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Abstract: Green fluorescent proteins (GFPs) are being intensively investigated due to both their unusual optical
spectroscopic characteristics and the extraordinary utility of GFPs as tools in biochemistry, cell biology, and
molecular genetics. Recent studies have suggested that the spectrophotometric and fluorescence characteristics
of GFPs are controlled through protonation states of the GFP chromopibyeli(oxybenzylideneimidazoli-

none). However, of three protonation sites in the chromophore, only two have been studied. To understand the
structural origin of the observed spectrophotometric and fluorescence characteristics of GFPs, employing ab
initio methods, we have investigated all the possible protonation sites of the chromophore of denatured GFPs
under different pH conditions. Our results suggest that the denatured GFP chromophore exists in not just two
protonation states, as widely assumed in the literature, but in five different protonation states that depend on
pH over the range-3.2 to 9.4 as assessed from the predictégv@alues and the self-consistent reaction field
continuum calculations of solvation employing Safirgger’s Jaguar 3.5 program. The unexpected complexity

of the protonation states of the denatured GFP chromophore postulated here may provide a useful starting
point for a further investigation of the protonation states of the intact GFP chromophore responsible for the
experimentally observed UV absorption and fluorescence emission properties of structurally intact GFPs.

Introduction o} N

The photophysical properties of green fluorescent proteins MH/Y > _)LNH
(GFPs) are being intensively investigated. This measure of Ho HN-z0 © cyclization  Ho HN:;_OH
interest is driven not only by the unusual optical spectroscopic ;ENH )=o
characteristics of GFPs themselves, but also by the extraordinary HO /J*o
uses of GFPs as genetically encoded markers and as noninvasive Ser65-Tvr66-Glv67 )
intracellular pH sensors in molecular genetics, biochemistry, y y ldehydra“"”

and cell biologyt~6 There is great interest in the structure-based

design of mutant GFPs having different spectral properties, an

undertaking that might be expected to benefit from a fuller w —)LNH idation /©/\(1( ‘)LNH

understanding of the physicochemical principles underlying the HO

optical properties of the GFP chromophore. )=o )=o
Available evidence supports the autocatalytic formation of a

chromophorep-hydroxybenzylideneimidazolinone, during the

folding of some GFPs, such as those found in the bioluminescentFigure 1. A plausible mechanism for biosynthesis of the GFP
coelenteratedequoreavictoria’ and Renilla reniformié via a chromophore.

substituted p-hydroxybenzylideneimidazolinone
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Figure 2. Different protonation states of the substituted GFP chro-
mophore {—6).

An essential role of proton transfer, tautomerism, in modulating
the spectral properties of the chromophore has been inferred
from a variety of experimental and theoretical studies'5-18
From the chemical standpoint, the chromophore of GFPs has
three protonation sites and possibly six protonation states
(1—6, Figure 2). Two protonation states obtained by proton-
ating the carbonyl oxygen atom of imidazolinonelirand5,
respectively, which were proposed in the literattfrayere
excluded in our study because of their chemical instability. So
far, only the protonation sites at the phenolic oxygen atom and
the imidazolinone nitrogen atom of the chromophore have been
theoretically and experimentally studied for their relative acidity
(pKa)_4,16,18,19

Recently, the electron density mapsAdquoreaGFP S65T
mutant at pH 8.0 and 4.6 have been interpreted as the mutan

structures containing the chromophore in the deprotonated and

protonated phenolic forms, respectivéligxamining the crystal
structure and the electron density map of the mutant at pH 8.0
(PDB codes: 1EMG with resolution of 2.00 Aye found that

the electron density map could be interpreted as the mutant
structure containing the chromophore either in the protonated
form or in the deprotonated phenolic form (Figure 3). Consider-
ing the electrostatic interactions between Ser205 and Glu222
(Figure 3) and the Ig, of 10.0 for phenof° the protonated
phenolic form is more likely than the deprotonated phenolic
form for the chromophore in the intact mutant at pH 8.0. It is
thus not clear that the electron density map of the S65T mutant
at pH 8.0 provides experimental evidence for the deprotonated
phenolic form of the chromophore. For the same reason, it is
also not clear that other X-ray structures of GFPs solved to date
provide experimental evidence for the absence of the chro-
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Figure 3. Schematic diagram showing two possible protonation states
of the chromophore in the X-ray structure (1IEMG) of a GFP mutant at

PH 8.0. (The dash line indicates a hydrogen bond.)

mophore with the ring nitrogen atom protonated in the intact
GFPst&21 Although the reported X-ray structures of GFPs offer
valuable insight into the relationship between protein structure
and spectroscopic function, in our opinion, these structures are
not sufficient to deduce the protonation states of the GFP
chromophore that are responsible for UV absorption and
fluorescence emission.

