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Abstract: The green fluorescent protein (GFP) creates a fluorophore out of three sequential amino acids
by promoting spontaneous posttranslational modifications. Here, we use high-resolution crystallography to
characterize GFP variants that not only undergo peptide backbone cyclization but additional denaturation-
induced peptide backbone fragmentation, native peptide hydrolysis, and decarboxylation reactions. Our
analyses indicate that architectural features that favor GFP peptide cyclization also drive peptide hydrolysis.
These results are relevant for the maturation pathways of GFP homologues, such as the kindling fluorescent
protein and the Kaede protein, which use backbone cleavage to red-shift the spectral properties of their
chromophores. We further propose a photochemical mechanism for the decarboxylation reaction, supporting
a role for the GFP protein environment in facilitating radical formation and one-electron chemistry, which
may be important in activating oxygen for the oxidation step of chromophore biosynthesis. Together, our
results characterize GFP posttranslational modification chemistry with implications for the energetic
landscape of backbone cyclization and subsequent reactions, and for the rational design of predetermined

spontaneous backbone cyclization and cleavage reactio

ns.

Introduction

Proteins are often driven by evolutionary selection for their
biological functions to augment the chemical reactivity or
properties of natural amino acids through posttranslational
modifications? Although many of these modifications require

additional enzymes or chaperones, some are self-catalyzed,

including the tripeptide backbone cyclization reactions that
create the electrophilic cataly3tef the enzymes histidine
ammonia lyase (HALY,phenylalanine ammonia lyase (PAL),
tyrosine aminomutase (TAM)and the fluorophores of green
fluorescent protein (GFPY and its homologues, such as red
fluorescent protein (RFF)? These spontaneous backbone
cyclization reactions have a significant impact on biology,
medicine, and biotechnology. Deficiencies in HAL activity, the
nonoxidative elimination of thei-amino group as part of the
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Figure 1. Molecular structures of imidazolone products after backbone
cyclization and other posttranslational modifications. (A) GFP chromophore
(PDB (Protein Data Bank) 1EMA), (B) HAL MIO catalyst (PDB 1B8F),
(C) GFP GGG posttranslational modification (PDB 1QYQ), (D) RFP
chromophore (PDB 1GGX), (E) GFP ASG chromophore (PDB 1YJF), and
(F) atom labels for GFP ASG H148G (PDB 1YJ2) nonaromatic posttrans-
lational modification.

histidine degradation pathway, lead to the rare hereditary
metabolic disorder histidinemia that is often characterized by
mental retardation and speech defé€tBAL may be used to
degrade phenylalanine and combat the metabolic disease phen-
ylketonuriai! and TAM is a key enzyme in enediyne antitumor
antibiotic C-1027 biosynthesfsMoreover, the spontaneous
biosynthesis and tunable fluorescence properties of the chro-
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Table 1. Maturation Properties for GFP and Variants
variant chromophore tripeptide mutations? posttranslational outcome fragmentation/hydrolysis ref
wt GFP SYG mature oxidized chromophore no 21
GFPsol TYG mature oxidized chromophore no 21
R96A TYG R96A slows maturation to months no 23
ASG R96A ASG S65A Y66S R96A (wt F64) uncyclized no 22
ASG G67A ASA S65A Y66S G67A uncyclized no 22
GSG V68G GSG S65G Y66S V638G uncyclized no 22
Y66L TLG Y66L cyclized, O1 hydroxyl present ? 24
GGG (Gly-Gly-Gly) GGG S65G Y66G anaerobic: uncyclized anaerobic: no 23
aerobic: cyclized, O1 hydroxyl aerobic: fragmentation
present, oxygen added at Y6&.C
ASG (GFPhal) ASG S65A Y66S (wt F64) cyclized, Y66S side-chain dehydration fragmentation 22 and Figure 2B
ASG H148G ASG S65A Y66S H148G (wt F64) cyclized, O1 hydroxyl present,  fragmentation 22
Y66S side-chain dehydration
ASG F64L ASG S65A Y66S cyclized, O1 hydroxyl present, fragmentation Figure 4A
Y66S side-chain dehydration
GAG GAG S65G Y66A cleaved 6667 peptide hydrolysis Figure 3A
GSG GSG S65G Y66S cleaved-667 peptide, hydrolysis Figure 3C
Y66S side-chain dehydration
GSG F64 GSG S65G Y66S (wt F64) cleaved-&G peptide, hydrolysis Figure 4C

Y66S side-chain dehydration,
S65G decarboxylation

aMutants are in a GFPsol (F64L S65T F99S M153T V163A) background unless otherwise stated.

mophores of GFP/ its homologued? and mutantd214 have
revolutionized in vivo molecular tagging and cell labeling.

Despite dramatically different protein environments and archi-

reaction for KFP may be critical for its light-induced isomer-
ization and photoswitchingf.
In GFP, biosynthesis of the tripeptide chromophore (Ser65-

tectures, these proteins contain posttranslational modificationsTyr66-Gly67) appears robust; proteins with mutations that alter

with similarities in both the resulting five-membered imida-
zolone moieties (Figure 1) and their biosynthetic reaction

Ser65, modify residues adjacent to the chromophore, or
substitute Tyr66 with an aromatic amino acid are able to

mechanisms. Understanding how the protein architectures drivesynthesize fluorophore’d.Recent studies to better understand
these amino acid transformations may lead to the design ofthe driving force and chemistry for GFP posttranslational

proteins with novel catalytic or reporter properties.

