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ABSTRACT

Recent advances in our understanding of the mechanism of
chromophore formation in green fluorescent protein (GFP) are
presented. GFP is the best-studied member of the family of GFP-
like proteins, proteins that exhibit bright coloration spanning most
of the visible spectrum. GFPs undergo a post-translational self-
modification process that yields an intrinsic fluorophore con-
structed from an internal main-chain cross-link that is susceptible
to air oxidation. A combination of protein X-ray crystallographic
and kinetic experiments has led to the development of a mecha-
nistic model that entails conformational pre-organization, electro-
philic and base catalysis, and production of hydrogen peroxide
upon protein oxidation. The process is concluded by a slow proton
abstraction step from a tyrosine-derived carbon acid.

Introduction

The diversity of known protein prosthetic groups gener-
ated by post-translational alteration of genetically encoded
amino acids has expanded tremendously during the past
decade.! Several instances are known in which covalent
self-processing steps follow protein folding spontaneously.
Such autocatalytic modifications may be considered an
intrinsic property of the particular amino acid sequence
since complete protein maturation requires only a single
gene, in contrast to the biosyntheses of protein-derived
motifs that necessitate external enzymes or cofactors.
The post-translational oxidation of tyrosine residues
plays an essential role in the biogenesis of several redox
cofactors. This theme may be illustrated by the formation
of quinone-type factors, essentially built-in prosthetic
groups that may be covalently cross-linked to nearby
residues.! Examples are the formation of topaquinone by
the oxidative modification of a tyrosine in the copper
amine oxidases, oxidative cross-linking of a tyrosine
phenol to a cysteine residue in galactose oxidase, and the
Met-Tyr-Trp cross-link recently described in catalase-
peroxidase (Figure 1).2 In these systems, protein-bound
metal chemistry aids in the spontaneous formation of the
cofactor since coordination of O, to the metal ion facili-
tates rapid electron transfer. However, a number of
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FIGURE 1. Oxidative tyrosine modifications in proteins. (A) Topa-
quinone redox cofactor in copper amine oxidases. (B) Thio-
ether cross-link in galactose oxidase. (C) Chromogenic cross-link in
green fluorescent protein. (D) Met-Tyr-Trp cross-link in catalase-
peroxidase. (E) Pyrrologuinoline quinone redox cofactor in bacterial
dehydrogenases."

biologically important oxidation reactions utilize O, as the
final electron acceptor without the aid of redox-active
metal ions.® In spite of the fundamental importance of
oxygen activation by the protein matrix, our mechanistic
understanding of this process remains limited.

A distinct, metal-independent tyrosine oxidation pro-
cess is exemplified by a group of colored proteins, whose
founding member is green fluorescent protein (GFP).*56
A tyrosine-bearing tripeptide located in the center of the
eleven-stranded p-barrel is spontaneously modified to
yield a chromogenic entity that is responsible for the
colorful appearance of these proteins (Figure 2). Thus, the
brightly fluorescing chromophores that are the trademark
of GFP-like proteins are the result of an oxidative tyrosine
modification mediated by a peptide cyclization reaction
rather than metal chemistry. However, GFPs differ from
other tyrosine oxidations in that the phenolic ring atoms
are not targeted directly. Instead, all mature chromo-
phores derived from GFP-like proteins are oxidized along
the tyrosine C,—Cg bond, although the extent of their
m-system may vary (Figure 3).”

GFP was discovered in 1961 as part of a bioluminescent
system found in photocytes of the jellyfish Aequorea
victoria, a Pacific Northwest medusa belonging to the class
Hydrozoa.? The remarkable potential of GFP as a biotech-
nological tool was not exposed until several decades later,
with the demonstration that the jellyfish protein acquires
green fluorescence when expressed in unrelated organ-
isms.? Today, most bioscience researchers are familiar
with GFP as a genetically encodable fluorophore that is
well-suited for multicolor reporting and subcellular pro-
tein localization. More recently, the precise visualization
of dynamic cellular processes by novel GFP-based bio-
sensors has become feasible.10712

Although for many years, GFP remained the only
protein of its kind, a series of fluorescent and colored
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FIGURE 2. Schematic of the GFP fold (pdb ID 1EMA)S The
chromophore (green), Arg96 (blue), and Glu222 (red) are shown as
ball-and-stick models. Two S-strands are shown as thin ribbons to

better visualize the protein’s interior.
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FIGURE 3. Chemical diversity of chromophores generated in GFP-
like proteins. (A) GFP, (B) DsRed, (C) Zoanthus yellow, and (D) Kaede
after photolysis.”