Accordingly, we chose first to investigate the protonation
states of the chromophore in denatured GFPs. The rationale for
this decision was that exposure of the denatured GFP chro-
mophore to bulk solvent should allow theoretical prediction of
the K, value for each protonation site of the chromophore with
relatively high accuracy using the continuum dielectric method-
based [, predictor module of Schidbnger’s Jaguar 3.5 program
(see Methods). We could then use the calculatégvalues to
predict the protonation states of the denatured GFP chromophore
under different pH conditions. If we were able to match the
experimentally determined spectra of denatured GFPs with those
calculated, we could move more confidently toward rationalizing
the spectral properties of intact GFPs.

We report here the theoreticaKp values for all possible
protonation sites of the chromophore in denatured GFPs, the
predicted protonation states of the chromophore under different
pH conditions, and their biological implications.

(21) Wachter, R. M.; Elsliger, M. A,; Kallio, K.; Hanson, G. T.;
Remington, S. JStructure1998 6, 1267.
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Figure 4. A closed thermodynamic cycle used iKgcalculations.

Methods

The structures of the substitutpehydroxybenzylideneimidazolinone
shown in Figure 2 were taken from the X-ray structureAeijuorea
GFP (PDB code: 1EMCj and energy minimized with the Quanta
program using the CHARMmM force fiefd.The molecular mechanically
optimized structures were then used as starting structures for the
Schralinger K, prediction modul& implemented in the Jaguar 3.5
program?® Because the relative stabilities of tipehydroxybenzyli-
deneimidazolinone structures in different configurational states had not
been reported, we optimized tipehydroxybenzylideneimidazolinone
structures in the cationic, neutral, zwitterionic, and anionic forms in
both singlet and triplet states with the B3LYP/6-31G&(d,p) method.

We found that the singlet state structures in all four protonation forms
were at least 27 kcal/mol more stable than those in the triplet state.
Such energy differences are significant according to the chemical
accuracy of 2 kcal/md¥® Therefore, only structures in the singlet state
shown in Figure 2 were used in th&pcalculations. The harmonic

frequencies used to preclude the low-energy transition-state conforma-

tions of the substituted chromophore structures in different protonation
states were calculated using the HF/6-31G//HF/6-31G method.

The K, prediction module computes a rawgpvalue of a structure
BH according to eqs-14 that are derived from a closed thermodynamic
cycle shown in Figure 4 according to the reported continuum dielectric
method?” whereEx(gas) is Obtained from an ab initio calculation with
the B3LYP/cc-pVTZ(-f)H-]//B3LYP/6-31G[**] (the functions in brack-
ets are applied to the atoms involved in deprotonation.) methdg;
AGsok is derived from a self-consistent reaction field continuum
calculation of solvatioft using the B3LYP/6-31]G**//B3LYP/6-
31G[**] (the functions in brackets are applied to the atoms involved
in deprotonation.) methodyGsol+ is directly taken from the experi-
mental value of-259.5 kcal/moF? and TAS is approximated by the
reported entropy of a protomAS = 7.8 kcal/mol)?” A predicted (K
value is then obtained from the ravwKpvalue with an empirical
correction according to eq 5.

K (raw) = AG,/2.3RT= (AG, + AG, — AG)/2.3RT (1)

AG,= AH — TAS= Eg_(gae)~ Epyygas T ([)RT — TAS (2)

AG4 = AGsol,. + AGsol,. ?3)
AG, = AGsok, 4
pK, = A*pK (raw) + B (5)

Several features of Schadimger’s method that distinguish it from

purely empirical fragment-based approaches are described as follows.

First, the use of ab initio calculations rather than fragment table lookups
and interpolation will lead to a substantially wider range of applicability,
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Table 1. A Summary of the K. Predictions for Different Classes
of Molecules Including the Number of Cases and Average
Deviations from the Experimental Valies

type of molecule molecules no. of molecules mean abs dev

carboxylic acid 40 0.7
alcohol 16 1.2
hydroxamic acid 14 0.4
phenol 9 0.1
thiol 5 0.6
aniline 5 0.2
N heterocycle 16 0.3
primary amine 7 0.7
secondary amine 7 0.4
tertiary amine 11 0.5
imides 8 0.8
barbituric acid 5 0.2
tetrazole 6 0.5
amidine 4 0.3
benzodiazepine 5 0.4
pyrrole 4 0.4
indole 4 0.1

aJ. J. Klicic of Schidinger, Inc., personal communication.

