
2 and 5 eV are shown. The experiment has a main peak at 3.21 eV with
two shoulders that are also given in parentheses.

DH2

Ex;')eriment
Gas-phase — — -

Distorted -----
Env.1 —-—
Env. 2

arb. units

Figure 5. Optical absorption spectrum for the cis-HSD state of the
. chromophore in the gas phase and distorted by the BFP protein environment,
1.3 135 1.4 1.45 15 compared with the experimental spectrum of the BFP.
C,C
B

o

Figure 4. (Top) DH1 (N,—Cy,—Cs—C,) versus DH2 (N—C,—Cs—C,) ; ;
dihedral angles collected along the QM/MM dynamics of the chromopeptide the chromophore, which W_e named. tbwlronmgnt of the
in the BFP. (Bottom) G—Cj; distance versus &-C, along the QM/MM chromophore. We have studied two different environments (see

dynamics. Figure 1). (i) Env. l includes His148, Glu222, and Arg96, which
are the charged residues in the vicinity of the chromophore
the maximum degree of nonplanarity among the tested methods(His148 and Arg96 positive; Glu222 negative). As such, it is
Hence, the results presented in this section should be taken agseasonable to expect that they will have a greater influence in
the maximum effect expected from a likely chromopeptide polarizing the electronic cloud of the chromopeptide. (ii) Env.
distortion. The torsion around the;€C, bond optimizes the |l is composed by Env. | to which we add Ser205, a buried

orientation of I—}{}?Ge for a hydrogen bond interaction with the  water molecule, and GIn94. All of these are polar residues that

negatively charged Glu222. The averagsfi— 05"%? dis- are within 2.5 A of the chromophore.
tance is 1.957 A, and after full optimization, 1.997-&pical The induced nonplanarity in the chromopeptide by the protein

values for a hydrogen bond. This departure of the planarity is environment has a sizable effect in the spectrum. It causes a
energetically possible since thg-6C, bond has a considerable  considerable red-shift of the gas-phase cis-HSD peaks, from 3.24
smaller double bond character than the-Cs bond. to 3.09 eV and from 3.82 to 3.54 eV. Thus, the optical
2. Optical Spectrum of the Neutral cis-HSD.To determine absorption is sensitive to the20° torsion around the £-C,
the role played by the protein intramedia in the optical bond of the chromopeptide. Quite interestingly, similar distor-
spectroscopic properties of the chromopeptide, we selectedtions have been found for the neutral state of the chromopeptide
various structures from the QM/MM minimization of the BFP in the wt-GFP, and these distortions also affect in a similar way
and performed TDDFT calculations. The results can be found the spectrum of the GF#E>
in Table 5 and in Figure 5. In Figure 5, we compare the  On the other hand, the effect of the polarization of the
experimental absorption spectrum with the gas-phase spectrumelectronic cloud by neighbor residues is less important. The
the optical spectrum of the chromopeptide with the geometry inclusion of the residues His148, Glu222, and Arg96 in the
adopted inside the BFP protein (i.e., a DH2-619.6" at the calculations (Env. 1) causes a further red-shift of the second
QM/MM minimized structure), and the spectrum of the chro- peak to 3.39 eV, but leaves the first peak (which is the
mopeptide plus a selection of some of the closest residues aroundbsorption maximum) almost unchanged at 3.04 eV. However,
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when enlarging the environment to Env. II, we find a spectrum 0.08 p R —
with a shape similar to the one of the twisted chromopeptide i h TG — — -
with two well-defined peaks at similar positions, 3.08 and 3.48 0.06 300 K (fit) -
eV. It seems that in our calculations, Env. | provides an
inhomogeneous surrounding to the chromopeptide, which leads 0.04
to an over-polarization of the electronic cloud. This artifact is
corrected when the chromophore is equally surrounded in all 002
directions. This delicate cancellation of the shielding of the ’
applied electromagnetic field is important when defining the
structure used for the calculation of the linear response. R 15
In summary, the calculations of the optical absorption of the Torsional Angle

chromopeptide inside the BFP exhibit a red-shift of the Figure 6. Distribution of DH2 angles from the molecular dynamics
spectrum, which has mainly a structural origin (breakdown of Simulation.