Both the GFP fluorophore and the HAL/PAL/TAM 4-meth-
ylidene-imidazole-5-one (MIO) posttranslational modifications
(Figure 1A,B, respectively) entail three major biosynthetic
steps: backbone cyclization via covalent bond formation
between glycine nitrogen (Gly67 in GFP, Gly144 in HAL) and
carbonyl carbon atoms (Ser65 in GFP, Alal42 in HAL),

modifications have focused on further modifications of the Ser-
Tyr-Gly tripeptide and adjacent residues (Table 1), structural
characterization of the resultant proteins, and extrapolation to
the native biosynthetic mechanig#r2* We summarize these

results in Table 1 and highlight four examples of altered or
unusual posttranslational chemistry in GFP relevant to this
study: (1) an oxidative cross-link between the Y66L-substituted

dehydration of this same carbonyl carbon atom, and either Tyr66 chromophore and His148;?5 (2) chromophore-mediated de-

oxidation (GFPY150or Ser143 dehydration (HAE)6reactions
to generate @—Cf exocyclic double bonds and mature ring

carboxylation of Glu222 upon intense light excitat®n(3)
oxygen incorporation at the Y66GoCposition for the S65G

systems. In RFP, the electronic conjugation of the GFP-like Y66G (renamed GGG for the chromophore residues) variant
chromophore is extended with a fourth major synthetic step, a (Figure 1C)2® and (4) creation of dehydroalanine moieties
second oxidation reaction that generates a double bond betweethrough HAL-like dehydration rather than GFP-like oxidation

backbone nitrogen andoCatoms (Figure 1D§:° Alternately,
the RFP homologues Kaedeand the kindling fluorescent
protein (KFP}819 extend the electronic conjugation of the

chemistry for the S65A Y66S (renamed ASG) variants (Figure
1E,F)22 Interestingly, the cyclized GGG and ASG variants under
denaturing (but not native) conditions also undergo peptide

chromophore by creating double bonds through distinct, spon- backbone fragmentation (PBB®?31t is unclear how these GFP
taneous, backbone cleavage reactions. Interestingly, the cleavageleavage reactions are related to the denaturation-induced
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cleavage in RFPand the native cleavage reactions that appear
critical for chromophore maturation in RFP homolog#ez?
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Table 2. Diffraction Data Collection and Refinement Statistics

ASG heat GAG GSG ASG F64L GSG F64
resolution (A) 20.6-2.00 20.6-1.35 20.6-1.20 20.6-1.30 20.0-1.80
last shell (A} 2.07-2.00 1.46-1.35 1.24-1.20 1.35-1.30 1.86-1.80
observations 53653 194574 472236 572311 214158
unique observations 15582 49224 68670 56899 21833
Reyn? (%) 7.5 (25.4) 4.3(29.6) 4.4(29.2) 5.2 (34.8) 8.6 (34.3)
completeness (%) 97.8 (97.1) 98.2 (98.5) 99.3 (94.7) 99.7 (99.4) 100.0 (99.9)
1ol 16.0 (3.9) 25.3(3.6) 44.5(5.1) 47.8 (4.6) 28.8 (6.4)
refinement parameters 7864 19821 19427 20094 8511
Ruwork/Riree® (%0) 20.2/24.1 14.2/21.5 12.9/17.4 13.1/18.7 16.0/23.2
PDB code 2G16 2G3D 2G2S 2G6E 2G5Z

aValues in parentheses are the statistics for the highest resolution shell of Bgta= =|Ing — DVEC) wherellCis the average individual measurement
of Ihk. © Rwork = (Z|Fobs — Feald)/Z|Fobd, WhereFqps and Feac are the observed and calculated structure factors, respectively.
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Figure 2. Heat-induced backbone cleavage for the ASG variant. (AjWig absorbance spectra of the ASG variant displayed before (red) and after (blue)
heat treatment at 88C for 10 min. (B) Stereoimage showing cleaved structure of heat-treated ASG variant with simulated annealing omit electron density
map contoured ata(yellow). (C) Reaction for the heat-induced modification of the ASG variant.

Here, we identified conditions that allowed structural char- (26 mmx 30 cm) (PerSeptive Biosystems, Inc.) and S-100 (26 xam
acterization of the GFP PBF products and established that this60 cm) (Pharmacia) columri$.
reaction is distinct from the cleavage reactions in RFP homo-  Crystal Structure Determination and Refinement. GFP variants
logues. We discovered and structurally characterized GFP were crystallized at 812 mg/mL in hanging drops by modifying a
variants that surprisingly underwent spontaneous peptide hy-published protocd}?® Initial crystal clusters were crushed, serially
drolysis and decarboxylation reactions. We provide peptide diluted in a stabilizing mother liquor solution (50 mM Hepes pH 8.0,
fragmentation, peptide hydrolysis, and decarboxylation reaction 20 MM MgCk, 19% poly(ethylene glycol) 4000), and used as
mechanisms and explain this chemistry in terms of the unique microseeds to grow large single cry;tals. Dhlffractlon dgta were col_lected
protein environment of GFP. Together, these results have from crystals that were cryocooled immediately after immersion in the