proteins with distant homology to GFP was cloned in 1999
from reef building corals of the class Anthozoa.!® Because
of their broad color variety and amazing photophysical
properties, they have opened the door to a diverse set of
novel applications in live cell imaging.!* In spite of this
success, the biological function of GFP-like proteins in
their native organisms continues to be debated. Mechan-
ical stimulation of the jellyfish is known to trigger emission
of a green flash due to a luciferase/GFP bioluminescent
system, whereas in the nonbioluminescent Anthozoa
species, GFP-like proteins are the origin of the vivid colors
observed on the organism’s surface.!® Proposed functions
for these proteins in reef-building corals include photo-
protection of endosymbiotic dinoflagellates in bright sun
light.15:16

During the past few years, important advances have
been made toward the development of an atomistic model
of the GFP self-processing mechanism. Building upon
several earlier investigations,!”~!° recent kinetic and X-ray
crystallographic studies arising from our and other re-
search groups have provided valuable insight into the
biochemistry of fluorophore maturation.???2 In this
Account, some of the structural and functional features
will be described that are unique to GFP-like proteins and
contribute most significantly toward self-modification.
This work is focused on the current state of knowledge of
chromophore biogenesis in GFP, the best-studied member
and a representative of the cyan-green color class of GFP-
like proteins.'#?324 Here, the green stage embodies the end
point of post-translational modification, whereas in the
red and yellow homologues, additional processing steps
provide more extensive sr-orbital conjugation concomitant
with broader color diversity (Figure 3).” However, in all
color classes, the formation of an intermediate similar to
the GFP green form appears to be a prerequisite for the
ensuing chemistry associated with red-shifted optical
properties. An improved understanding of the process
operational in GFP is hoped to provide more general
insight into the biochemistry of all members of this
fascinating family of colored proteins.

Qutline of GFP Maturation

The GFP fluorophore is formed only under conditions
permissive of protein folding (i.e., the expressed polypep-
tide must be able to attain its native three-dimensional
structure to partition through the ensuing covalent modi-
fication steps). Although fluorophore formation is trig-
gered by a main-chain cyclization reaction, the rate-
limiting process in the acquisition of color depends on
the availability of molecular oxygen.!”825 On the basis of
this observation, a multistep mechanism for chromophore
biosynthesis in GFP was proposed some years ago,'”% in
which nucleophilic attack of the amide nitrogen of Gly67
(N67) onto the carbonyl carbon of Ser65 (C65) leads to a
heterocyclic intermediate composed of the backbone
atoms of Ser65, Tyr66, and Gly67 (Scheme 1, intermediate
1; inset: atom labels used throughout the text). Inter-
mediate 1 is thought to undergo enolization at Ca66 to
augment its reactivity toward molecular oxygen.?! The
elimination of water from the heterocycle has been
suggested to generate a stable pre-oxidation species,!”!8
although hydration—dehydration equilibria have also been
described.?6?” On the basis of recent experimental evi-
dence,?® the ensuing intermediate 2 may comprise the
aromatic imidazolinone ring (Scheme 1), from which
chromophore formation is thought to continue slowly by
way of air oxidation.? Recent evidence from our laboratory
suggests the formation of an oxidized cyclic imine form,
intermediate 3, that is generated upon production of H,O,
and subsequently matures to the final green stage via the
net loss of a water molecule.?"? Full r-orbital conjugation
of the phenolic group with the imidazolinone ring yields
a cis-coplanar system that is highly fluorescent when
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Scheme 1. Outline of GFP Maturation Mechanism?
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Intermediate 3

embedded in the protein’s interior (Scheme 1). Early
mechanistic data were derived from in vivo studies, in
which bacterial cultures expressing wild-type GFP were
first grown under anaerobic conditions.!”'® The introduc-
tion of air resulted in a mass loss of roughly 1 Da, as
determined by electrospray ionization mass spectrometry.
These results were interpreted in terms of dehydrogena-
tion of the Ca66—p66 bond to yield mature protein
directly from intermediate 2 (Scheme 1, dashed arrow),'"8
although the results are also consistent with a mechanism
that partitions through intermediate 3 (solid arrows).?
Time constants for fluorescence acquisition in live cells
were reported to be 120 min for wild-type GFP and 27
min for GFP-S65T, a particularly bright and fast-maturing
variant that was discovered serendipitously some years
ago.17?

