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ABSTRACT. The Aequoreavictoria green fluorescent protein (GFP) undergoes a remarkable post-translational
modification to create a chromophore out of its component amino acids S65, Y66, and G67. Here, we
describe mutational experiments in GFP designed to convert this chromophore into a 4-methylidene-
imidazole-5-one (MIO) moiety similar to the post-translational active-site electrophile of histidine ammonia
lyase (HAL). Crystallographic structures of GFP variant S65A Y66S (GFPhal) and of four additional
related site-directed mutants reveal an aromatic MIO moiety and mechanistic details of GFP chromophore
formation and MIO biosynthesis. Specifically, the GFP scaffold promotes backbone cyclization by (1)
favoring nucleophilic attack by close proximity alignment of the G67 amide lone pair with*tloebital

of the residue 65 carbonyl and (2) removing enthalpic barriers by eliminating inhibitory main-chain
hydrogen bonds in the precursor state. GFP R96 appears to induce structural rearrangements important in
aligning the molecular orbitals for ring cyclization, favor G67 nitrogen deprotonation through electrostatic
interactions with the Y66 carbonyl, and stabilize the reduced enolate intermediate. Our structures and
analysis also highlight negative design features of the wild-type GFP architecture, which favor chromophore
formation by destabilizing alternative conformations of the chromophore tripeptide. By providing a
molecular basis for understanding and controlling the driving force and protein chemistry of chromophore
creation, this research has implications for expansion of the genetic code through engineering of modified

amino acids.
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Ficure 1: Molecular structures of imidazolone products after
T This work was supported by the La Jolla Interfaces in Sciences backbone cyclization and other post-translational modifications. (A)
(to D.P.B.), NIH GM19290 Postdoctoral Fellowships (to D.P.B.), and aromatic GFP chromophore, (B) nonaromatic HAL MIO, (C)
NIH Grant RO1 GM37684 (to E.D.G.). Portions of this research were nonaromatic GFP Gly-Gly-Gly, (D) atom labels for GFPhal H148G
carried out at the Stanford Synchrotron Radiation Laboratory, a national variant, (E) modified aromatic chromophore for GFPhal variant,
user facility operated by Stanford University on behalf of the U.S. and (F) nonaromatic moiety for the GFPhal H148G variant. In each
Department of Energy, Office of Basic Energy Sciences. The SSRL ¢ase, the N-terminal polypeptide chain enters the imidazolone ring

Structural Molecular Biology Program is supported by the Department 5t the pottom left and exits C-terminally from the top left.
of Energy, Office of Biological and Environmental Research, the

National Institutes of Health, National Center for Research Resources,
Biomedical Technology Program, and the National Institute of General (PAL) (8), and tyrosine aminomutase (TAM)( Similarities

Medical Sciences. ; . . . L
* Coordinates and structure factors for all reported data sets have'l both the resulting five-membered imidazolone moieties

been deposited in the Protein Data Bank (PDB entries 1YJF, 1YJ2, (Figure 1) and their biosynthetic reaction mechanisms,
1YHI, 1YHH, and 1YHG). despite dramatically different protein environments and

*To whom correspondence should be addressed. Telephone: 858-grchitectures (Figure 2), suggest opportunities to engineer,

784-2878. Fax: 858-784-2289. E-mail: edg@scripps.edu. . . .
! Abbreviations: GFP, green fluorescent protein; MIO, 4-methyl- modify, and transplant post-translational chemistry between

idene-imidazole-5-one; HAL, histidine ammonia lyase; GFPuv, S65T protein scaffolds. Determining the driving forces and mo-
F99S M153T V163A GFP variant; GFPsol, F64L GFPuv variant; |ecular mechanisms of these natural systems will enhance

GFPhal, S65A Y66S GFPuv variant; PAL, phenylalanine ammonia i ; _ ;
lyase; TAM, tyrosine aminomutase; RFP, red fluorescent protein; Gly- our ability to design and control such sel-catalyzed amino

Gly-Gly, S65G Y66G GFP variant; PDB, Protein Data Bank; rmsd, acid tranSformati0n$, thUS ef_feCt_iveW exp_anding the genetic
root-mean-square deviation; MW, molecular weight. code for novel applications in biology, biotechnology, and

10.1021/bi0479205 CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/22/2005



GFP Chromophore Biosynthesis
A

Ficure 2: Overall protein fold and location of the post-translational
modifications for (A) GFP and (B) HAL. Post-translational cy-
clization products for both GFP and HAL are shown in green. The
two subunits of the HAL homodimer are displayed in brown and
yellow.
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S143 dehydration (HAL)7, 20) reactions to generateoC-

Cp3 double bonds and mature ring systems. The order of the
three reactions in GFP is under debate, and proposals include
cyclization—dehydration-oxidation (L8), cyclization-oxida-
tion—dehydration 21), and oxidation-cyclization—dehydra-

tion (22) mechanisms (Figure 3). Some GFP homologues
[e.g., red fluorescent protein (RFP)] extend the electronic
conjugation of the GFP-like chromophore with a fourth major
step, a second oxidation reaction that generates a double bond
between backbone nitrogen and @oms 23—25). Interest-
ingly, a major difference between the structures of the
imidazolone rings generated through the post-translational
modification of GFP/RFP and HAL/PAL is the hybridization

of the N3 atom and the resulting aromaticity for the
fluorophore but not the MIO moiety (Figure 1).