: S - . stabilizing solution plus 20% ethylene glycol. Data sets were collected
implications for the spontaneous peptide hydrolysis in RFP at the Stanford Synchrotron Radiation Laboratory: heat-treated ASG

homologues, provide predictions for how to design mutations (1 = 0.85 A), GSG £ = 0.95369 A), and GAGA = 0.979 A) on
to achieve specific backbone and peptide cleavage reactionsyeamiine 11-1 and ASG F64L and GSG F64 0.97946 A) on
and improve our detailed understanding of the driving force peamline 9-1. Data sets were indexed and reduced iR2i®2; space

and mechanism for GFP chromophore biosynthesis. group with thehkl package?® and phases were determined by molecular
. replacement with AMoR& The search model was a refined 1.0 A
Materials and Methods GFPsol structure, determined by molecular replacement from a previous

Mutagenesis and Protein Purification. Using the QuikChange GFP structuré. Difference electron density and omit maps were

method (Stratagene), we replaced the S65T Tyré6 Gly67 (TYG manually fit With the XtaIVie\{v packag}é and refined in either CNS
chromophore) amino acids of GFPsol (F64L S65T F99S M153T ©OF Shelx-9?_3 using all the diffraction data, except for 5% used for
V163A) with S65G Y66S (GSG), S65G Y66A (GAG), S65A Y66S Rree calculations®* Standard uncertainties were determined by inverting
(ASG F64L), and F64 S65G Y66S (GSG F64). The resulting plasmids
were transformed into BL21-CodonPlus(DE3)-Rischerichia coli (28) Barondeau, D. P.; Kassmann, C. J.; Tainer, J. A.; Getzoff, B. Bun.
cells (Stratagene), which were grown at Z5 in 3-L batches. At an @ Chem. S0c2002 124, 35223524

A : . ) - . 9) Otwinowski, Z.; Minor, W.Macromol. Cryst. A1997, 276, 307—326.
optical density of 0.5 at 600 nm, protein expression was induced with (30) Navaza, LActa Crystallogr. A1994 50, 157-163.
)
)

i _n-thi i i (31) McRee, D. EJ. Struct. Biol.1999 125, 156-165.
0.2 mM isopropylg-p-thiogalactoside. The bacteria cells were pelleted (32) Brunger. A. T.: Adams, P. D.- Clore. G. M. DeLano, W. L. Gros, P.:

6—12 h later and frozen in liquid nitrogen until purification. Proteins Grosse-Kunstleve, R. W.; Jiang, J.-S.; Kuszewski, J.; Nilges, N.; Pannu,
were purified by modifying a published proto€bto incorporate HQ N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr. D 1998 54, 905-921.
(33) Sheldrick, G. M.; Schneider, T. Rlethods Enzymoll997, 277, 319~
(27) Deschamps, J. R.; Miller, C. E.; Ward, K. Brotein Expr. Purif.1995 6, 343.
555-558. (34) Brunger, A. T.Nature 1992 355, 472-474.
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E222

Figure 3. Crystallographic structures of the GAG and GSG variants. (A) Stereopair for the GAG variant (green) displayed with simulated annealing omit
electron density map contoured at @ellow) at 1.35 A resolution, emphasizing peptide hydrolysis of the S65G Y66A peptide bond, tetrahedral CA2 atom,

and hydrogen-bonding interactions (black spheres) for the new resultant N- and C-termini. Water molecules are shown as red spheres. (B) Reaction and
posttranslational products for the GAG variant. (C) Stereopair for the GSG variant (green) displayed with simulated annealing omit elegtroragensit
contoured at 3 (yellow) at 1.20 A resolution, emphasizing peptide hydrolysis, trigonal CA2 atom, and hydrogen bonding interactions (black spheres) for
the resultant N- and C-termini. Glu222 exhibits dual conformations. (D) Reaction and posttranslational products for the GSG variant.

the full least squares covariance matrix in SheX#3@FP polyclonal difference electron density maps for the heat-treated ASG
antibodies were obtained from Novus. structure revealed bond cleavage between the S65A CA1 and
Results the C1 atoms (Figure 2B), which resulted in fragments

(calculated as 19 710 and 6943 Da) consistent with its SDS-

Peptide Backbone Fragmentation for the ASG GFP gel cleavage pattern. The S65A CB1 atom is coplanar with the
Variant. Cyclized GFP variants can exhibit peptide backbone F64—S65A peptide bond, which suggested formation of a
fragmentation (PBF), whereas uncyclized GFP variants do not double bond between the S65A N1 and\C atoms (Figure
(Table 1). For cyclized variants, PBF can occur whether the 2C). The electron density further revealed an intact and planar
five-membered imidazolone ring is aromatic (Figure 1E) or five-membered imidazolone ring, as predicted by its visible
nonaromatic (Figure 1C,F), but PBF was not found for variants, absorbance signature. Thus, PBF occurs between the CAl and
like wild-type GFP, that contain an aromatic side-chain for the C1 atoms, which results in an NCA1 double bond and
central chromophore residue 66 (Table 1). Here, we determinedintact imidazolone ring.
that cleavage produced two peptide fragment@Q and~7 Peptide Hydrolysis for the GAG and GSG GFP Variants.
kDa), the larger of which bound GFP polyclonal antibodies (a We discovered GFP variants that undergo spontaneous peptide
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel elec- hydrolysis under native conditions. The colorless S65G Y66A
trophoresis) gel displaying the cleavage products is provided (renamed GAG) and S65G Y66S (renamed GSG) variants
as Supporting Information Figure 1). Backbone fragmentation exhibited backbone cleavage under nondenaturing conditions
products are observed for ASG varigftender either heating  to generate-20 and~7 kDa fragments (Supporting Information
or 4 M urea denaturing conditions. Figure 1). The omit electron density (Figure 3A) for the 1.35