the planarity), with small contributions from polarization effects
of the environment. Similar conclusions were reached in the
study of the wt-GFP chromophof& he calculated 0.15 eV red-
shift provoked by the nonplanarity of the chromopeptide is in
quite good agreement with the observed red-shift of 0.13 eV
between the unfolded and folded proteins. However, the
experimental and theoretical main absorption peaks still differ
by 0.17 eV. This difference, although small, can be due to
different aspects: (i) errors induced by the use of the local-
density approximation to handle exchange-correlation effects;
(i) contribution from different protonation states; (iii) temper-
ature-induced local fluctuations of the chromopeptide; and (iv)
errors in the calculation of the exact degree of distortion of the

chromopeptide Wlth_the AML/MM Hamiltonian. . by only 0.1 eV with respect to the more stable HSD conforma-
3. Other Protonation States.We repeated the calculations  qn \e have investigated the cis-HSE conformation, having
of the previous section for other possible protonation states of the His148 in its neutral HSD state and the Glu222 protonated.
the chromopeptide. We only mention here the most interesting \y/e can think of this structure as generated from cis-HSD by
cases. protonation of Glu222 by the proton atsNf cis-HSD, and in
Since the [.! of the chromopeptide is around 4 in solution,  turn, protonation of N by His148. Notice that the cis-HSE
one could think that the cationic state is a possible protonation structure would be also consistent with the X-ray data in that
state of the chromopeptide. This is true, especially since the N, and N, atoms maintain a cis conformation. Thus, although
presence of the negatively charged Glu222 can probably shiftin gas phase the trans-HSE is the minimum of energy, this
the (K4 to even higher values. Calculations were, therefore, conformation is very unlikely in the protein environment.
prepared for this cationic state by putting His148 in its neutral  The spectrum consists of two main absorption peaks at 2.83
state. The resultant QM/MM dynamics/minimization led again and 3.56 eV, which are in less agreement with experiments than
to a nonplanar structure of the chromopeptide but with a DH2 the spectra obtained with the cis-HSD state of the chromophore.
of —11.9. TDDFT calculations of this structure showed an It is remarkable that the red-shift induced by the pro[ein
absorption maximum at 3.78 eV, significantly red-shifted with - environment is stronger for the HSE than for the HSD state,
respect to the 4.06 eV of the gas phase. Inclusion of Env. I'in reversing the order of the main absorption peaks from the gas-
the calculations led to a further red-shift, but of smaller degree, phase results. This indicates the importance of treating properly
yielding 3.70 eV. These values are around 0.5 eV higher than the environment in the calculation of the optical spectra.
the experimental absorption maximum and, therefore, indicate  From this discussion, it seems that the cis-HSD is the main
that this cationic state is not Contributing to the observed 0ptiC8.| contributor to the experimenta| Optica| Spectrum of the BFP.
properties in the BFP. However, the anionic cis-HSA could also be present in the
The already mentionedKp analysis seems to indicate that excited state.
the anionic state of the BFP is not present in the ground state 4. Temperature Effects.In the wt-GFP, we know that as
of the chromopeptidé. However, two reasons led us to we reduce the temperature from 298 to 77 K, the lower-energy
investigate further this state: (i) its gas-phase absorption peakpeak (resulting from the anionic state) shifts to higher energies,
is well within experimental range; and (ii) we could think of whereas the high-energy peak moves to lower enefgiEs.
the anionic state as a result of the deprotonation of the neutralexpect some similar effect to be present in the BFP spectra (note
cis-HSD state in the excited state (as it is the case for the neutralthat the experimental measure was done at 7)7 K simple
state of the GFP), and formation of a protonated Glu222. In explanation for this shift can be given in terms of the floppy
order for this state to be sufficiently long-lived, it would require torsional motion of the imida rings in the case of BFP. By
a neutral state for the His148. Thus, we prepared the cis-HSA inspecting the gas-phase calculations shown in Figure 3, we
state of the chromopeptide with His148 in its H®:utral state clearly see that going from the cis to the transition state leads
and Glu222 protonated (neutral charge). The cis-HSA state into a shift to lower energies of the two first peaks of the HSD
the BFP protein environment showed a smaller deviation from and HSA chromophores.