The cyclization for fluorophore and MIO biosynthesis is
an electronically unfavorable reactid2()f, and three different
proposals have emerged to explain how the proteins over-
come this apparent thermodynamic barrier. First, a mechan-
ical compression hypothesis was suggested, in which peptide
cyclization is driven by a relaxing strain imposed in the
precyclization state by the protein architecture of GE6) (
or HAL (20). This hypothesis is consistent with nonviable
HAL mutants Q0) that indicate that steric interactions are
important for peptide cyclization. Second, interpretation of
density functional theory calculations led to proposals that
side-chain oxidation (GFPRR) or dehydration (HAL) 27)
occurs first and drives backbone cyclization. Third, a recent
conjugation-trapping mechanism for GFP was proposed,
supported by precyclization and postcyclization structures
for the R96A and S65G Y66G (Gly-Gly-Gly) variants, in
which the initial thermodynamically unfavorable cyclization
event is coupled to a subsequent trapping step under Le
Chatliers’ principle 28). Under aerobic but not anaerobic
conditions, the post-translational product of this Gly-Gly-
Gly variant is a cyclized but nonaromatic moiety that contains
oxygen atoms attached to the S65G carbonyl carbon (car-
bonyl oxygen normally lost during dehydration) and the Y66
Ca (probably incorporated through an oxidation reaction)
atoms (Figure 1C)28). Thus, in contrast to HAL MIO
biosynthesis, GFP fluorophore maturation and stabilization
of the backbone cyclization product for chromophore variants
appear to require an oxidation reaction.

medicine. For biology and biotechnology, the spontaneous The GFP and HAL post-translational modifications occur

biosynthesis 10, 11) and tunable fluorescence properties of
the chromophores of GFR,(3), its homologues12, 13),
and mutantsi4, 15), have revolutionizeth vizo molecular
tagging and cell labeling. For medicine, deficiencies in HAL
activity, the nonoxidative elimination of the-amino group

in dramatically different protein scaffolds, and their local
protein environments exhibit few evident common features
to assist in backbone cyclization. Extensive GFP mutagenesis
of the chromophore residues and surrounding amino acids
generally produces chromophores with altered spectral

of histidine, lead to the rare hereditary metabolic disorder properties rather than incomplete maturatidd, (15, 29),
histidinemia that is often characterized by mental retardation implicating a major role for the protein architecture in

and speech defectd®); PAL may be used to degrade

chromophore biosynthesis and establishing GFP as a robust

phenylalanine and combat the metabolic disease phenyl-experimental system. Mutations at R96 and G67 are two

ketonuria 17); and TAM is a key enzyme in enediyne
antitumor antibiotic C-1027 biosynthesi8)(

Both GFP fluorophore and HAL 4-methylidene-imidazole-
5-one (MIO) post-translational modifications entail three

exceptions. The mutation of R96 greatly retards GFP
chromophore maturation through loss of steric and electro-
static interactions28), and the mutation of G67 results in a
nonfluorescent, presumably noncyclized, produdd).( In

major synthetic steps: backbone cyclization via covalent contrast, HAL MIO biosynthesis lacks an R96 analogte (
bond formation between glycine nitrogen (G67 in GFP and is disrupted by shortening adjacent side cha2s 80), and
G144 in HAL) and carbonyl carbon atoms (S65 in GFP and can occur with an Ala substitution for the G67 equivalent

A142 in HAL), dehydration of the oxygen of the same
carbonyl, and either Y66 oxidation (GFP)4 18, 19) or

(mutant exhibits 37% wild-type activityB0). Thus, although
the initial cyclization reaction and cyclized ring products of
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Ficure 3: Proposed cyclizationdehydration-oxidation (top), cyclizatior-oxidation—dehydration (middle), and oxidatiertyclization—
dehydration (bottom) reaction schemes are displayed for GFP chromophore maturation.

(o]

GFP and HAL appear similar, they occur in distinct protein manually fit with the XtalView package3@) and refined in

scaffolds with dissimilar secondary structure, solvent acces-either CNS 85) or Shelx-97 86) using all of the diffraction

sibility, and surrounding residues that may assist in backbonedata, except for 5% used f&:.e calculations 87). Standard

cyclization. uncertainties were determined by inverting the full least-
To better understand the driving force for post-translational squares covariance matrix in Shelx-B6). All structures

modification in GFP and HAL and to determine the scaffold- were superimposed with Sequoizg].

