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Green fluorescent protein has revolutionized cell labeling and
molecular tagging, yet the driving force and mechanism for its
spontaneous fluorophore synthesis are not established. Here we
discover mutations that substantially slow the rate but not the
yield of this posttranslational modification, determine structures
of the trapped precyclization intermediate and oxidized post-
cyclization states, and identify unanticipated features critical to
chromophore maturation. The protein architecture contains a dra-
matic ~80° bend in the central helix, which focuses distortions at
G67 to promote ring formation from amino acids $65, Y66, and G67.
Significantly, these distortions eliminate potential helical hydro-
gen bonds that would otherwise have to be broken at an energetic
cost during peptide cyclization and force the G67 nitrogen and S65
carbonyl oxygen atoms within van der Waals contact in prepara-
tion for covalent bond formation. Further, we determine that
under aerobic, but not anaerobic, conditions the Gly-Gly-Gly chromo-
phore sequence cyclizes and incorporates an oxygen atom. These
results lead directly to a conjugation-trapping mechanism, in which
a thermodynamically unfavorable cyclization reaction is coupled to
an electronic conjugation trapping step, to drive chromophore
maturation. Moreover, we propose primarily electrostatic roles for
the R96 and E222 side chains in chromophore formation and
suggest that the T62 carbonyl oxygen is the base that initiates
the dehydration reaction. Our molecular mechanism provides the
basis for understanding and eventually controlling chromophore
creation.

he Aequorea victoria green fluorescent protein (GFP) un-

dergoes a remarkable posttranslational modification to cre-
ate a chromophore out of its amino acids (S65, Y66, and G67)
(1-3). GFP is small (238 aa), tolerates both N- and C-terminal
fusions, and can be targeted to specific cellular locations (4).
Synthesis of the GFP fluorophore occurs spontaneously after
protein folding without cofactors or accessory proteins (5),
making GFP-protein fusions tractable in a variety of organisms.
GFP mutants and homologs exhibit fluorescent emission max-
ima ranging from blue to red (3, 6-8), which allow concurrent
surveillance of multiple targets. Together, these properties have
fundamentally altered in vivo molecular tagging and cell labeling.
In addition, GFP-based indicators monitor cellular redox po-
tential (9), pH (10, 11), metal ion concentrations (12, 13), and
halide levels (14, 15). Because of these applications and the novel
fluorophore, there have been extensive structural, spectroscopic,
and biochemical characterizations of the protein and its mutants,
all in the mature chromophore state (4, 16). The crystallographic
structure of GFP reveals that the overall fold is an 11-stranded
antiparallel B-barrel protein with the chromophore located
near the geometric center of the barrel on a distorted a-helix
(1, 17). Few molecular details are known about chromophore
maturation.

The proposed fluorophore formation mechanism entails three
steps: peptide cyclization initiated by nucleophilic attack of the
G67 amide nitrogen atom on the S65 carbonyl carbon to create
a five-membered imidazolone ring, dehydration of the S65
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carbonyl oxygen, and rate-limiting oxidation of the Y66 Ca—Cp
bond to conjugate the ring systems (2, 3, 18). The enzyme
histidine ammonia lyase (HAL) undergoes a related posttrans-
lational modification to generate an electrophile from the tri-
peptide loop sequence Ala-Ser-Gly (19). There are currently two
proposals for the driving force of peptide cyclization in each
system: the mechanical compression hypothesis, which suggests
that cyclization relaxes an energetically unfavorable precyclized
state (20, 21), and the alternative model where either tyrosine
oxidation (GFP) (22) or serine dehydration (HAL) (23) pre-
cedes cyclization. In GFP, conserved residues R96 and E222
have been proposed to have key roles in chromophore synthesis
but have not been experimentally evaluated. This lack of exper-
imental data is likely caused by the difficulties of investigating
posttranslational modification reactions that occur during or
rapidly after protein folding.

Here we report mutations that substantially slow chro-
mophore formation, determine GFP structures in trapped pre-
and oxidized postcyclization states, identify unanticipated fea-
tures critical for this posttranslational modification, and propose
additional functional roles for residues R96 and E222 and
the carbonyl oxygen of T62. These discoveries lead directly
to a conjugation-trapping mechanism for GFP fluorophore
synthesis.

