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The AequoreaVictoria green fluorescent protein (GFP) creates
a fluorophore from its component amino acids Ser65, Tyr66, and
Gly67 by driving backbone cyclization and oxidation post-
translational chemistry without any assisting cofactors or enzymes.1-4

The GFP chromophore is formed in a distortedR-helix buried within
an 11-stranded antiparallelâ-barrel protein (see Figure 3C) through
three primary reaction steps (Figure 1): peptide backbone cycliza-
tion initiated by nucleophilic attack of the Gly67 amide nitrogen
on the Ser65 carbonyl carbon to create a five-membered imida-
zolone ring; dehydration of the Ser65 carbonyl group; and oxidation
of the Tyr66 CR-Câ bond to conjugate the ring systems.2-5 We
previously examined the determinants for backbone cyclization by
isolating and characterizing structures of precursor intermediate and
mature chromophore states for the R96A and S65G Y66G GFP
variants.6 Our analyses suggested that the protein scaffold promotes
backbone cyclization by eliminating inhibitory main-chain hydrogen
bonds in the precursor state, aligning the Gly67 amide lone pair
with theπ*-orbital of the residue 65 carbonyl for bond formation,
and then trapping or stabilizing a unfavorable cyclization product
through subsequent post-translational chemistry.6,7 Here we couple
chemical reduction and anaerobic methodologies, with kinetic
analyses and protein structure determination, to describe a previ-
ously uncharacterized enolate form of the chromophore that we
propose is an intermediate in GFP fluorophore maturation. Isolation
of this enolate intermediate will allow specific probing of the rate-
limiting oxidation step for fluorophore biosynthesis.

GFP fluorophore biosynthesis is robust; variants with mutations
at or near the chromophore, such as solubility-optimized GFPsol
(F64L S65T F99S M153T V163A)6 and blue fluorescent BFPsol
(GFPsol Y66H H148G), undergo backbone cyclization, dehydration,
and oxidation post-translational chemistry like that of the wild-
type protein.1,8 The oxidation reaction is rate-limiting, relatively
slow (t1/2 ) 84 min-1), and required to generate the visibly colored
fluorophore of wild-type GFP.2-5 A better understanding of this
oxidation step may lead to the design of faster maturing mutant
proteins with enhanced applications in cell labeling and biotech-
nology.5

Here we have chemically reduced9 GFPsol and BFPsol with
dithionite4,10 to generate colorless samples that re-form fluorophores
upon exposure to air. The GFPsol variant exhibited oxidation
kinetics (t1/2 ) 39 min-1, Figure 2) that are less than 2-fold different
from those reported previously for the S65T variant (t1/2 ) 76
min-1) by Reid and Flynn4 (under somewhat different experimental
conditions11). Reid and Flynn established that the chemically
reduced moiety was kinetically competent to be an intermediate in
fluorophore biosynthesis.4 Interestingly, aerobic and anaerobic
structures of the S65G Y66G GFP variant, which can cyclize the
Gly-Gly-Gly sequence, indicated that formation and/or stabiliza-
tion of the cyclized moiety is oxidation-dependent.6 Thus, we
anaerobically9 crystallized and determined X-ray crystal structures12

of reduced GFPsol and BFPsol to determine (1) the chemical nature
of the reduced cyclized moiety, and (2) whether oxidation is
required for ring stability.

In the 1.25 Å resolution structure of the dithionite-treated GFPsol
(Figure 3A, Table 1), the imidazolone ring remained cyclized and
dehydrated, but the chromophore was no longer constrained to be
planar. The omit electron density revealed a mixture of chromophore
conformations. We fit and refined the two best-defined conformers,
which differ by a∼10° tilt of their imidazolone rings and by side-
chain rotations of Tyr66 (and neighboring His148) (Figure 3A). In
the major conformer (62% occupancy), the Tyr66 phenolic oxygen
formed hydrogen bonds with the Thr203 side-chain oxygen and
His148 Nδ1 atoms. This conformer has nearly coplanar Tyr and
imidazolone rings and resembles the mature chromophore. We
argue against a significant population of mature chromophore,
however, based on the∼10° Tyr66 Câ-Cγ rotation and, more
importantly, the fact that the dithionite-treated protein and crystals
are colorless.13 In the minor chromophore conformer (38% oc-
cupancy), the imidazolone ring is tilted (away from Arg96) relative
to the mature fluorophore, the His148 side chain fills part of the

Figure 1. Proposed post-translational modifications for GFP chromophore
biosynthesis.