To understand the products and basis for the PBF reaction,A resolution structure of GAG (Table 2) revealed that the
we heat-treated, crystallized, and determined the 2.0 A structurebackbone is cleaved at the peptide bond between the S65G
of the ASG variant (Table 2). We discovered that incubation carbonyl carbon and the Y66A nitrogen atoms—(C distance
of the purified ASG protein at 88C for 10 min irreversibly 3.444 0.06 A). The S65G carbonyl carbon move@ A from
shifted the absorbance maxima from 385 to 340 nm (Figure its position in an intact imidazolone ring and is bonded to two
2A), correlated this spectral shift with PBF, and heat-treated a terminal oxygen atoms that form hydrogen bonds to the side-
similar sample prior to crystallization. The retention of visible chain of Glu222 and to the Gly67 and Val68 backbone nitrogen
light absorbance for heat-treated samples suggested that th@toms. Thus, either the new S65G carboxy terminus or Glu222
imidazolone ring is likely intact and still aromatic. Omit and is protonated. Interestingly, the Y66Ao0Catom exhibited sp

4688 J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006
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Figure 4. Crystallographic structures of the GFP variants ASG F64L at 1.30 A resolution and GSG F64 at 1.80 A resolution. (A) Stereopair for the ASG
F64L variant (green) displayed with simulated annealing omit map contoured (geBow) and emphasizing the intact five-membered ring with attached
hydroxyl group. (B) Reaction and posttranslational products for the ASG F64L variant. (C) Stereopair for the GSG F64 variant (green) displayed with
simulated annealing omit map contoured at(gellow), emphasizing the peptide hydrolysis and decarboxylation. (D) Reaction and posttranslational products
for the GSG F64 variant.

Iz

hybridization geometry and acC-Cf bond length (1.52 0.05 Structural Analysis of ASG F64L and GSG F64 Variants.
A) that are consistent with an unmodified Ala side-chain, Here, we created and characterized two additional GFP mutants
indicating that this variant had not undergone a GFP-like to understand the determinants for ring decomposition and
oxidation reaction. The peptide hydrolysis reaction for GAG peptide hydrolysis. Two sequence differences between the GSG
(Figure 3B) and PBF for ASG (Figure 2C) are therefore and the ASG constructs could be responsible for the distinct
dissimilar; GAG fragments at a distinct site, undergoes a posttranslational outcomes; GSG contains the S65A to S65G
hydrolysis reaction, and cleaves without prior denaturation or substitution plus the additional solubility mutation F64L. To
exocyclic double bond formation. test if peptide hydrolysis depends on the F64L and/or S65G
The 1.20 A resolution structure of the GSG variant (Table substitution, we constructed and characterized both the ASG
2) revealed peptide hydrolysis between the S65G carbonyl F64L and the GSG F64 variants. (Note that we now specify
carbon and the Y66S nitrogen atoms (Figure 3C,D), similar to the identity of residue 64 to distinguish the ASG F64L and GSG
that of GAG. For the resulting GSG N-terminal fragment, the F64 variants from ASG and GSG.) The 1.30 A omit electron
S65G carbonyl carbon atom again was bonded to two terminal density for the ASG F64L structure (Table 2) revealed a cyclized
oxygen atoms that formed hydrogen bonds to the side-chain of HAL-like moiety (Figure 4A). The Y66S side-chain was
Glu222 and to the Gly67 and Val68 backbone nitrogen atoms. dehydrated, the Y66SCatom exhibited an unusual carben
For the C-terminal fragment, the structure revealed that the GSGOxygen hydrogen bond to a water molecule (like the ASG and
variant underwent Y66S dehydration: there is no electron GSG variants), and a hydroxyl group was bound at the S65A
density for the Y66S oxygen atom, the bond length for the Y66S C1 (formerly the carbonyl carbon) atom (Figure 4B). The
Ca—Cp bond is consistent with a double bond (1.880.05 structure of the ASG F64L and AS&variants overlay well
A), and the @ atom appears p|anar and Zd'][ybridized_ with a minor 0.4 A backbone shift due to the F64L substitution
Furthermore, the GSG variant exhibited a rare carbmrygen (Supporting Information Figure 2). Therefore, the F64L sub-
hydrogen bond (2.64- 0.06 A) between the Y66S Latom stitution does not control peptide hydrolysis.
and a water molecule, previously postulated to be the product In contrast, the 1.80 A structure of the GSG F64 variant
of the Y66S dehydration reaction in ASG variaft3he GSG (Table 2) revealed S656Y66S peptide hydrolysis (Figure 4C),
and ASG variants therefore share the ability to dehydrate the like that of GSG and GAG. The omit electron density indicated
Y66S side-chain hydroxyl group. Despite this commonality, the that the Y66S hydroxyl group had undergone dehydration to
GSG variant underwent ring decomposition and peptide hy- form a dehydroalanine moiety. Unexpectedly, the electron
drolysis (Figure 3D), whereas the ASG variant retained a stable density for GSG F64 also revealed that the S65G carbonyl
ring moiety. carbon and terminal oxygen atom(s) are absent, suggesting a

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4689
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subsequent decarboxylation reaction (Figure 4D). This GFP Scheme 1. Proposed Mechanism for Peptide Backbone
variant therefore appears to have undergone spontaneous peptidg@9mentation (PBF) of GFP Variants

cyclization, HAL-like dehydration, peptide hydrolysis, and < 2 o N W H {e

decarboxylation posttranslational modifications (see Scheme 2). N A Ty v B °\R\u )