planarity as compared to the cis-HSD stat€l®° versus the
—18.3 of the neutral cis-HSD). The spectra consist of a main
peak at 3.08 eV with a shoulder at 3.33 eV and a higher energy
peak at about 4 eV. The main absorption peak is indistinguish-
able from the main peak of the cis-HSD conformation. In
contrast to the results of the wt-GFP, where the anionic and
neutral states are clearly associated to each of the two main
absorption peaks, the spectra of the BFP by itself cannot
distinguish between the anionic and neutral states.

Still, by looking at the gas-phase data, we conclude that the
other neutral state (HSE), although energetically less stable,
could also be present in the BFP. Furthermore, the main
absorption peak of the gas-phase spectra of HSE is blue-shifted
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Experiment —— protein as their spectral features are outside the measured
i+ R absorption spectra.

We have shown the importance of including the protein-
induced structural changes of the chromophore. This mainly
translates into the breaking of planarity of the otherwise planar
gas-phase structures. Our calculations suggest that this break-
down of planarity could be responsible for the 0.13 eV red-
shift observed between folded and unfolded conformations of
— the BFP proteird. Furthermore, our calculations show a subtle
4 5 cancellation of the shielding of the electromagnetic field acting

on the chromophore due to its closest residues. This cancellation
Figure 7. Final compari'son between the calculated 0ptiqa| absorption effect shows that the calculated spectra for the isolated (twisted)
spectra at 77 K for the cis-HSA and HSD states and experiment. . .
chromophore and that for the chromophore in the protein are
nearly identical.

arb. units

At T = 0 K, the protein environment induces a rotation of ) ) ]
—19.6(12) for the neutral (anionic) conformations. To assess AAnother important conclusion regards the importance of
the importance of temperature, we performed a consfant temperature-induced fluctuations of the angle between the two
molecular dynamics simulation of the neutral HSA conforma- Mida rings. Once this effect is taken into account, we get an

tion. We observed that the chromophore fluctuates quite a lot, @dditional 0.1 eV blue-shift of the spectra, which brings the
mainly in what concerns the DH2 dihedral angle (see Figure calculated spectrum in very good quantitative agreement with

4). A simple model of the optical spectra at finite temperature experiment. Fgrthermore, this effect might also be the reason
can be obtained by considering the distribution function of the for the small difference between the measured and calculated
DH2 angles in the simulation, shown in Figure 6, and assuming Neutral conformation of the wt-GFP in our previous calcula-
that the spectra for a given dihedral angle can be obtained bytlor_ls.8 Still, we do not reproduce the fine structure of the spectra,
a linear interpolation between the gas-phase spectra for the cigVhich can be caused by vibrational sidebands. These effects
and the TS (0 and 90respectively} If we follow this procedure ~ @re, however, beyond the goal of the present study.

using the gas-phase data, we realize that the main absorption In conclusion, we were able to reproduce the measured
peak shifts by about 0.1 eV for both the cis-HSA and HSD spectrum of the BFP with high accuracy, and we were able to
states. The main peak now occurs at 3.18 eV, in very good identify which protonation state of the chromophore is most
agreement with the measured value of 3.214&Ve can follow likely. These results, together with our previous work on the
the same protocol for the case of the chromophore inside thewt-GFP, confirm the predictive capabilities of our QM/MM
protein. If we do so, we get the final results of Figure 7. TDDFT approach. However, we still lack a complete under-
Moreover, we witness an additional blue-shift when going from standing of the excited-state dynamics of protein chromophores.
80 K to room temperature. The very good agreement with To have a proper description of those systems would require
experiment should be taken with some care, as the model usedan extension of the present QM/MM techniques to allow for a
to treat temperature effects is very crude, and more work is better description of the environment excitations and the
needed in order to properly include temperature effects into the structural transformations in the excited state. Work along those
optical absorption spectra. However, the present model servedines is already in progress.

to illustrate the role of the temperature in the final spectra of
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