Figure 2. Kinetics of GFPsol chromophore oxidation monitored with
fluorescence development. Dithionite-reduced GFPsol was brought out of
the glovebox, exposed to air, and diluted into 100 mM Hepes pH 8.0 buffer.
Fluorescence was measured at 25°C via a Fluoromax-3 (Jobin-Yvon, Spex)
fluorimeter using an excitation wavelength of 489 nm and emission
wavelength at 508 nm. The fluorescence data were plotted (ln[A(max) -
A(t)] vs time) to determine the pseudo-first-order rate constant,kobs.
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volume occupied by Tyr66 of the oxidized chromophore, and the
rotated Tyr66 side-chain oxygen forms a hydrogen bond to the side-
chain hydroxyl of Ser205 (Figure 3A). The imidazolone and
phenolic ring planes are rotated∼60° from each other about the
Tyr66 Câ-Cγ bond, precluding conjugation of the two rings and
indicating Câ sp3-hybridization and reduction of the CR-Câ double
bond of the mature chromophore. The lack of a single conformer
for reduced GFPsol is likely due to constraints imposed by the
protein architecture, which complements the mature chromo-
phore. Together, our GFPsol structural data are consistent with an
sp3-hybridized Câ atom and reduction of the CR-Câ bond.

The 1.40 Å resolution structure (Table 1) of reduced BFPsol
also revealed a cyclized, dehydrated imidazolone ring, but with a
single, well-defined chromophore conformer. The nitrogen atoms
of the Y66H imidazole side chain formed hydrogen bonds with a
pair of ordered water molecules (Figure 3B). Compared to the planar
mature chromophore,8,14 the reduced Y66H side chain is rotated

∼105° about the CR-Câ bond and flipped∼180° about the Câ-
Cγ bond, making the imidazole and imidazolone ring planes
perpendicular (Figure 3C). In contrast, similar CR-Câ torsions for
Tyr66 in the reduced GFPsol chromophore appear to be restricted
by collisions with the protein scaffold. Conservation of the planar
five-membered imidazolone ring in both the reduced GFPsol and
reduced BFPsol structures demonstrates that oxidation is not
required for ring stabilization. Importantly, the single conformer
for reduced BFPsol and our high-resolution data and analyses allow
the assignment of the reduced chromophore structure.

Our GFPsol and BFPsol high-resolution structural analyses
support an enolate moiety for the dithionite-reduced chromophore.
The planar BFPsol imidazolone ring and sp2-hybridized Y66H CR
atoms indicate that the CR atom must contain a double bond to the
Câ, backbone nitrogen, or carbonyl carbon atom. Our BFPsol
structure precludes a CR-Câ double bond based on the CR-Câ
bond length15 (1.48( 0.05 Å) and the unambiguous sp3-hybridiza-
tion of the Câ atom. We can also rule out a CR-N double bond,
which would require placement of a positively charged Gly67
nitrogen atom adjacent to positively charged Arg96. Instead, our
BFPsol data support the assignment of a CR-C double bond,
concomitantly producing a negative charge on the enolate oxygen
atom (Figure 4). An enolate assignment is also supported by the
Y66H CR to carbonyl carbon (1.36( 0.05 Å) and carbonyl
carbon-oxygen (1.39( 0.05 Å) bond lengths (consistent with a
CdC double and C-O single bond,15 respectively) and the short
(2.6 Å) hydrogen bond (salt bridge) between conserved Arg96 and
the enolate oxygen atom (Figures 3B and 4). Our reduced GFPsol
structure is also consistent with an enolate assignment. Thus, our
structural data and analyses for GFP variants provide strong
evidence for generation of an enolate moiety upon reduction of
the mature chromophore.

Together, the analyses of our structural and kinetic data support
this enolate moiety as an uncharacterized intermediate in GFP
chromophore biosynthesis (Figure 4). We suggest that Arg96

Figure 3. Crystallographic structures of dithionite-treated GFPsol and BFPsol variants. (A) Stereoimage for the 1.20 Å resolution GFPsol structure displayed
with composite omit 2Fo-Fc electron density maps contoured at 1σ (gold). (B) Stereoimage for the 1.40 Å resolution BFPsol structure displayed with
2Fo-Fc electron density maps contoured at 1σ (gold). (C) Structural overlay of BFPsol before (yellow) and BFPms1 (PDB code 1KYP, blue)14 after oxidation,
highlighting theâ-barrel fold of GFP. The chromophores and flanking residues, F64L and Val68, are displayed with Arg96 (green, below chromophore) for
the two structures. Diffraction data sets were indexed and reduced with the HKL package,19 and phases were determined by molecular replacement with
AmoRe,20 using previously refined GFP structures as search models.1,14 Structures were manually fitted into difference electron density and omit maps with
the XtalView package21 and refined in SHELX-9722 using all the diffraction data, except for 5% used forRfree calculations.23 Standard uncertainties for
atomic positions were determined by inverting the full least-squares covariance matrix in SHELX-97.22