The GSG F64 and GSG variant structures differ by a backbone RYn\e:N R H\kNH‘_/O H R H\&N

shift for residues 64 and 65 of 6-1.4 A (Supplemental Figure 0 ‘\g—u v OH \6/\' OH
H

2), which we suggest is primarily a consequence of GSG lc

decarboxylation and the resulting relaxed steric constraints, 02 ° -

O,

rather than the F64L substitution. Together, these data indicated R G2 _cB2 E  R< H Re
S . ) N3 N . D HOONTR
that the S65G substitution in the chromophore tripeptide favored b=, = ) y’"/‘ H =2 Mo &
peptide hydrolysis, whereas reverting the preceding F64L -H0 H': HO
substitution to wild-type Phe64 favored a subsequent decar-  R~NeNi=car R__N RYN§\
. . 0 \ Y §\ o

boxylation reaction. cB1 0

) ) a Atom labels are shown for the final products. (A) Reversible hydration;
Discussion (B) N2—CB2 tautomerization; (C) denaturation-induced CA1-C1 backbone

. . cleavage; (D) enol-keto tautomerization and C1 protonation; and (E) water
The biosynthesis of the GFP/RFP fluorophore occurs spon- ejectioﬁ to(fo)rm final products. P ®

taneously after protein folding without cofactors or accessory
proteins, making fluorescent protein fusions tractable in a variety )
of organisms and fundamentally altering in vivo molecular Cléavage reactions to create-Ra double bonds. GFP PBF

tagging and cell labelind:3s Importantly, GFP/RFP mutants ~ ©ccurs on the C-terminal or chromophore side of thedd

and homologues have now been identified that exhibit fluores- Pond (Figure 5D) and blue shifts the spectral properties (Figure
cent emission maxima ranging from blue to far F&ck436 2A), whereas KFP extends the electronic conjugation of the
allowing concurrent surveillance of multiple targets. To achieve chromophore and red shifts the spectral properties by cleaving
its red-shifted spectral properties, RFP extends the electronic®n the N-terminal or nonchromophore side of the Gt bond
conjugation of a GFP-like chromophore through a second (Figure 5B). In summary, the GFP/RFP protein scaffold appears
oxidation reaction, which creates a double bond between the© activate peptide cleavage reactions at a variety of positions
backbone nitrogen and thexGatoms of the first chromophore @t Or near the chromophore (Figure 5F). _
residue (Figure 1D3° The resulting acylimine moiety for RFP ~_Peptide Backbone Fragmentation (PBF)From the condi-

is reactive; the backbone is cleaved upon prolonged hydrolysist'ons and proo!ucts that we identified, we propose the foIIowmg
under denaturing conditiohgFigure 5A). Similarly, Quillin et~ PBF mechanism (Scheme 1): (A) attack on the aromatic
al. report that the kindling fluorescent protein (KFP) undergoes 4-methylidene-imidazole-5-one (MIO) by a water nucleophile

this same acylimine hydrolydfsas a chromophore maturation  hydroxylates the C1 atom; (B) tautomerization between the
step under nondenaturing conditions (Figure 5A). In a contrast- €X0cyclic CB2 and the five-membered ring N2 nitrogen atoms;

ing report, Wilmann et al. report that KFP undergoes native (C) Proton abstraction from the backbone nitrogen N1 atom
peptide bond cleavagethrough an unknown mechanism to 'esulting in NI-CA1 double bond formation, CA1-C1 bond

create an imino substituent that extends the conjugation of the¢/€avage, and generation of an enolate moiety at C2; (D) enol-
chromophore (Figure 5B). Analogously, the Kaede protein tunes keto tautomerization leading to protonation of the S65A C1

the spectral properties of its chromophore through theCh atom; and (E) CB2 deprotonation and water ejection thereby
backbone cleavage andx&Cg double bond formation via a creating the aromatic species observed in our crystallographic
photoinducegs-elimination mechanis# (Figure 5C). A com-  Structure and implied by our spectroscopic data.

mon theme for these red-shifted fluorescent proteins is the 1NiS mechanism for PBF is consistent with the results we
protein-driven extension of the chromophore conjugation through Present here and those published previogii$. The reversible

oxidation and cleavage reactions. An in-depth understanding dehydration at C1 in Scheme 1A matches that proposed to
of the driving force and protein chemistry for these reactions is @ccount for mixed populations of nonaromatic and aromatic
therefore critical for controlling and further engineering the (dehydrated) imidazolone ring species for the ASG GFP variants

posttranslational modifications and the design of new fluorescent (Figure 1E,FY? The resultant hydroxyl moiety at C1 was first
proteins. observed in the refined crystal structure of the cyclized GGG

Here, we characterize two additional backbone cleavage Ya"ant, which also undergoes PBSF.T_he water-based N1
reactions for GFP: PBF reactions diagnostic of modified deProtonation (Scheme 1C) likely requires prior protein dena-
chromophore variants with an exocyclic double bond on the turation, as cleavage products are only observed under dena-
cyclized ring (Figure 5D) and peptide hydrolysis reactions that turation conditions (Supportmg Infor.matlon Figure 1) and the
occur under native conditions (Figure 5E). Denaturation condi- ASG structure® contain no appropriately placed base under

tions are required for the fragmentation reactions of both&rRFp Native conditions. The double bond arrangement in the inter-
(Figure 5A) and GFP variants (Figure 5D), but the mechanisms mediate preceding dehydration (Scheme 1E) resembles that

for these reactions appear unrelated (Scheme 1). The GFP pBProposed by Roesenow et?lfor a cyclized and oxidized, but
reaction is reminiscent of one proposal for the natural chro- not dehydrated, intermediate in GFP chromophore biosynthesis.