Materials and Methods

Experimental Preparation. To create the R96A construct, we used
the QuikChange method (Stratagene) to introduce the R96A/
230stop and solubility optimizing (F99S, M153T, V163A) (24)
mutations into the GFPmutl (F64L, S65T) pKEN2 vector (25).
Similarly, we created the Gly-Gly-Gly construct, by placing the
S65G/Y66G mutations into GFPsol (GFPmutl + solubility
mutations), which had been subcloned into a pET11 vector
(Novagen). The resulting plasmids were transformed into either
BL21-CodonPlus(DE3)-RIL (for pET11la) or JM109 (for
pKEN2) Escherichia coli cells (Stratagene), which were grown at
25°C in 9-liter batches. At an optical density of 0.5 at 600 nm,
protein expression was induced with 0.2 mM isopropyl-B-D-
thiogalactoside. The bacteria cells were pelleted 6—12 h later and
frozen in liquid nitrogen until purification. Proteins were puri-
fied aerobically by modifying a published protocol (26) to
incorporate HQ (26 mm X 30 cm) (PerSeptive Biosystems,
Framingham, MA) and S-100 (26 mm X 60 cm) (Pharmacia)
columns (27). To prepare the Gly-Gly-Gly anaerobic sample, the
protein was purified and crystallized in an anaerobic glove box
(Vacuum Atmospheres, Hawthorne, CA). Yields were 200-
1,000 mg of >95% pure protein in 3-5 days.

This paper was submitted directly (Track Il) to the PNAS office.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.rcsb.org (PDB ID codes 1QXT, 1QY3, 1QYF, 1QYO, and 1QYQ).
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Table 1. Data collection and refinement statistics

S65G Y66G S65G Y66G

R96A Mature R96A Pre. A R96A Pre. B Aerobic Anaerobic

Resolution, A 40.0-1.50 20.0-2.00 20.0-2.00 20.0-1.80 20.0-1.80

Last shell, A 1.55-1.50 2.07-2.00 2.07-2.00 1.86-1.80 1.86-1.80
Observations 164,842 54,856 71,722 59,616 70,279
Unique observations 34,756 15,550 16,081 20,401 21,170

Rsym, %** 5.2 (25.3) 6.6 (37.2) 9.9 (29.1) 6.3 (28.9) 7.2 (36.6)

Completeness, % 92.4 (60.7) 99.0 (99.8) 99.7 (98.2) 97.7 (99.2) 96.5 (85.8)

1/al 27.4 (3.0) 18.2 (3.3) 15.0 (4.0) 18.5 (3.4) 20.2 (3.4)
Refinement parameters 18,771 7,732 8,016 7,780 8,624

Rwork/Rfree, %* 14.5/21.4 21.8/25.8 20.3/24.1 21.0/25.1 20.0/22.7

*Values in parentheses are the statistics for the highest resolution shell of data.
"Rym = Zlhit — (I |/[2 (), where (/) is the average individual measurement of /.
*Ruwork = (= |Fobs — Fealc])/=|Fobsl, where Fops and Feaic are the observed and calculated structure factors, respectively.

Crystallization, Diffraction Data Collection, and Refinement. GFP
variants were crystallized at 10-15 mg/ml in hanging drops, by
modifying a published protocol (1, 27). Initial crystal clusters
were crushed, serially diluted in a stabilizing solution (50 mM
Hepes, pH 8.0/50 mM MgCl,/19% polyethylene glycol 4000)
and used as microseeds to grow large single crystals. Diffraction
data were collected from crystals that were cryocooled imme-
diately after immersion in the stabilizing solution plus 20%
ethylene glycol. The R96A mature data set was collected at the
Advanced Photon Source (Argonne, IL) (APS14-BM-C) at a
wavelength of 1.00 A. The R96A precyclization structure A and
S65G Y66G (aerobic) data sets were collected at the Stanford
Synchrotron Radiation Laboratory (Stanford, CA) at beam lines
9-1 (A= 0.78 A)and 11-1 (A = 0.965 A), respectively. The RO6A
precyclization structure B and anaerobic Gly-Gly-Gly data sets
were collected on a Siemens (Iselin, NJ) SRA direct drive
rotating anode x-ray generator with a graphite monochromator
and a MAR-Research (Hamburg, Germany) 34.5-cm image
plate area detector. Data sets were indexed and reduced in the
P2,2,2, space group with the HKL package (28), and phases were
determined by molecular replacement with AMORE (29). The
search model was a refined 1.0-A GFPsol structure, determined
with molecular replacement from a previous GFP structure (1).
The search model was modified for uncyclized variants by
modeling the chromophore as its substituent amino acids; po-
sition 96 was truncated to alanine for the R96A variant struc-
tures. Difference electron density and omit maps were manually
fit with the XTALVIEW package (30) and refined in either CNs
(31) or SHELX-97 (32) with all diffraction data, except for 5% used
for R calculations (33). Standard uncertainties were deter-
mined by inverting the full least-squares covariance matrix in
SHELX-97 (32).