A popular technique to study GFP maturation under
well-defined conditions is based on triggering protein
folding via rapid dilution of urea-solubilized inclusion
bodies.' In our laboratory, we have made extensive use
of this approach to monitor de novo chromophore bio-
synthesis. We have chosen a highly soluble, monomeric,
and rapidly maturing variant that carries the S65T sub-
stitution.?® This variant has been termed GFP-trix or
alternatively mGFPsol, following the nomenclature de-
veloped by Tsien and co-workers.33! We have measured
a time constant of about 50 min for in vitro matura-
tion of mGFPsol at 30 °C.?° In line with this result, a re-
oxidation time constant of 56 min was recently reported
after chemical reduction of mature GFPsol.?® To our
knowledge, the most rapid re-oxidation process reported
to-date is that for a yellow GFP variant termed Venus,
where a time constant of 2.1 min was measured at 37 °C.3?
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Scheme 2. Self-Modification Mechanism in Compromised Variant
YG6L, lllustrating Formation of Y66L Analogue of Mature GFP
Chromophore (d) and Cross-Link with His148 (f)
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Mechanistic Role of Tyr66

Cyclization and Oxidation in the Absence of an Aromatic
Residue. Among the three residues from which the
chromophore is constructed, Tyr66 and Gly67 are com-
pletely conserved in all known GFP-like proteins. Although
the bulk of the chromophore 7-system is derived from the
tyrosine phenolic group, it has long been known that GFP
is able to synthesize an intact chromophore upon sub-
stitution of Tyr66 with other aromatic residues.!” To
investigate whether the aromatic character of residue 66
is essential for GFP cyclization or oxidation, we replaced
Tyr66 with a leucine residue (Scheme 2).?! The X-ray
structure of the colorless Y66L variant gave clear evidence
toward a hydroxylated heterocycle, consistent with a
trapped tetrahedral intermediate in the center of the
p-barrel (Scheme 2, species c). The trigonal-planar geom-
etry of Ca66 suggested a cyclic imine form of the protein
that bears a double bond between N66 and Ca66 due to
air oxidation. Additional support in favor of an oxidized
protein species was provided by mass spectrometric data
indicating a mass loss of 2 Da in colorless Y66L.2° More
recent experimental evidence suggests that species ¢ may
be related to an intermediate formed during maturation
of intact GFPs (Scheme 1, intermediate 3).2° Collectively,
the structural and biochemical findings imply that an
aromatic group in position 66 is not essential for GFP
cyclization or oxidation.

Heterocyclic Hydration—Dehydration Equilibria. In
the colorless Y66L variant, the hydration adduct of the
oxidized heterocycle appears to be the energetically
favored form.?! Substantial support for a chemical equi-
librium between the hydrated and the dehydrated forms
of the five-membered ring was subsequently provided by
X-ray structures of partial hydration adducts (about 10 and
85%) in GFP variants bearing the Y66S substitution.?” In
these mutants, a covalent modification was described that

f
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is reminiscent of the methylidene imidazolinone cofactor
found in the ammonia lyases.®

We have further characterized the hydration equilibria
of the GFP imidazolinone ring by analyzing X-ray struc-
tures of Y66L species that have acquired a yellow tint upon
prolonged incubation with a general base.?® Compounds
such as fluoride, formate, and acetate are known to be
small enough to partition into the GFP active-site cavity.3
At high concentrations, they appear to catalyze deproto-
nation of C(66, which is acidified by the electron-
withdrawing properties of the heterocycle. On the basis
of its optical characteristics, the resulting form of the
protein (Scheme 2, species d) is thought to embody the
Y66L analog of the mature GFP chromophore. This form
is susceptible to further oxidation, and eventually, a highly
conjugated, flat entity with yellow appearance (Amax = 412
nm) is generated (Scheme 2, species e).2° The electrophilic
properties of this group render it a target for conjugate
addition reactions by nearby nucleophiles, such as the
imidazole group of His148, which is observed to be cross-
linked to the modified Leu66 side chain in one of the X-ray
structures (Scheme 2, species f).?6 In combination, the
crystallographic data are consistent with a hydration—
dehydration equilibrium that is modulated by the extent
of m-orbital conjugation with the side chain and the
associated ring aromaticity. In colorless Y66L, which bears
an aliphatic adduct (Scheme 2, species c), the heterocycle
is completely hydrated, whereas in the yellow forms,
extensive delocalization yields a primarily dehydrated
aromatic heterocycle (Scheme 2, species d—f). In intact
GFPs, the phenolic group of Tyr66 may play a role in
shifting the equilibrium toward the complete elimination
of water.