Table 2. Comparisons of the CalculatedKpValues with the
Experimental Value’8:3435of the Chromophore-Related Phenol and
Its Analogue3

molecule exp calc.d dev
4-hydroxybenzaldehyde 7.6 7.7 -0.1
4-chlorophenol 9.4 9.6 0.2
4-fluorophenol 9.9 9.8 -0.1
4-methoxyphenol 10.2 10.5 0.3
4-methylphenol 10.3 10.3 0.04
4-aminophenol 105 10.1 -0.4
4-nitrophenol 7.2 7.1 —0.02
p-xylol 10.4 10.5 0.1
phenol 10.0 9.8 -0.1
mean abs dev 0.1

aJ. J. Klicic of Schidinger, Inc., personal communication.

as well as significantly higher precision when the compound in question
has no similar entries in the empirical table. Second, this method allows
for a reasonable treatment of conformational effects, which are, in
general, entirely missing from fragment-based methods. Last, this
method can systematically handle multiple protonation sites of a
molecule such as the chromophore shown in Figure 2.

Results and Discussion

Control Studies. The reliability and accuracy of thekp
predictor are demonstrated by the summary of tkg gredic-
tions of different classes of molecules and average deviations
from the experimental values listed in Table 1, and by the
comparison of the predictedkp values with the experimental
values of the chromophore-related phenol and its analogues
listed in Table 2 (personal communication from J. Klicic of
Schrainger, Inc.). The mean absolute deviations from the
experimental values range from 0.01 to 1R pnits (Table
1). These results suggest that the uncertainty of the predicted
pKa values is about 1.2Ky, units.

Predicted pK, Values. To best represent the chromophore
of denatured GFPs, we used the substitupdaydroxyben-
zylideneimidazolinone with it&- and C-termini masked with
acetyl and methylamino groups, respectively, as shown in Figure
2. For the three neutral forms of the substituted chromophore,
our calculations suggest that thi€gvalues of the phenolic form
(1), the quinonoid form %), and the zwitterionic form3) are
8.2, 8.4, and 9.4, respectively (Figure 2). For the two cationic
forms of the substituted chromophore, the predict€ghyalues
of the hydroxyl proton of the chromophore in the cationic
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Figure 5. Comparison of all the protonated, quantum mechanically optimized chromophore struttu®@svith the structure whose heavy atom
coordinates were taken from the X-ray structure the GFP (PDB code: 1EMC) showing tiNitahd C-termini of each structure are located on
opposite sides of the imidazolinone plane by a hydrogen bond. (Dash lines indicate hydrogen bonds, and arrows indicate opposite locations of the

N- and C-termini relative to the imidazolinone plane.)

Table 3. Relative Energies (kcal/mol) of the Substituted
Chromophore in Different Protonation Forms in Vacuum and in
Water Calculated with the Self-Consistent Reaction Field
Continuum Model

Table 4. Torsions (degree of arc) Calculated from the
Chromophore Structures Obtained from ab Initio Calculations
and from Crystallographic Analysis (for torsion definitions,
see Figure 5)

1 2 3 4 5 structure ty tz ts
vacuo —787792 —787779 —787765 —788008 —788035 1 176.6 —88.2 —67.8
water —787630 —787611 —787629 —787929 —787947 2 —-179.7 —63.0 —67.0
3 168.9 —117.9 -82.4
quinonoid form @) and in the cationic phenolic fornd) are g _gg;‘ __ﬁi% :%'g
—3.2 and 17.8, respectively, while th&values of the nitrogen 1EMC 178.0 —160.7 —90.6