mophore maturation step in KEP(Figure 5B); both involve ~ Our PBF mechanism requires an exocyclie- €4 double bond
at residue 66 (resulting from GFP-like oxidation or HAL-like

(35) (a) Ehrhardt, DCurr. Opin. Plant Biol.2003 6, 622-628. (b) Miyawaki, dehydration reactions) for the NZB2 tautomerization step
A. Curr. Opin. Neurobiol.2003 13, 591-596. ER

(36) Shaner, N. C.; Campbell, R. E.; Steinbach, P. A.; Giepmans, B. N.; Palmer, (SCh_eme 1B) and SUbse_quent cleavgge. In Wlld_ typ_e GFP’_ we
A. E,; Tsien, R. Y.Nat. Biotechnol2004 22, 15671572. predict that the energetic cost of this tautomerization, which
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Figure 5. Peptide backbone cleavage reactions for GFP and RFP homologues. (A) PBF ®oaRFproposaf for spontaneous KFP maturation; (B)
alternative propos#l for KFP maturation; (C) light-induced backbone cleavage for Kaede prbtédy, PBF for ASG GFP; (E) peptide hydrolysis for GSG

GFP and decarboxylation for GSG F64; and (F) summary of cleavage positions for GFP and its RFP homologues. Labels in green are species that are
conjugated similarly to GFP, whereas those in red are further conjugated, as in RFP.
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aReactions are (A) peptide cyclization; (B) dehydration of main-chain hydroxyl group; (C) enolate formation; (D) dehydration of side-chain hydroxy
group to form the ASG (PDB code 1YJF) product; (E) hydration to form the ASG H148G (PDB code 1YJ2) product; (F) ring decomposition; (G) water
attack to make a tetrahedral intermediate; (H) peptide hydrolysis to form the GSG F64L product; (1) light excitation of Phe64 side-chain radjc&l) dir
formation via electron transfer; (K) main-chain decarboxylation; and (L) generation of final GSG F64 products. X is a methyl group for ASG vdriants an
a hydrogen atom for GSG variants.

would remove the electronic conjugation between the imida- leading to an enolate intermediate (Scheme 2C) before side-
zolone and the Y66 hydroxyphenyl rings, precludes PBF. Thus, chain dehydration (Scheme 2D). This scheme is consistent with
our proposed mechanism (Scheme 1) successfully predicts whythe observed backbone cyclization requirement for Y66S
only specific GFP variants exhibit PBF (Table 1). dehydratio®? and recent structural evidence for an enolate

Backbone Cyclization. Our results indicate that the chro- intermediate in GFP chromophore biosynthééi¥he GSG
mophore residues rapidly interconvert between energetically variant can then undergo a hydration reaction to create a species
similar precursor and cyclized states. Structural data for the GSGsimilar to the posttranslational product of the ASG H148G
variants (Figures 3C and 4C) revealed posttranslational productsvariant (Scheme 2E). Deprotonation of the C1 hydroxyl group
with dehydroalanine moieties that were created through Y66S leads to ring decomposition (Scheme 2F). Next, we propose
dehydration. We suggest th_at these GSG Ya”a”ts cyclize (37) Barondeau, D. P.; Tainer, J. A.; Getzoff, E. D.Am. Chem. So2006
(Scheme 2A) and undergo main-chain dehydration (Scheme 2B) ° 128 3166-3168.
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Main-chain hydrogen protein architecture therefore lowers enthalpic barriers and
bond interactions utilizes a negative design principle (disfavoring alternate stable

N N N conformations) to achieve its peptide cyclization function. We
c-0 60 ¢.o 60 ¢_o propose that some of these same features that favor peptide
N g1 N 61 M backbone cyclization also lead to peptide bond hydrolysis in
£-0 C=0 €=0 S65G variants.
E=0 62 2=0 62 2=0 | Ro6 Peptide Bond Hydrolysis.In GSG and GAG variants, we
N 63 N 63 N LH,0 propose that the absence of main-chain hydrogen bonds for the
c-0 c-0 C-0/qrH0 65—66 peptide bond (Figure 6) promotes hydrolysis by facilitat-
2_0 64 2=0 64 2=0 1o ing the conversion of the S65G carbonyl carbon from ah sp
N ] N ’ to sp-hybridized moiety. In the precyclized GGG structéfe,
c-0 ) 65 ¢_olrH,0,E222 which is a reasonable model for the prehydrolyzed GSG and
g—o 66 2_0 1:;;0094 GAG variants, a water molecule forms hydrogen bonds to both
N‘ N' ' the S65G carbonyl oxygen and the Glu222 carbonyl oxygen
=0 67 c-o-{n,0 atoms. We therefore propose that Glu222 deprotonates a water
N eg N gg N _|——H:0 molecule, which then attacks the S65G carbonyl carbon atom
c-0 c-0 c-0 (Scheme 2G). In the resulting tetrahedral intermediate, one of
o 69 .o ::2’2,H,0 69 c.o :;g,uzo the oxygen atoms could be stabilized through hydrogen bonds
N 20 N Y with the backbone a_mldes of Gly67 an_d Val68, similar to those
c=0 C=0|1K85 C=0/TK85 observed for a terminal oxygen atom in hydrolyzed GAG and
E—o 71 g=0 71 E-o GSG variants (Figure 3A,C). Such a scenario is reminiscent of

features thought to stabilize the transition state and accelerate
Canonical GFP GFP after ; L . .
; . . . . peptide hydrolysis in enzymatic systefisronically, the same
a-helix  distorted helix peptide hydrolysis lack of hydrogen bond interactions for residue-& and the