Conformational Pre-organization and
Hydrogen-Bonding Patterns

The helix threaded through the center of the GFP f-barrel
comprises a total of 11 residues (residues 60—71) that
include the chromophore forming tripeptide. How-
ever, crystal structures of mature GFPs suggest that only
three main-chain hydrogen bonds are formed within this
helix: 60—64 (a-helical), 61—65 (o-helical), and 68—71
(310-helical) (Figure 4A).>¢ Protein folding has long been
thought to lock residues 65—67 into a tight-turn confor-
mation that brings the reacting groups into close proxim-
ity.#3536 This idea has recently been confirmed by the
comparison of pre- and post-cyclization X-ray structures.
In a seminal piece of work, Getzoff and co-workers have
demonstrated that the anaerobic crystal structure of a
variant carrying the S65G/Y66G substitutions is that of the
pre-cyclization state.3! Remarkably, residues 65—67 adopt
a tight-turn conformation, and the buried helix exhibits
the same main-chain hydrogen-bonding pattern as in
mature GFP (Figure 4B). The lack of hydrogen bonds to
the backbone atoms partaking in the nucleophilic addition
reaction, 065 and N67, and the structural pre-organization
of the tripeptide are likely essential features of the
machinery facilitating main-chain condensation. In the
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FIGURE 4. (A) Backbone conformation of the central helix compris-
ing residues 60—71, bearing the mature chromophore (dark bonds),
generated from pdb ID 1EMAS (B) Backbone conformation of
residues 60—71 in the pre-cyclization X-ray structure of a compro-
mised GFP variant (pdb ID 1QY0).3' Hydrogen bonds are shown as
dashed lines. Carbon atoms are shown in green, oxygen in red, and
nitrogen in blue.

precyclization structure, unfavorable steric interactions
could not be identified,?! arguing against the mechanical
compression hypothesis put forth some years ago.** In line
with these results, we have demonstrated that the pro-
teolytic susceptibility of compromised GFPs is not corre-
lated with the extent of chromophore formation.?”

In all GFP X-ray structures, the helical axis is bent by
about 80° near Tyr66, a distortion that has been linked to
the pre-organization of atoms involved in ring closure.?!
This angle may be important in maintaining a highly
conserved hydrogen bond between 066 and the guani-
dinium group of Arg96 (Figure 5), an interaction that plays
an essential role in chromophore biogenesis. A disruption
of the internal hydrogen-bonding network around Arg96,
in conjunction with a perturbation of interior packing
interactions, has been linked to protein destabilization and
inefficient chromophore biosynthesis.®” On the basis of
limited proteolysis data, we have observed a loss of
conformational stability when the highly conserved Gly67
was replaced with an alanine residue.?’ Steric interference
by the introduction of an extra methyl group likely
disrupts interior side-chain packing, thus breaking the
hydrogen bond between 066 and Arg96. This interpreta-
tion is supported by a substantial elevation of chromo-
phore pK, in the G67A variant.’” Interestingly, the phi and
psi angles of Gly67 in the pre-cyclization structure, —90
and —16°, place this residue into an allowed region of the
Ramachandran plot, suggesting that the driving force for
the conservation of Gly67 does not lie in the inherent
conformational flexibility of glycine residues but rather
in the necessity to maintain a hydrogen bond between
066 and Arg96.