All structures were superimposed with SEQUOIA (34). Images
for the cyclized product and reduced intermediate in the cartoon
were made by placing a tyrosine side chain onto the nondehy-
drated Gly-Gly-Gly cyclized ring and reducing the Y66 Ca—Cp
bond of the mature chromophore, respectively.

Results

Structures of the R96A GFPsol Variant Before and After Peptide
Cyclization. Because R96 has been proposed to either activate the
S65 carbonyl for nucleophilic attack (20) or directly deprotonate
the G67 backbone amide (22), we constructed an R96A variant
and discovered that this point mutation slows the cyclization
reaction from minutes to months. After purification of the
initially colorless R96A protein, chromophore maturation was
achieved by incubation for 3 months at 37°C. Our 1.50-A
resolution crystallographic structure of this matured R96A
protein (Table 1) is highly similar to that of its solubility-
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optimized GFPsol parent, with an overall Ca rms deviation of
0.20 A. In GFP, R96 forms a hydrogen bond with the imida-
zolone oxygen of the mature chromophore. In the R96A mutant,
three water molecules fill the volume normally occupied by the
R96 side chain but fail to form hydrogen bonds with the
imidazolone oxygen. This may explain the shifts in fluorescence
maxima for the R96A variant (468-nm excitation, 503-nm emis-
sion) compared with GFPsol (489-nm excitation, 508-nm emis-
sion), suggesting that R96 lowers the excited state energy of the
chromophore, consistent with unpublished results on the R96C
variant (4). Importantly, the chromophore of the R96A variant
is fully matured (Fig. 1a), demonstrating that this mutant retains
all components essential for chromophore formation.

We used the slow maturation rate of the R96A variant to
isolate GFP intermediates before cyclization and thereby deter-

Fig.1. Posttranslational modifications revealed by structures of GFP variants
before and after backbone cyclization. Omit IF, — Fcl electron density maps for
the chromophore residues contoured at 3 o (black). (a) The 1.50-A cyclized
R96A structure. (b) The 2.00-A precyclization R96A intermediate A structure.
(c) The 2.00-A precyclization R96A intermediate B structure. (d and e) Orthog-
onal views of the 1.80-A Gly-Gly-Gly aerobic oxidized postcyclization struc-
ture. (f) Proposed molecular structure of the Gly-Gly-Gly cyclized ring. (g) The
1.80-A Gly-Gly-Gly anaerobic precyclization structure. All are illustrated in
RASTER 3D (44).
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Fig. 2.  Architectural distortions and structural comparisons between precyclization and postcyclization states. (a) Superposition of R96A structures,
emphasizing large conformational change for Y66 but otherwise small Ca differences between precyclization (A in yellow, B in blue) and postcyclization (green)
states. (b) Central helix for three R96A structures displayed with the surface of the R96A mature structure, emphasizing helical bend. (c) Structural overlay of
RI96A precyclization intermediates A (yellow) and B (blue) with the mature R96A (green) structure, showing large main-chain movements in forming the
chromophore. Modeled R96 (purple) indicates steric interactions with the Y66 side-chain position of the precyclization intermediate structure. (d) Superposition
of the Gly-Gly-Gly structures before (blue, anaerobic) and after (green, aerobic) peptide cyclization shows functional group interactions between the R96, E222,
and T62 carbonyl oxygen atoms and the chromophore residues. (e) Schematic of distortions in main-chain hydrogen-bonding interactions for the WT, Gly-Gly-Gly
precyclization, and postcyclization structures (Left) displayed in comparison to a canonical a-helix (Right). Solid lines between main-chain atoms indicate presence

of a hydrogen bond. a—d are illustrated with Avs (45).