specific features that contribute to backbone cyclization, we

transplanted the HAL electrophile sequence and then engi-RESULTS

neered additional site-directed mutations into the GFP Transplanting the HAL Electrophile Sequence into GFP.
scaffold. Our high-resolution structural data reveal architec- \ye created GEPhal (SB5A Y66S) to test if the GFP protein
tural and mechanistic requirements for GFP peptide backbones;atfold supports MIO electrophile synthesis and to further
cyclization, support and build upon previous backbone g|,cigate the architectural and protein chemistry requirements
cyclization results and hypothese28), and provide an  for the backbone cyclization reactions. The GFPhal absorb-
alternative explanation for modified chromophore variants, gnce maximum at 385 nm (Figure 4A) indicates that post-
previously used to support the cyclizatisoxidation— translational modification has occurred but has created a
dehydration mechanisn21). Moreover, we determine that  cnromophore differing from the fluorophore of both wild-
the S65A Y66S (GFPhal) variant forms an aromatic MIO yhe and GFPsol parents (absorbance maxima of 395 and
species in the GFP scaffold, compare the GFPhal and HAL 489 hm, respectively). The crystallographic structure (Table
post-translational modifications, and discuss functional im- 1) of the essentially nonfluorescent GFPhal reveals no
plications. significant differences compared to GFAPSO| [overall (©Got-
mean-square deviation (rmsd) of 0.20 A], except for changes
MATERIALS AND METHODS at the mutated chromophore residues and the rotation of the
Experimental Preparation, Crystallization, and Structure H2148 side chain to occupy the cavity created by the Y66S
RefinementUsing the QuikChange method (Stratagene), we truncation. The electron density for the modified chro-
created GFPhal by replacing the GFP Ser-Tyr-Gly fluoro- mophore reveals a five-membered ring system but no side-
phore residues with those of the HAL Ala-Ser-Gly electro- chain hydroxyl group or aldehyde, which would be expected
phile. GFPhal, GFPhal H148G, and GFPhal R96A mutants from a wild-type @Gx—Cpj oxidation at residue 66 (Figure
were engineered from the high solubility GFPuv (S65T F99S 4B). The product (Figure 1E) is consistent with deprotonation
M153T V163A) plasmid (Clontech), and the GFPhal G67A of the Y66S @ and double-bond formation by elimination
and GFPhal S65G V68G mutants from GFPsol (GFPuv with of the hydroxyl group. Interestingly, the short (2.270.07
an additional F64L mutation to further enhance solubility). A) distance from the exocyclic, presumably Y66S CB2 atom
We purified and crystallized the proteins as previously to a water molecule (Watl) coplanar with the imidazolone
described Z, 28, 31). Interestingly, both the GFPhal and ring suggests an unusual €D hydrogen bond. An alterna-
GFPhal H148G variants exhibit heat/denaturation-induced tive explanation for these data, which cannot be ruled out
backbone cleavage, reminiscent of RRB)( X-ray diffrac- by the electron density maps, is Y66S side-chain elimination
tion data sets were collected at the Stanford Synchrotronfollowed by an oxygen incorporation reaction (see the
Radiation Laboratory on beamlines 11-1, GFPhal H148G ( Discussion). A second water molecule (Wat2) forms a
=0.85 A), and 9-1, GFPhak(= 0.97 A), GFPhal R96AX hydrogen bond to the V68 backbone nitrogen atom (Figure
= 0.97 A), GFPhal S65G V68Gi(= 0.97975 A), and  4D) and is in van der Waals contact (2.#70.08 A) with
GFPhal G67Af = 0.97975 A). Data sets were indexed and the S65A carbonyl carbon atom. Interestingly, omit electron
reduced with thehkl package 32), and phases were density for Wat2 extends to the chromophore, indicating a
determined by molecular replacement with AmoR®&)(The small population (estimate af10%) of bound hydroxyl (see
search model was a refined 1.0 A GFPsol structure, below). These two water molecules, Watl and Wat2, may
determined by molecular replacement from a previous GFP result from the two dehydrations during MIO formation in
structure ). Difference electron density and omit maps were GFP.
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Ficure 4: Crystallographic structures and bVis spectral properties displayed for the GFPhal and GFPhal H148G variants. (AyisV

spectral properties for GFPhal (blue) and GFPhal H148G (red) variants. (B) Stereopair of the GFPhal variant with simulated annealing omit
|Fo — F¢| electron density for the chromophore contoured@{tdack). (C) Stereopair of the GFPhal H148G GFP variant with simulated
annealing omifF, — F¢| electron density for the chromophore and ethylene glycol (cryosolvent) molecule contoureqbéack). (D)

Overlay of GFPhal (green) and GFPhal H148G (yellow) structures.

Table 1: Data Collection and Refinement Statistics

GFPhal GFPhal GFPhal GFPhal
GFPhal H148G R96A G67A S65G V68G

resolution (A) 50.6-1.35 30.6-1.50 50.6-1.90 20.6-1.50 50.6-2.50
last shell (A} 1.40-1.35 1.55-1.50 1.971.90 1.55-1.50 2.59-2.50
space group P2,212; P2:212; P2:2:2 P2:2:2; P2,
molecules/asymmetric unit 1 1 1 1 2
unit cell 51.0,62.6,71.5 51.00, 62.43, 71.45 54.5,64.3,70.5 51.3,62.7,70.2 45.3,71.£,6@9,8
observations 119781 99 625 65 585 145671 60 262
unique 49 525 36 704 19 956 35794 13380
Reym (%6)° 4.7 (33.8) 6.1(37.2) 5.9 (31.4) 6.9 (35.9) 11.9 (31.2)
completeness (%) 97.1 (96.0) 98.0 (91.9) 98.6 (99.5) 96.9 (97.5) 99.4 (99.7)
1ol 21.1(2.7) 16.1(2.8) 21.8 (4.30 21.1(3.9) 17.0 (6.5)
refinement parameter 19851 8641 7636 8176 14 692
Ruork/Riree (%0)° 14.5/20.5 17.1/22.6 22.5/25.7 21.7/22.8 21.4/28.0
PDB code 1YJF 1YJ2 1YHI 1YHH 1YHG

2Values in parentheses are the statistics for the highest resolution shell of Bgta= 5 |Ina — OVY (IC) whereICis the average individual
measurement dfi. € Ruork = (3 |Fobs — Fead)/Y |Fond, WhereFqps and Feac are the observed and calculated structure factors, respectively.