Figure 6. Role of helical main-chain hydrogen bonds in GFP chromophore  |55e nitrogen-carbon distance that favor peptide cyclization
cyclization. Main chain hydrogen bond interactions for canonichlelix

(left), GFP central helix in precyclized, prehydrolyzed, and mature May also favor peptide hydrolysis. In peptide cyclization
chromophore states (center), and GFP central helix after peptide hydrolysis(Scheme 2A), the Gly67 amide nitrogen attacks the re face of
fc;]r the ﬁSG ancé‘ GiAG (;,ariants (ftight)- Ef&e r:ezidllJeS_ that‘t‘forn_n glle the S65G carbonyl carbon to generate the cyclized, tetrahedral
e e o a Intermediate. Water attack (Scheme 2G) on the opposite face
chain, three water, and Glu222 interactions). of this carbonyl also generates a tetrahedral intermediate that
can be stabilized via Gly67 hydrogen bond interactions for
peptide cleavage (Scheme 2H).

We suggest that side-chain steric interactions for residue 65
determine which GFP variants undergo peptide hydrolysis
(Table 1); side-chains larger than S65G inhibit either the
conformations necessary for hydrolysis or the approach of water
molecules to the carbonyl carbon atom. The N-terminal frag-
ments for both the GAG and the GSG variants exhibit a S65G
conformation more similar to precyclized GGG than to cyclized

that the uncyclized GSG variant either reforms a cyclized moiety
(Scheme 2F) or undergoes peptide hydrolysis (Scheme 2G,H).
In other words, the GSG variants likely continue to sample both
precursor and cyclized conformations until they are irreversibly
trapped via peptide hydrolysis. Previous results on the GGG
variant, which is cyclized under aerobic but not anaerobic
conditions, also support energetically similar precursor and

cyclized species? In the GGG variant, oxygen incorporation ASG (Supporting Information Figure 3). Modeling a S65A-like

at the Y.66G @ position (Figure 1C) is required to stabilize methyl group onto the cleaved GSG structure indicated that ASG
the cyclized over the precursor state. Together, these resur[Svariants likely cannot adopt such a conformation due to steric
imply that the GFP/RFP protein scaffold lowers barriers to y P

) - . - . interaction with Leu220. This conformational restriction is
peptide cyclization and allows population of a cyclized inter- essentially a negative design feature as peptide hydrolysis for
mediate that can undergo further essentially irreversible chem-

istrv. such as oxidation or backbone cleavage reactions thatthe GAG and GSG variants creates a remarkable six additional
Y, 9 main-chain hydrogen bonds (Figure 6): three hydrogen bonds
generate mature fluorophores.

We suggest that the GFP/RFP scaffold lowers these CyCIiza_W|th _water _molecules and interactions bet_ween the new carboxy
. . . - . terminus with Glu222 and the backbone nitrogen atoms of Gly67
tion barriers to promote ring formation by (1) favoring nucleo-

- 2 . . and Val68 (Figure 3A,C). Thus, the GFP scaffold controls

philic attack by close proximity alignment of the Gly67 amide N . o
L . . hydrogen bonding in the central helix to favor cyclization
lone pair with ther*-orbital of the residue 65 carbonyl and (2) . . . .
eliminating inhibitory main-chain hvdrogen bonds in the precur- leading to fluorophore formation, while simultaneously disfa-
2923 Y ydroge P voring additional reactions such as peptide hydrolysis.

sor state??23 Specifically, the GFP protein scaffold enforces a D boxvlat The d boxvlat f the GSG F64
bend in the central helix that is focused at Gly67 and results in ecarboxylation. The decarboxylation of the .
a lack of main-chain hydrogen bonds for the chromophore- varlant_ suggests that the GFP_ scaffold can favor radical
forming residues in both precursor and mature chromophore chgTau%ngg(éoner-Flﬁctron_chet?ls':?&(iomga;ltsc;p ofthe .GStG
states (Figure 6% The presence of such main-chain hydrogen an (which carries the substitution) variants
bonds \(vould stabilize the pr'ecu'rsor state and inhibit peptide (38) (@) Valina, A. L.; Mazumder-Shivakumar, D.: Bruice, T.Bochem2004
cyclization. Moreover, mutation-induced structural rearrange- 43, 15657-15672. (b) Pelmenschikov, V.; Blomberg, M. R.; Siegbahn, P.
ments that satisfy these hydrogen bonds, normally desirable for ~ E:J- Biol. Inorg. Chem2002 7, 284-298. () Stamper, C.; Bennett, B.;