mine two independent crystallographic structures (Table 1) of
GFP before posttranslational modifications (Fig. 1 b and ¢). In
the mechanical compression hypothesis, steric interactions gen-
erated by the GFP architecture are proposed to raise the energy
of the precyclization state above that of the cyclized intermediate
and relaxing this strained conformation drives chromophore
formation. Thus, we examined the 2.0-A resolution R96A pre-
cyclization structures for evidence of steric interactions that
could be relaxed upon chromophore formation. Instead, the
electron density reveals favorable conformations for the chro-
mophore residues with no significant van der Waals collisions.
Outside of the chromophore residues, the two structures are
highly similar (Fig. 2a). The Ca atoms superimpose with a rms
deviation of 0.28 A, and side-chain conformational rearrange-
ments are minor. Interestingly, these independently determined
structures exhibit distinct Y66 side-chain conformations, lying on
either side of the fourth B-strand (Fig. 1 b and ¢). Each stacks
with Q94 and occupies part of the cavity created by truncating
R96. The crystals used to determine these different precycliza-
tion intermediate structures grew under the same conditions.
Thus, we propose that the protein possesses isoenergetic states
for Y66 with low interconversion energy barriers and that subtle
crystal packing differences may propagate to the protein core to
select the observed conformations.

Comparisons of the precyclization and mature chromophore
states for the R96A structures identify both global and local
features that drive peptide cyclization Despite dramatic motions
of chromophore-forming residues, in which the Y66 phenolic
oxygen atom moves 14 A and backbone atoms shift 2.6-3.1 A,
residues outside of the chromophore superimpose well for the
three R96A structures (Fig. 2a). The chromophore is anchored
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both by adjacent hydrophobic residues and hydrophobic inter-
actions at the ends of the central distorted helix (Fig. 2b). In a
sequence alignment of 48 GFP homologs (Table 2, which is
published as supporting information on the PNAS web site,
www.pnas.org), residue 64, which immediately precedes the
chromophore, is essentially a hydrophobic (41 sequences; F, L,
V) or cysteine (6 sequences) residue. Interestingly, all of the
sequences that contain C64 also contain C29. Mapping these
cysteine residues onto the GFP structure (data not shown) places
them in a reasonable orientation to form a disulfide bond and
provide an alternate anchoring method (to hydrophobic inter-
actions). Moreover, despite right-handed helical conformations
in a Ramachandran plot, the residues of this distorted “helix” in
mature GFP make only three main-chain hydrogen bonds,
between residue pairs L60-L64 (a-helix), V61-S65T (a-helix),
and V68-F71 (3¢-helix). The R96A precyclization structures add
the T62-Y66 (a-helix) and S65T-V68 (30-helix) hydrogen bonds.
Thus, most of the distortions in the central helix are not a
consequence of chromophore formation, but rather are imposed
by the protein scaffold. In all structures of GFP (1, 17) and its
red fluorescent protein homologs (35, 36) a dramatic ~80° bend
in the helix (Fig. 2b), generated by the protein architecture, is
focused at the chromophore (Fig. 2c). The severe bend exposes
the T62 and Y66 carbonyl oxygen atoms for interactions with
R96 (see below) and forces the G67 nitrogen nucleophile and
S65T carbonyl oxygen into closer contact (3.0 and 3.2 A in the
two precyclization structures) than the sum (3.25 A) of their van
der Waals radii (37), in preparation for covalent bond formation
during peptide cyclization (Fig. 2¢). Significantly, these distor-
tions eliminate potential helical hydrogen bonds that would
otherwise have to be broken at an energetic cost during cycliza-
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tion. Together, the R96A structures suggest that the GFP
architecture enforces destabilizing distortions, precluding a sta-
ble a-helical conformation and creating a state closer to the
transition state for peptide cyclization. This is analogous to the
entatic state proposal for metalloproteins (38), in which the
protein scaffold constrains a metal center in a destabilized
geometric conformation to lower reorganization energy barriers
and increase reaction rates.