The 1.35 A resolution of the GFPhal structure allows 0.05 A), CA2-C2 (1.44+ 0.06 A), and CA2-CB2 (1.32
assignment of the tautomer and primary resonance form of+ 0.06 A) bond lengths imply a CA2CB2 double bond.
the MIO moiety by accurate determination of bond lengths Further, the C202 bond length (1.25+ 0.06 A) is
between the non-hydrogen atoms. The MIO moiety is planar consistent with a keto rather than enol tautomer, and the N3
with the exocyclic CA1, 02, CA3, and CB2 atoms in the C2 (1.384 0.06 A) and N3-CA3 (1.40+ 0.04 A) bond
plane of the five-membered ring, indicating that the C1, C2, lengths suggest a neutral?dpybridized N3 atom (Figure
CA2, and N3 atoms are $ybridized (see labels in Figure 1E). In contrast, the HAL MIO contains an3hybridized
1D). The C}+CA1 (1.53+ 0.06 A), C1-N3 (1.36+ 0.05 N3 atom (Figure 1B). Thus, the primary difference between
A), and C1-N2 (1.284 0.05 A) bond lengths are consistent the GFPhal MIO and the HAL MIO appears to be hybridiza-
with a C1—-N2 double bond, while the CA2N2 (1.37 + tion at the N3 atom.
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Ficure 5: Crystallographic structure and analysis of the GFPhal R96A variant. (A) Stereopair of the GFPhal R96A variant (yellow) displayed
with the two Y66S conformations (green) and modeled wild-type R96 (brown). (B) Stereopair for structural overlay of GFPhal R96A
(yellow) and R96A (green) variants. (C) Stereopair for structural overlay of GFPhal R96A (yellow) and GFPhal (green) structures emphasizing
movement induced by R96. van der Waal surface shown for R96 (light blue) and Y66S (light red).

Structure and Characterization of the GFPhal H148G (Figure 4D) are highly similar (overall €rmsd of 0.1 A).
Variant. To explore the potential reactivity of the GFPhal Occupancy refinement of the bound hydroxyl group for
MIO, we next added the H148G side-chain truncation GFPhal H148G indicates a population greater than 85%,
mutation @9, 40), thereby opening solvent/substrate access while careful inspection of the omit electron density maps
to the modified chromophore. The GFPhal H148G variant for the GFPhal variant (above) indicated the presence of a
exhibits an absorbance spectrum similar to that of GFPhal small population (estimate 0£10%) of bound hydroxyl
but with a lower A385/A280 ratio (Figure 4A), suggesting group. Thus, the GFPhal variant structures reveal a mixture
either a fundamentally distinct chromophore or a different of aromatic and nonaromatic species with the GFPhal variant
mixture of maturation products. The A385/A280 ratios for mostly aromatic (Figure 1E) and the GFPhal H148G variant
each of these two variants remain constant over pH and time(Figure 1F) largely nonaromatic.

(data not shown), indicating that the difference is not due to  To test for potential GFPhal MIO reactivity, similar to

a slow kinetic maturation event. Interestingly, our 1.50 A the modified/inhibited MIOs observed in HAI3Q) and PAL
resolution GFPhal H148G structure (Table 1 and Figure 4C) (8), we initiated solution and crystallographic soaking
reveals a cyclized product (Figure 1F) that has undergoneexperiments with exogenous nucleophiles and observed no
an Y66S side-chain elimination reaction, similar to the indication of a modified MIO moiety. The apparent lack of
GFPhal variant, but contains a hydroxyl group bound to the reactivity is not due to limited nucleophile access, because
C1 atom (the S65A carbonyl carbon atom, Figure 1D), the opening created by the H148G truncation allowed a cryo-
similar to the “dehydration-compromised” Gly-Gly-Gly (see solvent ethylene glycol molecule (Figure 4C) to approach
Figure 1C) R8) and Y66L Q1) variants. Outside of the and form a hydrogen bond to the N2 atom of the MIO.
altered chromophore and the H148G mutation, the structuresAlternatively, structural studies on the inactive HAL variants
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Ficure 6: Crystallographic structures and analysis of the conformational switch imposed by the GFPhal G67A and GFPhal S65G V68G
variants. Conformation for the central helix with hydrogen-bond interactions displayed for the (A) GFPhal G67A, (B) GFPhal S65G V68G,
and (C) Gly-Gly-Gly precursor variant structures. D) Schematic for the main-chain hydrogen-bond interactions of wild-type (and Gly-
Gly-Gly) structures compared to those of GFPhal G67A and GFPhal S65G V68G. There are no significant conformational differences for
the two subunits of the GFPhal G67A variant (overadl @nsd of 0.26 A).