Catalytic Roles of Active-Site Residues

Electrophilic and Base Catalysis. Aside from proper
conformational alignment, several chemical features play

VOL. 40, NO. 2, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 123



Chromogenic Cross-Link Formation in GFP Wachter

-}

C];)g

@War30s
{ @ Wari44

Arg96
&Glnlm

Vall63

o

Thr63
Phel65
’:".\.\-‘.1:3?0
‘ ; Phe64
Leu201 3
@Wa3g3
Thi2os O ®\Vai224 =
:". \ e
Wardlé *
\ * Leud2
®  Glu222
.:9' \;

FIGURE 5. Model of the chromophore (dark bonds) and its protein
environment (light bonds), generated from pdb ID 1EMA.> Carbon
atoms are shown in green, oxygen in red, and nitrogen in blue.

arole in GFP color acquisition. The chromophore-bearing
cavity in the interior of the fg-barrel is surrounded by
hydrophilic residues and filled with several crystallo-
graphically ordered water molecules (Figure 5). The highly
conserved residues Arg96 and Glu222 originate from
strands on opposing sides of the g-barrel (Figure 2), and
their side-chain functional groups are positioned adjacent
to the chromophore, slightly above and below the plane
of the heterocycle (Figure 5). Charges carried by these
groups are stabilized by hydrogen bonding, but not salt
bridge interactions, and the spatial separation between
the Glu222 carboxylate and the Arg96 guanidinium group
is about 9 A.5

Both Arg96 and Glu222 have been implicated in fulfill-
ing catalytic roles in chromophore biogenesis.*>!337 Not
surprisingly, the substitution of Arg96 with an alanine or
methionine was reported to lead to extremely slow chro-
mophore maturation extending over several months.20-%31
Evidently, the positive charge of Arg96 and its highly
conserved hydrogen bond to 066 lower the activation
barrier for peptide modification substantially.*?231:36 Al-
though the function of Arg96 can be partially compensated
for by a lysine residue,®” the recently published crystal
structure of R96K indicates that the e-amino group is not
hydrogen bonded to 066.22

We have constructed a complete pH-rate profile for de
novo chromophore biogenesis in the compromised vari-
ants R96M and E222Q% and compared the results to the
intact, fast-maturing variant EGFP (enhanced green fluo-
rescent protein).?>3® We found that in vitro maturation of
EGFP proceeds with a time constant of 1 h and is inde-
pendent of pH, whereas the single substitution variants

124 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 40, NO. 2, 2007

Scheme 3. Proposed Mechanism for Pre-oxidation Steps in GFP
Chromophore Biosynthesis, as Facilitated hy Catalytic Residues
Arg96 and Glu2222
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“ Sequence of proton-transfer reactions is as yet unknown.

R96M and E222Q display strong pH dependence.?’ The
lack of a pH effect in EGFP as compared to E222Q suggests
a model for chromophore synthesis in which the carboxyl-
ate of Glu222 functions as a general base, facilitating
deprotonation of protein groups via transition state
stabilization of proton-transfer reactions (Scheme 3).2°
This model requires that the buried Glu222 side chain be
entirely deprotonated over a broad pH range.

The kinetic data suggest that in the compromised vari-
ants E222Q and R96M, the mechanism of peptide activa-
tion has changed from general to specific base catalysis.?’
The pH-rate profiles obtained for these variants fit well
to a base-catalyzed reaction with a rapid preliminary
equilibrium. According to this model, a protein functional
group equilibrates with solution pH prior to the rate-
determining step, yielding the catalytically active conju-
gate base in proportion to the hydroxide ion concentra-
tion. In the R96M variant, we have extracted an apparent
pK, value of 6.5 that may arise from titration of Glu222.
Likely, this group displays a somewhat elevated pK, in
R96M since the positive charge of Arg96 has been re-
moved.

pK, Depression of Peptide Main-Chain Groups. Ki-
netic experiments on the E222Q variant indicate that at
physiological pH, chromophore biogenesis extends over
many hours (time constant t =32 h at pH 7 and 7.4 h at
pH 8).20 Mass spectrometry data on immature proteins
suggest the accumulation of a pre-oxidation species, given
that no mass loss is observed by trypsinolysis/MALDI.
Remarkably, at a high pH such as pH 9.5, the time
constant for E222Q chromophore formation is reduced
to 14 min, indicating a 4-fold rate enhancement over the
parent molecule EGFP. The kinetic model supports rate
modulation by protein-derived basic groups with an
apparent pK, value of about 9.2.2° We have interpreted
this proton dissociation constant as arising from either
the Gly67 amide nitrogen (N67), the Tyr66 o-carbon
(Ca66), or a combination thereof. For both groups, pK,
depression by many orders of magnitude is thought to
have its foundation in electrophilic catalysis by Arg96.
Although a normal amide nitrogen is estimated to have a
pK, value of about 15, the hydrogen bond of 066 to Arg96
in the protein’s core is expected to lower this value
substantially. In support of this notion, the small molecule
acetamide is known to undergo a nitrogen pK, shift from
15 to about 7 upon O-protonation.?® In addition to the
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GFP amide nitrogen N67, Co66 is expected to be acidified
as well, in analogy to enzymes such as enolases and
racemases, where acidification of a carbon acid is often
aided by coordination of a magnesium ion to the attached
carboxylate.*®