Structures of the S65G Y66G Variant Under Aerobic and Anaerobic
Conditions. To examine whether side-chain interactions of the
chromophore residues are critical to backbone cyclization, we
constructed and characterized the colorless S65G Y66G variant
(sequence Gly-Gly-Gly for chromophore residues). Mutational
results have established that almost any substitution for S65,
aromatic substitutions for Y66, and the WT G67 form mature
chromophores (4). However, if the mechanical compression
model for peptide cyclization (20) or the proposal that side-chain
oxidation is required before cyclization (22) were correct, trun-
cation to the Gly-Gly-Gly variant should hinder or preclude
backbone cyclization. Remarkably, the electron density for a
1.80-A resolution structure of this variant (Table 1) reveals that
the backbone is cyclized. Simulated annealing omit maps for
this cyclized Gly-Gly-Gly variant (Fig. 1 d and e) show that
the imidazolone ring is shifted ~0.7 A from its position in the
GFPsol structure and modified by two nonhydrogen atoms. The
first atom, the S65G carbonyl oxygen, has not been lost as water,
as is the case for WT GFP. Instead, this oxygen remains attached
to the imidazolone ring and forms a hydrogen bond with the side
chain of E222 (Fig. 2d). The second nonhydrogen atom is
covalently bound to the Y66G Ca of the cyclized ring and is most
likely an oxygen atom incorporated through an oxidation reac-
tion (see Fig. 4, which is published as supporting information on
the PNAS web site, for proposed mechanism). We confirmed
that the extra peaks in our omit maps were real and not derived
from the protein variant by resequencing the plasmid, purifying
a second batch of protein, solving a second 2.00-A structure, and
observing the same peaks in new omit maps. The electron
density (Fig. 1d) is consistent with a five-m-electron, nonaro-
matic ring system that contains a tetrahedral S65G carbonyl
carbon atom (puckering the cyclized ring), an enol tautomer for
the Y66G carbonyl, and a keto tautomer for the newly incor-
porated oxygen atom (Fig. 1f). Cyclization of Gly-Gly-Gly, which
contains no side-chain atoms, argues against the proposed model
in which side-chain oxidation precedes cyclization (22).

We prepared and crystallized the S65G Y66G variant under
anaerobic conditions to explore the unexpected incorporation of
oxygen at Y66G Ca. Surprisingly, the anaerobic structure at
1.80-A resolution (Table 1) revealed uncyclized chromophore
residues (Fig. 1g). Outside of the chromophore, the precycliza-
tion and postcyclization Gly-Gly-Gly structures are remarkable
similar (Fig. 2d) and share with WT GFP the same limited
hydrogen bonding (6 of 24 possible main-chain interactions) for
the central helix (Fig. 2e¢). Thus, even the added backbone
flexibility conferred by the substitution of Gly for the chro-
mophore amino acids does not result in the formation of
additional main-chain hydrogen bonds. The lack of main-chain
hydrogen bonds for the chromophore residues contributes to the
apparent low interconversion energy barriers and large local
rearrangements for cyclization observed in the R96A structures
(above). Distortions in the precyclization state are maintained in
the postcyclization state, rather than relieved by chromophore
formation. This argues against the mechanical compression
hypothesis, but underscores the importance of the GFP archi-
tecture in creating a specific conformation that favors peptide
cyclization.

The Gly-Gly-Gly structural results reveal conformational and
energetic features critical to peptide cyclization. Standard main-
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chain conformations for G67 in both precyclization (® = —90°,
¥ = —16°) and postcyclization (P = —90°, ¥ = —35°) states
suggests that the apparent requirement for G67 in chromophore
formation (4) results from steric rather than conformational
restrictions. In fact, a modeled Ala side chain for residue 67 has
significant van der Waals collisions with the T63 carbonyl
oxygen. More importantly, the failure of the Gly-Gly-Gly se-
quence to cyclize anaerobically indicates that cyclization in this
mutant is coupled to oxidation. The lack of any partial occupancy
of a cyclized product under anaerobic conditions suggests that
the precyclization structure is thermodynamically more stable
than a cyclized but not yet oxidized state. Thus, oxidation serves
to increase the electronic conjugation of the Gly-Gly-Gly variant
and trap a thermodynamically unfavorable cyclization product
according to Le Chatelier’s principle as a resonance-stabilized,
five-m-electron, nonaromatic species.