Y280F and F329A indicate that MIO reactivity may critically by steric overlap with R96 (parts A and C of Figure 5),
depend on the $pybridization of the N3 atom20, 30). In implicating the R96 side chain in preorganization of the
GFP, R96 has been proposed to facilitate formation ofa sp chromophore sequence for cyclization. Because GFPhal
hybridized N3 atom through electrostatic destabilization and R96A did not form an MIO, we could not probe the role of
deprotonation Z8). Thus, to potentially stabilize a HAL-  R96 in electrostatically destabilizing a positively charged sp
like sp*-hybridized and reactive MIO moiety and further hybridized N3 atom. Hence, we generated the GFPhal G67A
mimic HAL electrophile formation, we constructed and and GFPhal S65G V68G mutants intended to better mimic
characterized the GFPhal R96A variant. HAL by altering the environment of the N3 atom to favor
Structure and Characterization of the GFPhal R96A its sp hybridization after cyclization. The GFPhal G67A
Variant. The 1.90 A resolution structure (Table 1) of the variant was designed on the rationale that (1) the equivalent
GFPhal R96A variant reveals a noncyclized conformation mutation in HAL creates a functional MIO specie&f) and
(Figure 5A) and supports a role for R96 in organizing the (2) GFP G67 variants are nonfluorescedf)( possibly
GFP central helix for backbone cyclization. Previously, the indicating a nonaromatic ring system with &4yybridized
rate of chromophore formation for the R96A variant was N3 atom. Moreover, the GFPhal S65G V68G variant
shown to be greatly attenuated compared to wild-type GFP, truncates residues that flank the MIO moiety, thereby
occurring on the time frame of weeks to mont@8)( The relaxing architectural constraints that may be important in
GFPhal R96A variant appears to be even slower, with no favoring the sp-hybridized N3 atom and aromatic ring
visible absorbance or structural indication of MIO formation system of the wild-type chromophore.
after room-temperature incubation for many months. The Structural Rearrangement for the GFPhal G67A and
noncyclized structure has an intact Y66S side chain, which GFPhal S65G V68G VariantsThe GFPhal G67A and
indicates that backbone cyclization and/or the R96 side chainGFPhal S65G V68G variants undergo a common backbone
are important for the hydroxyl elimination reaction observed conformational switch (Figure 6A), and both remain un-
in GFPhal and GFPhal H148G. In GFPhal R96A, the Y66S cyclized. Our 1.50 A resolution crystal structure (Table 1)
side chain has dual conformations that differ by-ah20 of the GFPhal G67A variant reveals a precursor noncyclized
chi~! torsion, allowing the side-chain hydroxyl to form conformation for the chromophore atoms, significant local-
hydrogen bonds with the backbone carbonyls of T62 and ized backbone rearrangements with large36 A) Co
T63 in one conformation and to interact with the T62 movement for the G67A and V68 residues (Figure 6A), and
carbonyl and Q183 side-chaineD atoms in a second a coil-3;0-helix transition for the chromophore-forming
conformation (Figure 5A). The central helix (residues-60 residues (S65AF71). This rearrangement is likely initiated
71) conformation of the GFPhal R96A is similar (Figure 5B) by steric contacts between the G674 @&om and the T63
to that of the precyclized R96A structur@gj, as is the carbonyl @8) and results in placement of the Val68 side
overall structure (@ rmsd of 0.7 A). To generate the chain into a pocket near L42 and E222, displacing water
chromophore, the Y66S side-chain hydrogen bonds must bemolecules that previously formed hydrogen bonds with the
broken and the backbone atoms for the chromophore-formingE222 side chain. Interestingly, the 2.5 A structure of the
residues shifted. Significantly, both the altered backbone GFPhal S65G V68G variant (Table 1) reveals a remarkably
conformation and the Y66S conformers would be disfavored similar uncyclized conformation (Figure 6B) to that of the
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GFPhal G67A variant. The Y66S side chain forms hydrogen condensation reaction that would be inhibited by main-chain
bonds to R96 and Q94, which, in wild-type GFP, both form hydrogen bonds present in the precursor state but not in the
hydrogen bonds with the Y66 carbonyl oxygen. The same cyclized product. In GFP, the central chromophore-containing
coil—=3;5-helix transition observed in the GFPhal G67A helix exhibits a dramatic bend centered at the chromophore
variant is induced in the GFPhal S65G V68G variant. that precludes all but 6 of 24 possible main-chain hydrogen-