Although the nucleophilic reactivity of N67 in GFP is
augmented by the positive charge of Arg96, it is not
essential that the nitrogen lose its proton prior to nucleo-
philic attack. One of several plausible cyclization mech-
anisms may comprise proton transfer from N67 to 065,
yielding a charge-neutral intermediate (Scheme 3).2
Perhaps the apparent dissociation constant of about
9.2 (in E222Q) primarily reflects titration of Co66 rather
than N67. Energetic arguments suggest that the carbon
acid would be more difficult to titrate than the amide
nitrogen, implying that titration of Ca66 would contribute
more strongly toward rate modulation. However, the
sequence of proton-transfer steps is as yet unknown, and
further experiments are necessary to elucidate these
details.

Formation of an o-Enolate Intermediate. We have
proposed that formation of the a-enolate of Tyr66 is
essential in priming the active site for the transfer of redox
equivalents to molecular oxygen,?! in analogy to carbanion
forming enzymes that carry out oxygenase side reactions.*!
Recently, the anaerobic X-ray structure of the chemically
reduced Y66H variant of GFP was solved, providing
evidence of a planar dehydrated heterocycle bound to a
tetrahedral C$66.28 Compelling geometric arguments lead
the authors to assign this structure to the aromatic
o-enolate form of the five-membered ring (Scheme 1,
intermediate 2), likely a pre-oxidation intermediate on the
reaction path of chromophore synthesis in which the
negative charge is stabilized by Arg96 (Scheme 3).

A striking feature in a large number of GFP X-ray
structures is the position of a highly ordered solvent
molecule that is located within hydrogen-bonding dis-
tance to Glu222 and in van der Waals contact to Ca66
(Figure 5, Wat 395). Geometric arguments provide strong
support in favor of proton abstraction from the protein-
based carbon acid Ca66 by this water molecule, which is
polarized by the carboxylate Glu222 (Scheme 3). Remark-
ably, in the S65G/Y66G pre-cyclization structure, the
distance between solvent molecule and Co66 is only 3.3
A1 Although Ca66 is substantially acidified by Arg96,
additional acidification may be achieved by the confor-
mational preference for a trigonal-planar carbon center
in a cyclic main-chain conformation. In support of this
notion, dehydro-phenylalanine is known to be a strong
inducer of -bends in short peptides and of 3o-helical
conformations in longer peptides,*? conformations that
place the carbonyl carbon of the residue (i) in close prox-
imity to the amide nitrogen of residue (i + 2).*3 Although
some years ago, a trigonal-planar a-carbon was proposed
to be a prerequisite for main-chain condensation,? the
same argument may be used to propose an additional
drop in pK, driven by an increase in ring planarity upon
sp?-hybridization.

Kinetics of Protein Oxidation

The rate-limiting process in GFP maturation has long been
known to depend on an aerobic environment.'® However,
until recently, it has been unclear whether the oxidation
process is slow due to weak O, binding, slow electron
transfer, or slow proton-transfer reactions necessary to
complete the reduction of O, to H,O,. To delineate these
processes more precisely, we have used a hydrogen
peroxide indicator dye to measure the progress of protein
oxidation independently from the acquisition of green
fluorescence. The colorimetric assay has provided clear
evidence that the maturation of mGFPsol yields the
coproduct H,0,, which is produced at a 1:1 molar ratio
(H,0,/chromophore).?