Discussion

Conjugation-Trapping Mechanism. We propose that the initial
cyclized intermediate in WT GFP, as in Gly-Gly-Gly, is higher
in energy than the precyclization state and is trapped through
conjugation (Fig. 3). Modeling the missing Y66 side chain into
the precyclization Gly-Gly-Gly structure produces a favorable
conformer without significant van der Waals collisions, arguing
that the precyclization state of WT GFP is not significantly
destabilized relative to Gly-Gly-Gly. Further, the cyclized prod-
uct before dehydration and oxidation is not likely to be stabilized
for WT GFP relative to Gly-Gly-Gly. Thus, for GFP, as for the
Gly-Gly-Gly variant, the cyclization reaction appears thermody-
namically unfavorable, consistent with the relative thermody-
namic stabilities calculated with density functional theory (en-
dothermic cyclization, ~10 kcal/mol) (22). Previously, this was
interpreted to suggest that side-chain oxidation may precede
cyclization in GFP (22). The driving force for this unprecedented
Ca—Cp bond oxidation before peptide cyclization is unclear.
Instead, we suggest a fundamentally different molecular mech-
anism in which the unfavorable cyclization reaction is driven by
a subsequent trapping reaction, likely dehydration of the residue
65 carbonyl oxygen. Dehydration (Fig. 3b) would generate an
a-B unsaturated ketone (a resonance-stabilized five-m-electron,
nonaromatic species like Gly-Gly-Gly; see below) and serve to
drive the cyclization equilibrium (Fig. 3a) toward the higher
energy cyclization product. This conjugation-trapping mecha-
nism for chromophore formation would further provide the
driving force for subsequent Ca—Cp bond oxidation (Fig. 3c) by
generating an aromatic imidazolone and conjugating the newly
formed backbone ring system and the aromatic side chain of
position 66.

Role of R96 in GFP Peptide Cyclization. We propose that R96
contributes to the architectural distortions important for peptide
cyclization and increases the nucleophilicity of the attacking G67
nitrogen. The primary difference between the Gly-Gly-Gly and
R96A precyclization structures can be attributed to the R96 side
chain, which prevents the formation of the T62-Y66 and S65T-
V68 main-chain hydrogen bonds that must otherwise be broken
at an energetic cost during chromophore formation. Thus, R96
may contribute modestly to generating the distortions required
for the entatic state. However, the positively charged guani-
dinium group of R96 also interacts with the Y66G carbonyl in
both precyclization and postcyclization Gly-Gly-Gly structures.
Thus, the conserved R96 (see Table 2) may also form an ion pair
with the Y66 carbonyl in WT GFP to favor the peptide bond
resonance form with a carbon-nitrogen double bond (Fig. 3a).
Initially, increasing the nucleophilicity of the Gly-67 nitrogen by
favoring the enolate resonance form, which formally has a
positively charged nitrogen atom, seemed paradoxical. However,
ab initio calculations suggest that in the peptide bond mimic
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Fig. 3. The proposed conjugation-trapping mechanism for GFP chromophore formation. The chemical mechanism for GFP chromophore formation (Left) is
displayed along with a cartoon representation of the corresponding reaction coordinate (Right). The reaction coordinates (x axis) for GFP (green) and a canonical
a-helix (red) are displayed against increasing energy for the chromophore residues (y axis), to highlight the three features favoring ring synthesis in the GFP
scaffold: architectural distortions, R96 enhancement of the G67 nucleophile, and E222 stabilization of the dehydration transition state. (a) Peptide cyclization
to generate a destabilized intermediate. (b) Dehydration, initiated by the T62 carbonyl, to trap the cyclized product through conjugation. (c) Oxidation to
generate an aromatic imidazolone and conjugate the two ring systems. The chromophore images superimposed onto the cartoon are (from left to right) the
R96A precyclization structure, model of cyclized intermediate, model of reduced intermediate and the R96A mature chromophore structure. Our data do not

address the oxidation transition state (displayed as dashed lines).

formamide the partial charge is more negative on the nitrogen
atom in the enolate resonance form (39). In this partial charge
effect or “back transfer,” the m-electron shift from the lone pair
on the nitrogen toward the carbonyl carbon is more than
compensated for by shifts from the carbon to nitrogen atoms
through o-orbitals (40-42). Previously, R96 was proposed to
assist in chromophore formation by activating the S65 carbonyl
for nucleophilic attack (20) or by directly deprotonating the G67
backbone amide (22). Our precychzatlon structure of the Gly-
Gly-Gly variant reveals that R96 is distant (4.8 and 7.0 A from
the nitrogen and carbonyl oxygen atoms) and, more importantly,
in the wrong orientation to have either function.