The new 3, helix stabilizes the precursor state and inhibits bonding interactions in both precyclization and mature states
chromophore biosynthesis in these noncyclizing GFPhal (Figure 6D). These distortions specifically align molecular
variants. The number of main-chain helical hydrogen bonds orbitals for bond formation (see below) and remove inhibi-
in the distorted precyclized central helix of GFP doubles from tory hydrogen bonds with the G67 nucleophile, which forms
3to 6 (Figure 6). The three new main-chain hydrogen bonds the new covalent bond, and the S65 carbonyl oxygen atom,
(to the carbonyl oxygen atoms of the uncyclized chro- which is lost as a water molecul28). Because the central
mophore tripeptide, Figure 6D) must be broken to complete helix distortions are present in both precyclized and mature
chromophore maturation. In these GFPhal variants, the shortstructures, the conjugation-trapping model suggests that these
(~3 A) distance from the nitrogen nucleophile to its carbonyl distortions do not drive GFP peptide backbone cyclization
carbon target matches that of the Gly-Gly-Gly mutant before Per se but allow population of an unstable cyclized inter-
Cye“zation Q8), but the So_he|ica| transition rearranges mediate, which is then trapped through a Subsequent reaction
residue 67 so that its nitrogen lone pair is no longer oriented (28). In contrast, HAL drives the cyclization reaction through
for nucleophilic attack. These results suggest thah@lix an apparent mechanical compression mechand) (n
formation, triggered by increased (GFPhal G67A) or de- which steric constraints imposed by the protein scaffold are
creased (GFPhal S65G V68G) steric constraints, inhibits relaxed in forming the MIO moiety, implying that the initial
tripeptide cyclization by preferential stabilization of the cyclized product, unlike GFP, is more stable than the

precursor state. precursor.
Negatve Design.Fluorophore biosynthesis by GFP has
DISCUSSION evolved to incorporate principles of both positive (favoring

the desired conformation) and negative (disfavoring alterna-

Our approach to understanding the driving force and post- tive undesirable conformations) protein design. Such prin-
translational chemistry for self-catalyzed reactions within ciples underscore the importance of both favoring functional
proteins is to generate specific structure-based hypothesegnd eliminating nonfunctional options for biological systems
and test these ideas with site-directed mutagenesis and high¢41, 42). As described above, the wild-type GFP architecture
resolution crystallography. For example, in the HAL/PAL incorporates positive design features that lower energetic
protein architecture, seven helix dipoles have been proposedharriers to ring closure by precluding inhibitory hydrogen
to increase the electrophilicity and reactivity of the MIO ponds and by imposing a specific conformation on the
moiety @). Although difficult to test within native protein  chromophore tripeptide. In contrast, the GFP precursor
scaffolds, such an architecture-specific proposal can bestructures (parts AC of Figure 6) highlight specific negative
probed by transplanting the MIO into a different target design features present in wild-type GFP but missing for
scaffold. Toward that end, we transplanted the MIO elec- these GFP variants, which are defective in backbone cy-
trophile tripeptide sequence into the GFP scaffold, altered clization and chromophore maturation. For the noncyclized
the surrounding electrostatic environment through site- GFPhal R96A variant, unlike the wild type, the precyclization
directed mutagenesis, and evaluated the MIO reactivity. In state is preferentially stabilized through Y66S hydrogen-bond
GFP, the transplanted HAL tripeptide sequence indeed interactions and backbone movements that raise the energetic
Cyclizes but pI’OdUCGS an aromatic MIO that differs from the cost of peptide Cyc"zation_ Compared to Wi|d-type GFP, the
nonaromatic MIO in HAL by hybridization differences at  GFPhal G67A and GFPhal S65G V68G variants form three
the N3 atom. In wild-type HAL, shhybridization geometry  additional 3c-helical hydrogen bonds (658, 66-69, and
at the N3 atom, defined by the tetrahedral geometry of its 67—70), which opposes or must be broken for backbone
covalently bound atoms, excludes the nitrogen lone pair from cyclization. Thus, a common feature for these stalled
conjugation with the rest of the imidazolone ring. Thus, the chromophore maturation variants is the preferential stabiliza-
HAL electrophile is nonaromatic and does not exhibit a tion of the precursor state, suggesting that negative design
visible absorbance spectrum. In contrast, the GFPhal variantfeatures of wild-type GFP destabilize these nonproductive
and the low activity HAL mutants Y280F and F3292Q( conformations to favor chromophore formation.
30) have sg-hybridization geometry at the N3 atom, allowing  precursor Architecture for Peptide Backbone Cyclization.
conjugation of its lone pair electrons. The observed differ- Gep favors chromophore biosynthesis through a specific
ences in N3 hybridization and consequent MIO aromaticity architecture that aligns molecular orbitals for bond formation.
in GFPhal but not in HAL arise from distinct biosynthetic Previously, we showed@) that (1) the Gly-Gly-Gly GFP
features of the two scaffolds and produce important func- variant undergoes backbone cyclization but, in the absence
tional differences. of oxygen, reverts back to the precyclization state and (2)