Table 1. Crystallographic Data and Refinement Statistics

GFPsol reduced BFPsol reduced

resolution range (Å) 20-1.25 20-1.40
space group P212121 P212121

unit cell (Å) 51.3, 62.5, 71.7 51.1, 62.5, 71.5
total/unique observations 154670/62613 157458/44523
completeness (%) 96.9 (91.5)a 97.3 (99.5)
Rsym (%)b 4.5 (34.9) 4.6 (35.5)
I/sigma 19.6 (2.3) 25.4 (3.2)
Wilson B-factor (Å2) 9.9 14.4
refinement parameters 20543 19988
rmsd bond length (Å) 0.022 0.010
rmsd bond angle (Å)c 0.032 0.028
R-factor (Rfree) (%)d 14.1 (20.0) 13.6 (19.8)
PDB code 2FZU 2FWQ

a Last shell in parentheses: GFPsol (1.29-1.25 Å) and BFPms1 (1.45-
1.40 Å). b Rsym ) ∑ |Ιhkl - 〈I〉|/∑ 〈I〉, where〈I〉 is the average individual
measurement ofIhkl. c Root mean square deviation bond angle is defined
as the 1-3 bond distance (DANG restraint in SHELX-97).22 d R-factor)
(∑|Fo-Fc|)/∑|Fo|.
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acidifies the Tyr66 CR atom of the dehydrated intermediate to
facilitate enolate intermediate formation. We and others have
already established that Arg96 has an electrophilic role in backbone
cyclization, acidifying the Gly67 amide nitrogen and/or Tyr66 CR
atoms to help drive ring formation.6,16 Here we propose a similar
deprotonation of the dehydrated intermediate in chromophore
biosynthesis, to create a stable enolate intermediate with an aromatic
π-system that is primed for Tyr66 CR-Câ oxidation and chro-
mophore maturation.

In our proposed mechanism, molecular oxygen is incorporated
on the Arg96 face of this enolate intermediate for rate-limiting
oxidation to complete fluorophore biosynthesis (Figures 3 and 4).
The tetrahedral CR geometry of the resulting peroxy chromophore
intermediate might be accommodated by the Tyr66 Câ atom
position and side-chain conformation observed in our minor reduced
GFPsol conformer, combined with the imidazolone ring position
of the mature chromophore (Figure 3A). In this scenario, conserved
Arg96 is properly positioned to provide positive electrostatic
interactions for chromophore oxidation. This mechanism has
analogies to topaquinone (TPQ) cofactor biogenesis in amine
oxidase.17 In amine oxidase, molecular oxygen binds near a copper
ion, which provides electrostatic interactions to accelerate electron
transfer from the cofactor (generating a radical cation) to molecular
oxygen. Recombination of the superoxide radical and radical cation
leads to oxidation producing the mature cofactor. We hypothesize
that GFP undergoes post-translational chemistry analogous to TPQ
biosynthesis in amine oxidase. Positively charged Arg96 drives
electron transfer from the enolate intermediate to oxygen, facilitating
oxygen incorporation to generate a peroxy intermediate, followed
by oxidation to generate a mature chromophore (Figure 4).

The chromophore bond lengths and geometries from these high-
resolution crystallographic structures provide compelling evidence
for a stable, reduced enolate form of the GFP chromophore.
Together with previous results,4 our kinetic analyses indicate that
this enolate moiety is kinetically competent to be an intermediate
in chromophore biosynthesis. Although our data cannot rule out
other models for chromophore biosynthesis,18 we propose that the
simplest and most logical explanation for our data is an extension
of the cyclization-dehydration-oxidation mechanism (Figure 4),
originally proposed by Cubitt et al.3 Importantly, we demonstrate

that, by chemically reducing the mature chromophore, we ef-
fectively separate the cyclization and oxidation post-translational
chemistry for GFP. This methodology allows testing the roles of
specific residues, such as Arg96, in the rate-limiting oxidation
reaction for fluorophore biosynthesis in GFP and its homologues.
Such targeted characterizations may lead to the design of faster
maturing proteins with applications in biotechnology and cell
biology. Moreover, our results reveal how GFP mimics enzymes
by creating a protein environment that stabilizes an otherwise high
energy enolate intermediate to achieve its extraordinary protein self-
modification.
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Figure 4. Proposed reaction scheme for GFP chromophore biosynthesis,
including new enolate intermediate.
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