Roles of R96, the T62 Carbonyl Oxygen, and E222 in the GFP Dehy-
dration Reaction. We propose that R96 acidifies the G67 nitrogen
of the cyclized intermediate, the T62 carbonyl oxygen is the base
that abstracts this proton to initiate main-chain dehydration, and
E222 accelerates this trapping reaction and stabilizes the result-
ing intermediate (Fig. 3b). E222 forms hydrogen bonds to the
Y66G nitrogen and T65G oxygen atoms in the Gly-Gly-Gly
variant and appears properly positioned to initiate the dehydra-
tion reaction (Fig. 2d) by abstracting a proton from the Y66G
nitrogen and donating a proton to the emerging water molecule,
as proposed (22). However, the Gly-Gly-Gly structure clearly
shows that this variant is dehydration-compromised. To explain
the inability of this mutant to dehydrate, we propose an alter-
native dehydration mechanism that is initiated by the abstraction
ofa proton from the G67 nitrogen (Fig. 3b). The only functional
group in the proper orientation and distance (3.0 A) for this task
appears to be the T62 carbonyl oxygen. Although this is not a
strong base, the nearby positively charged R96 (=4.8 A between
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the guanidinium and G67 nitrogen atoms) would enhance the
acidity of the G67 nitrogen atom. Moreover, in the oxidized
Gly-Gly-Gly structure the shifted imidazolone ring increases the
distance between the G67 nitrogen and the proposed base (3.3
A), explaining the 1nab111ty of this mutant to dehydrate. Instead,
the T62 carbonyl oxygen is closer to the Y66G Ca atom (3.1 A)
and in the proper orientation to abstract a proton and initiate the
proposed oxygen incorporation reactions (Fig. 2d). Red fluo-
rescent protein shares with GFP this geometric arrangement of
the G67 nitrogen atom with the R96 side chain and the residue
62 carbonyl oxygen atom (35, 36). Thus, this proton abstraction
mechanism may be common to this class of fluorescent proteins.
Further, we suggest that E222 assists in the trapping reaction
(Fig. 3b) by electrostatically complementing the positive charge
that develops on the S65T carbonyl oxygen atom in the transition
state and then stabilizing the resonance form of the imidazolone
ring with the positive charge on the Y66 nitrogen.

Conclusions. Our structures of precyclized intermediate and
oxidized postcyclized protein states not only explain the known
features of GFP chromophore formation, but suggest an addi-
tional conjugation-trapping mechanism. The protein architec-
ture creates a dramatic bend at the chromophore of the central
helix that removes specific main-chain hydrogen bonds, which
must otherwise be broken during maturation. In our conjuga-
tion-trapping mechanism, these distortions, which are present in
both precyclization and postcyclization structures, serve to lower
the energetic cost of peptide cyclization. Our data are inconsis-
tent with the mechanical compression hypothesis, in which steric
distortions imposed by the protein scaffold relax upon chro-
mophore formation. Additionally, the Gly-Gly-Gly structures

PNAS | October 14,2003 | vol. 100 | no.21 | 12115

CHEMISTRY

BIOPHYSICS



z
/|
~ |

indicate the initial cyclization reaction is thermodynamically
unfavorable and that a subsequent trapping reaction is required
to drive chromophore maturation. This result is also at odds with
the mechanical compression hypothesis, in which the initial
cyclization reaction is thermodynamically favorable. Further,
our architecturally driven conjugation-trapping mechanism ac-
counts for the robustness of chromophore maturation despite
many mutations at or surrounding the chromophore (4), includ-
ing R96A and E222G (43), and provides a scaffold for specific
functional group chemistry to accelerate chromophore matura-
tion. Toward that end, we suggest that conserved residues R96
and E222 have primarily electrostatic roles in chromophore
formation and the T62 carbonyl oxygen is the base that initiates
the dehydration reaction (Fig. 3). Similarities between the
peptide cyclization products in GFP and histidine ammonia lyase
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