. . e . Edwards, T.; Holz, R. C.; Ringe, D.; Petsko, Biochemistry2001, 40,
main-chain polar atoms, inhibit backbone cyclizat®ériThe 7035-7046.
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Table 3. Comparison of GFP Decarboxylation Reactions (Figure 5F). The GFP/RFP scaffold focuses a bend in the central
GSG Fé4 wild-type GFP chromophore-containing helix at the location of these cyclization
light requirement ambient? high intensity and cleavage reactions that removes inhibitory main-chain
excitation species Phe64 chromophore hydrogen bonds (Figure 6%:23In addition to this helical bend,
decarboxylation species S65G Glu222 this family of fluorescent proteins conserves two buried charged
electron transfer through bond through space . . ;
reference this paper 26 residues, Arg96 and Glu222. Arg96 helps stabilize the helical

bend conformation and provides electrostatic interactions that

o ) ] ) are important for ring formatio??234344G|u222 abstracts the
indicated that the decarboxylation reaction correlates with Phe64.-|-yr66 Co. proton for enolate intermediate formatiéhThe

This Phe64 dependence could be due to steric interactions (th&,,constrained main-chain atoms and the buried charges of
F64L substitution in ASG variants result in minor structural Arg96 and Glu222 provide the primary driving force for
rearrangements, Supporting Information Figure 2) or, more g,qr0phore biosynthesis but also can result in surprising
likely, the ability of the aromatic ring of Phe64 to mediate ,giransiational reactivity, such as spontaneous peptide hy-
photochemistry. On the basis of similar chromophore-mediated )y sis and decarboxylation reactions in GFP variants (Scheme
deparboxylathn of 9'“222 plus the pr?CEde“t for decarboxy- 2). We propose that buried Glu222 and the lack of main-chain
lation of glycine via radical mechanisifisand of Phe-Gly  yqrogen bonds drive the peptide hydrolysis reaction, whereas
dipeptides by photoinduced radical procesSese propose that  A1q96 positive electrostatic interactions favor radical anion
the GSG F64 decarboxylation reaction is a light-driven, radical 5 mation and subsequent decarboxylation. Moreover, the
process. _ _ decarboxylation reaction occurs in the absence of a GFP
In our mecharusm, t.he excne.d.s_tate of Phe64 (Schgme 21) chromophore, thereby implicating the protein environment in
generates a radical anion by oxidizing the carboxy terminus of i,itiating radical-based one-electron chemistry, which may also
S65G (Scheme 2J). Homolytic cleavage of the S65G carbon o important for native GFP/RFP oxidation reactions and

carbon bond releases the unstable carboxy radical as carboRomophore biosynthesis. The ability of the GFP/RFP scaffold
dioxide and generates a new carbon based radical (Scheme 2Ky tivate oxygen would be consistent with variants that

Electron transfer from the Phe64 radical anion and protonation

generates the final product revealed by our GSG F64 structural , o, ati0r#2 and oxidative cross-link reactioATogether, these

data (Scheme 2L). Differences in electron transfer requirements,gqits provide the groundwork for the design of proteins with
may explain the distinct excitation requirements for Glu222 and ,q,e| catalytic or reporter properties and reveal details for how
S65G decarboxylation (Table 3). In Glu222 decarboxylaton, e GEP/RFP protein environment both favors chromophore

intense light excitation is required to induce thé A electron biosynthesis and utilizes negative design principles to inhibit
transfer from Glu222 through space to the chromophore. In jjteate posttranslational modification chemistry.

contrast, ambient light is evidently sufficient to induce th@
A electron transfer through the peptide backbone from S65G ~ Acknowledgment. We thank C. D. Putnam, V. A. Roberts,
to the Phe64 side-chain. Although the S65G electron transfer T- I. Wood, and J. L. Huffman for scientific discussions and O.
iS over a |onger distance, |t occurs through Cova|ent bondS, Sundheim for CO”eCting the GSG F64 and ASG F64L datasets.
which has been shown to increase electron-transfer rates-by 20 This work was supported by the La Jolla Interfaces in Sciences
50-fold 4! This proposed S65G radical-based chemistry occurs (D.P.B.), NIH GM19290 Postdoctoral Fellowships (D.P.B.), and
in the absence of the GFP chromophore, implicating the protein NIH Grant RO1 GM37684 (E.D.G.). Portions of this research
environment in facilitating radical-based chemistry. We suggest Were carried out at the Stanford Synchrotron Radiation Labora-
that nearby Arg96 provides electrostatic stabilization for these tory, a national user facility operated by Stanford University
proposed chromophdior Phe64-based radical anionss and on behalf of the U.S. Department of Energy, Office of Basic
~9 A distance between Arg96 and the ring systems, respec-Energy Sciences. The SSRL Structural Molecular Biology
tively). Similarly, Goodin et al. demonstrated that the buried Program is supported by the Department of Energy, Office of
negative charge of Asp235 plays a critical role in stabilizing Biological and Environmental Research, and by the National
the formation of the Trp191 radical cation in cytochrome Institutes of Health, National Center for Research Resources,
peroxidasé? These results suggest a common theme in which Biomedical Technology Program, and the National Institute of
the GFP architecture facilitates one-electron chemistry that is General Medical Sciences.
likely important for electron transfer and activation of molecular  sypporting Information Available: SDS-gel that shows the
oxygen. _ o _ denaturation and native backbone cleavage products, a structural
Posttranslational Modification Chemistry. Remarkably, the ~ overlay of precursor and mature chromophore states with the
GFP/RFP protein architecture promotes not only ring formation GAG Fe4L and GSG F64L variants, and a structural overlay
and fluorophore biosynthesis but also covalent bond cleavageqof ASG and GSG variants with and without the F64L substitu-
at four consecutive positions along the polypeptide backbone tion, This material is available free of charge via the Internet at
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