Pre-oxidation, Oxidation, and Post-oxidation Kinet-
ics. The kinetic trace for hydrogen peroxide evolution, as
triggered by de novo protein folding, demonstrates that
the reduced oxygen species is released from the protein
prior to the acquisition of green fluorescence.?® These data
have allowed us to resolve the GFP maturation kinetics
into pre-oxidation, oxidation, and post-oxidation events
and to extract rate constants for each of these processes
by the use of global curve fitting procedures. The pre-
oxidation steps likely comprise protein folding, main-
chain condensation, and associated proton-transfer re-
actions (Scheme 3). In combination, these events are
estimated to proceed with a time constant of roughly
3 min and are thought to yield intermediate 2 (Scheme
1). The ensuing protein oxidation steps lead to the
formation of intermediate 3 and the evolution of hydrogen
peroxide. These steps proceed with a time constant of 37
(£3) min under ambient aerobic conditions at an O,
concentration of about 200 M. A subsequent event
completes the process of chromophore biogenesis and
exhibits a time constant of 15 (+5) min. Although the post-
oxidation step contributes significantly to rate retardation,
the production of hydrogen peroxide is the major rate-
limiting event.?

The separation of pre- and post-cyclization species by
reversed-phase HPLC supports the notion that peptide
condensation is a rapid process in relation to the ensuing
steps. Trypsinolysis/MALDI of intermediates isolated by
HPLC gave convincing evidence of an accumulating
protein species that has undergone a mass loss of 2 Da,
consistent with the formation of intermediate 3 (Scheme
1).2° Taken together, the kinetic and mass spectrometric
data suggest a self-modification process in which the
transfer of redox equivalents to molecular oxygen yields
the hydroxylated cyclic imine, a species that was found
to be trapped in the colorless Y66L variant (Scheme 2 c).?!

Kinetic Isotope Effects. The availability of kinetic tools
to monitor GFP oxidation directly has set the stage for a
more detailed analysis of the rate-retarding steps. To this
end, we have employed biosynthetic labeling methodolo-
gies to incorporate Cp-di-deuterated tyrosine into the
intact variant mGFPsol. For deuterated protein, the time
constant for the post-oxidation step was found to be
increased from 15 (£5) to 90 (£28) min, yielding a full
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Scheme 4. Hypothetical Formation of Hydroperoxy Intermediate
upon Air Oxidation of Intermediate 2

cross-link first identified in GFP may be present in other,
less well-characterized proteins.

0,
o

@/\%N%_,HO@M J./@AH*

Intermediate 2 Hydroperoxy Adduct Intermediate 3
primary deuterium isotope effect ky/kp of 5.9 (£2.8) for
the process following H,0, evolution (L. Zhang and R. M.
Wachter, unpublished observations). The data are in
accord with a mechanism in which the ejection of water
from intermediate 3 is prompted by slow C—H bond
cleavage at Cf366, likely involving proton abstraction from
the acidified carbon center. In support of this interpreta-
tion, no isotope effect could be discerned for peroxide
formation (ky/kp = 1.1 £ 0.2), providing additional evi-
dence that mGFPsol maturation cannot bypass the cyclic
imine stage.

Several years ago, we proposed the formation of a
peroxy or hydroperoxy adduct to Ca66 as an intermediate
form generated during oxidation (Scheme 4).2! Although
the involvement of a hydroperoxy form in GFP is currently
speculative, these kinds of intermediates have been
proposed in several enzyme systems that utilize molecular
oxygen in conjunction with organic cofactors such as
flavins and pterins.® Perhaps the extent to which a par-
ticular GFP variant partitions through intermediate 3 is a
function of the heterocylce’s hydration equilibrium, which
may shift during different stages of the reaction and may
be modulated by amino acid substitutions. For example,
the reorientation of the Glu222 side chain in variants
containing the S65T substitution (such as EGFP and
mGFPsol)® may result in channeling of the reaction
through intermediate 3, thus accelerating the process in
relation to wild-type GFP.

Conclusion

Future studies will allow us to better understand why
some GFPs mature more rapidly than others and whether
a correlation exists between the maturation rate, the
dominant reaction path, and the precise positioning of
catalytic groups. We hope that this kind of knowledge will
aid in the design of novel amino acid substitutions to
develop fast-maturing fluorescent proteins with different
optical properties. Temporal resolution is a key factor in
the success of live cell imaging of biological processes such
as promoter activity. The availability of a palette of GFPs
exhibiting rapid color acquisition would be of tremendous
advantage to researchers studying stem cell differentiation
and organismal development.*

Aside from the family of GFP-like proteins,'* main-
chain condensation reactions involving nucleophilic
addition—elimination have been described in several
ammonia lyases and an amino mutase.*>% A detailed
understanding of the GFP self-modification process will
have broader relevance in the prediction of similar
chemistries in unrelated proteins since the type of protein
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