Driving Force for Peptide Backbone Cyclizatidnth the entropic barriers are reduced by the close van der Waals
GFP and HAL protein frameworks locally destabilize the nitrogen—carbon contact distance (3.0 A) for the ring-
conformation of the tripeptide precursor to favor cyclization. forming atoms. Further analysis of the Gly-Gly-Gly pre-
In GFP, probably to inhibit fluorescence quenching, the cyclization structure (PDB code 1QYO) reveals that the 65
reaction occurs on a distortechelix deep inside thg barrel, 66 peptide bond is oriented perpendicular to that of 68.
whereas the HAL reaction occurs on a solvent-exposed looplmportantly, this arrangement aligns the G67 nitrogen lone
that allows substrate access. Cyclization is a backbonepair with an emptyr* antibonding orbital of the carbonyl
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A reversible dehydration/hydration reaction has implica-
tions for the interpretation of previous nondehydrated GFP
variants. First, the cyclizatieroxidation—dehydration mech-
anism is based on the presence of a nondehydrated main-
chain hydroxyl in the Y66L structure2(). Our results for
the GFPhal variants suggest that the hydration/dehydration
of the imidazolone ring is reversible. Thus, the presence of
the hydroxyl group in the Y66L structure, especially without
data indicating that this species is an intermediate in
chromophore maturation, cannot be extrapolated to define
the kinetic mechanism (see below). Currently, the order of
the main-chain dehydration and oxidation (in GFP) or side-
chain dehydration (in HAL/GFPhal) steps remains unre-
solved. Reported (unpublished) mass spectrometry experi-
ments in GFP suggest that the mass difference between the
anaerobic and mature chromophore states is consistent with
oxidation but not dehydrationlQ). However, these mass
spectrometry results cannot rule out a reversible equilibrium
between a more stable dehydrated moiety and a low
population of a hydroxide-bound species that undergoes
oxidation to form the mature chromophore.

Second, both the orbital alignment for bond formation in
the Gly-Gly-Gly precyclized structure and the reversible
hydration/dehydration equilibrium in GFPhal variants are

FiIGURE 7: Post-translational chemistry for GFP variants. (A) Orbital consistent with deprotonated G6_7 hitrogen nucleophilic attack
alignment for peptide backbone cyclization for the viable Gly-Gly- 0N the S65 carbonyl. The superimposable hydroxylated and
Gly precyclized (anaerobic) structure. The lone pair ahdrbitals dehydrated GFPhal structures reported here (Figure 4D) lead
are tdisp|é}ye(2hin6'g:f§§nl- (B) Tev(ecfiigle tdtehydlrfition/r\ydrztiortl to the conclusion that dehydration is reversible. Thus, our
reactions for the al variants. (C) Post-translational products nreyious assumption that the Gly-Gly-Gly variant is “dehy-
ggﬂ%@tee?irmg:%z ?sﬁ\;hgl;ee %’?%%ﬁ}fnn&(%heme 1) and formal- dration-compromised” because of a shift of the imidazolone
ring and the resultant proposal for G67 deprotonation after

(Figure 7A). Although the GFPhal G67A and GFPhal S65G ring cycl_ization @8) are not ne.eded. These new (_jata, coupled
V68G variants exhibit similar short nitrogen to carbonyl (0 the alignment of the G67 nitrogen lone pair with the empty

carbon contacts (3-68.3 A) for the bond-forming atoms, a* antibor_1di_ng orbital of the carbonyl (Figu_re TA), ?ndi'cate
the coil-helix transition results in substantially different and that G67 is rllnstead dgprotonatedl pr_|orr]_tq fing cfycllzat!on (a
nonoptimized nitrogencarbonyl orbital alignments. Further, proton on the G67 nitrogen would inhibit ring formation),

comparison of the GFPhal and GFPhal R96A structures supporting previous hypothesess( 21, 22). G67 deproto-

indicates that R96 induces structural rearrangements (Figurenatlon may be assisted by ionic interactions between the R96

5C) that align orbitals for bond formation and may help guanidinium side chain and the Y6.6 carbonyl, which favor
explain the inhibited cyclization for the R96A and GFPhal the peptide bond resonance form with double-bond character

) (28).
RI6A variants. GFPhal Post-translational ModificationThe crystal-

Reversible Main-Chain Dehydration Reactioiihe cy-  |ographic structures of GFPhal and GFPhal H148G reveal
clized GFPhal variants reveal a mixture of aromatic (dehy- post-translational modifications with eliminated Y66S side-
drated) and nonaromatic (nondehydrated) moieties (Figureschain hydroxyl groups. These data indicate that, unlike wild-
1and 4). The GFPhal and GFPhal H148G variant structurestype GFP, GFPhal hasot undergone a &—Cf oxidation
exhibit no electron density for the Y66S side-chain hydroxyl, reaction, which would result in vicinal alcohol or aldehyde
yet they have different populations for the S65A main-chain mojety. Throughout the results section, we assumed a HAL-
carbonyl oxygen. Structural overlay between the GFPhal andjike side-chain dehydration mechanism, in which the Y66S
GFPhal H148G variants reveals minor changes between thenydroxyl group is lost as water, leaving behind a double bond
dehydrated (with proximal water Wat2) and nondehydrated (hetween CA2 and CB2) exocyclic to the five-membered
moieties (Figure 4D). We establish a correlation between ring (scheme 1 of Figure 7C). Interestingly, the GFPhal
the spectroscopic and structural properties for the GFPhalstructure reveals a very short distance (2270.07 A)
variants that suggests a mixed population of aromatic andbetween the CB2 atom and the oxygen atom of a water
nonaromatic species that does not change over time. Thesenolecule (Wat1, Figure 4B), indicating an unusual carbon
data are consistent with two energetically similar thermo- oxygen hydrogen bond, likely favored by the increased
dynamic products and a reversible dehydration/hydration acidity of the CB2 methylene carbon of the imidazolone ring.
reaction (Figure 7B). A similar reversible hydration reaction Alternatively, a more complicated formaldehyde elimination
was postulated for wild-type GFP between a proposed and oxygen incorporation mechanism (scheme 2 of Figure
enamine intermediate and the mature chromopHzitg &nd 7C) would result in a species with two exocyclic carbonyl
an energetically similar aromatic/nonaromatic transition was substituents similar to that previously proposed for the Gly-
hypothesized for intermediates in HAL catalysso). Gly-Gly variant £8). In this case, a conventional oxygen