proton in4 and in5 are—2.6 and 1.1, respectively (Figure 2).
Geometry and Relative Stability of the Chromophore
Structures. Inspecting the quantum mechanically optimized group locks the trans-configuration of the and C-termini in
structures of the substituted chromophore in five different all six conformations shown in Figure 5. The conformational
protonated statesl{5) in the gas phase used in ouKp similarity between the chromophore structure optimized in vacuo
calculations, we found that the acetyl-maskeéderminus of and the chromophore structure in GFPs (Table 4) suggests that
all the optimized chromophore structures is located on one sideit is reasonable to use the optimized structure in vacuo in the
of the chromophore and the methylamino-masketbrminus self-consistent reaction field continuum calculations of solvation.
of the chromophore is located on the other side, which resembles For the neutral forms of the substituted chromophore, the
the chromophore conformatiodEMC shown in Figure 5) single-point energy calculations with the B3LYP/cc-pVTZ(-f)-
identified in the X-ray structure of the GFP (PDB code: [+]//B3LYP/6-31G[**] (the functions in brackets were applied
1EMC)/? as indicated by the torsions listed in Table 4. There to the atoms involved in deprotonation) method reveal that the
is a hydrogen bond between the hydroxyl group of the Ser phenolic form () is 13 and 27 kcal/mol more stable than the
residue and the peptide nitrogen proton in these optimized quinonoid form 2) and the zwitterionic form3), respectively,
structures (Figure 5). In the X-ray structure, the corresponding in vacuo (Table 3). Interestingly, the self-consistent reaction
hydrogen bond donor and acceptor is bridged by a water field continuum calculations of solvation using the B3LYP/6-
molecule (Figure 5). The hydrogen bond of the Ser hydroxyl 31[+]G**//B3LYP/6-31G[**] (the functions in brackets were
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applied to the atoms involved in deprotonation) method suggestform at any pH value, they still predict three different pro-
that, in water, the phenolic forml) is as stable as the tonation forms at pH over the range 8.2 to 9.4. We thus believe
zwitterionic form @), but is 19 kcal/mol more stable than the these results call into question the assumption that the originally
quinonoid form @) (Table 3). According to the chemical reported pH of 8.1 for the isosbestic point of the chromophore
accuracy of 2 kcal/mdl® these results suggest that the neutral of the denatured and pronase-digested GFBghe (K, of the
chromophore exists in the phenolic ford) {n vacuo, but is in chromophoré:#210n the basis of the intrinsic chemical nature
equilibrium between the phenolit)(and zwitterionic 8) forms of the GFP chromophore and the data from the present study,
in water. For the cationic forms of the chromophore, the it may also be premature to assume the experimentally observed
calculations with the same methods reveal that the cationic pH for the isosbestic point of the intact GFP chromophore to
phenolic form B) is 27 and 18 kcal/mol more stable than the be the X, value for the intact GFP chromophé#é! in the
cationic quinonoid form4) in vacuo and in water, respectively absence of further investigation. The results reported here also
(Table 3). suggest that the reported hypoth&sikat the cationic phenolic
Protonation States of the Chromophore Our calculations ~ form (5) in the intact GFP is responsible for the absorption at
suggest that at pH greater than 9.4 the chromophore of denature97 nm might be worthy of reinvestigation; according to our
GFPs exists in the anionic formB){ A calculation of the  predicted [K,, the cationic form exists at a pH of 1.1 or lower,
absorption spectrum with the ZINDO mett#8devealed thaé at which point the protein would be denatured unless the protein
in the presence of explicit water molecules showed absorption environment of GFPs greatly increased th€, of the ring
at 456 nm withf = 1.008 (calculation details to be published nitrogen atom of the chromophore.
separately). These results agree with the report that the guani-COnCIusiOns
dine-denaturedequoreaGFP at a pH of 10.8 showed absorp-
tion at 448 nm2 At pH over the range 1.1 to 9.4, our calcula- The present work reveals that the difference between the
tions suggest that the chromophore exists mainly in the neutral Predicted and experimental pH values for the isosbestic point
phenolic form () and the zwitterionic form3), which are in ~ ©of the chromophore is only 0.7Ka unit, which is within the

equilibrium. Calculations of the absorption spectralaind 3 expected uncertainty of 1.2 units, and provides evidence
with the ZINDO method showed absorption)fbut not, in of the reliability and accuracy of the Scllinger K prediction
the presence of explicit water molecules at 398 nm \ith module. Using this K. prediction module, our calculations

0.733. This result is also in accordance with the report that the suggest that the chromophore of denatured GFPs exists in five
guanidine-denatureflequoreaGFP at pH of 6.6 had absorption  different protonation states at pH over the rang&2 to 9.4.
at 384 nmt2 At pH 8.8 (an average ofify of 8.2 from1 and At pH greater than 9.4, our calculations suggest that the
pKa of 9.4 from3), our calculations suggest that the substituted chromophore exists in the anionic forr6)( At pH over the
chromophore exists in the neutral phenolic ford), (the range 1.1 to 9.4, our calculations suggest that the chromophore
zwitterionic form @), and the anionic form@), and it has exists mainly in the neutral phenolic forrh)(and the zwitter-
absorption equally at 355 and 456 nm according to the ZINDO ionic form (3) which are in equilibrium. At pH 8.8, our
calculations. Indeed, the experimentally observed isosbesticcalculations suggest that the chromophore exists in the neutral
point at 405 nm for the guanidine-denatursetjuoreaGFP was ~ Phenolic form (), the zwitterionic form 8), and the anionic
found at pH of 8.12 The difference between the predicted and form (6). Our calculations suggest that the chromophore is
experimental pH values for the isosbestic pointis only & p  Mainly in the cationic phenolic formbj at pH over the range
unit, which is within the expected uncertainty of 1 Rjunits. —3.2to 1.1, and mainly in the cationic quinonoid ford) @t
At pH over the range-3.2 to 1.1, the chromophore is mainly PH less than—3.2. The unexpected complexity of the pro-
in the cationic phenolic form5). At pH less than—3.2, the tonation states for the denatured GFP chromophore postulated
chromophore is mainly in the cationic quinonoid ford),(a here may provide a useful starting point for a further investiga-
protonation state that has not been reported hitHérto. tion of the protonation states of the intact GFP chromophore
Biological Implications. The present work reveals the responsible for the experimentally observed UV absorption and
unexpected complexity of the protonation states of the denaturedfluorescence emission properties of structurally intact GFPs.
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