1968 Biochemistry, Vol. 44, No. 6, 2005 Barondeau et al.

R96
NH,

"
HN"""NH,

H o
R\ F A Ray rs B R\
N
NH - NH NH
R OH R y OH

+
H0 _ BH B on H
C o D °(o/ H E 0
-H,0 RS +0, N RS
H
—_— NN —_— N ,02 N =
)_N OH )_" OH )_ N OH
R R R
H,0 H,0 H,0

Ficure 8: Proposed biosynthetic scheme for GFP chromophore formation. (A) Thermodynamically unfavorable backbone cyclization reaction.
(B) CA2 deprotonation and enolate formation. R96 electrostatic interactions would stabilize this intermediate. (C) Reversible main-chain
dehydration reaction. This aromatic intermediate would be further stabilized by R96. (D) Oxygen addition and hydroperoxide adduct formation.
(E) Oxidation through CB2 deprotonation and hydrogen peroxide generation.

water hydrogen bond would be formed between the newly proposed a cyclizationoxidation—dehydration mechanism
incorporated oxygen atom and Watl. Our crystallographic for wild-type GFP, incorporating hydroperoxide adduct
data cannot distinguish a modified chromophore containing formation with the CA2 atom, N2 deprotonation with
a methylene group [molecular weight (MW) 14; scheme 1 hydrogen peroxide generation, and CB2 proton abstraction
of Figure 7C] from one with an incorporated oxygen atom to eject the water molecule. Further, these authors concluded
(MW 16; scheme 2 of Figure 7C). In the absence of that the substitution of the aromatic Y66 with the aliphatic
additional spectroscopic or biochemical data, the observedLeu inhibits dehydration by impairing CB2 proton abstrac-
bond lengths lead us to tentatively favor an exocyclic carbon tion.
atom and the simpler HAL-like dehydration mechanism  Third, GFPhal variant spectroscopic and structural data
(scheme 1 of Figure 7C). If this molecular assignment can reveal mixtures of aromatic (dehydrated) and nonaromatic
be confirmed, these data provide the first evidence that (nondehydrated) products (parts E and F of Figure 1) for
neither GFP cyclization nor stabilization of a GFP-cyclized the same completed modification at Y66 Eside-chain
product depends on an oxidation reaction. elimination producing a dehydroalanine with a CA2B2
GFP Chromophore Formation Mechanisithe structures  double bond). Thus, modifications at the Y66t @osition
of three GFP variants, Gly-Gly-Gly (S65G Y66G28), are not necessarily coupled to the main-chain dehydration
Y66L (S65T Y66L) @1), and GFPhal (S65A Y66S) (pre- reaction. To explain the mixed population of dehydrated
sented here) with modified imidazolone ring systems shed species, we proposed a reversible N2 deprotonation and water
light on the mechanism of GFP chromophore formation. elimination reaction (Figure 7B), similar to that proposed
First, the Gly-Gly-Gly variant incorporated a single oxygen by Cubitt et al. {8) for wild-type GFP. In contrast, the
atom attached to the Y66GoCposition and contained a  Rosenow et al. model requires two assumptions to explain
hydroxyl group bound to the S65G carbonyl carbon, sug- the GFPhal dehydrated product: NZA2 tautomerization
gesting that this variant was dehydration-compromi&a)l ( for the GFPhal imidazolone ring and much greater CB2
Under anaerobic but not aerobic conditions, the Gly-Gly- acidity for the GFPhal dehydroalanine methyl substituent
Gly variant exhibits a precyclized conformation, suggesting than for the branched aliphatic Leu side chain of Y66L.
two possibilities: oxidation is required prior to ring cycliza- Here, we modify and extend previous chromophore
tion or oxygen is necessary to stabilize the cyclized product. formation schemes to accommodate all of the current data.
On the basis of these results, we proposed the conjugationFirst, we agree with the generally accepted (but not proven)
trapping model for GFP chromophore formation, in which proposal by Heim et al14) that the first step in chromophore
a thermodynamically unfavorable cyclization reaction is formation is ring cyclization (Figure 8A). On the basis of
trapped by a subsequent stabilizing reaction, such as oxidathe alignment of the G67 nucleophile with the residue 65
tion for the Gly-Gly-Gly variant or dehydration for wild-  carbonyl in the Gly-Gly-Gly precursor structure (Figure 7A),
type GFP 28). the G67 nitrogen appears to be deprotonated prior to ring
Second, Wachter and colleagues determined the Y66Lformation. Second, after ring cyclization, we propose that
crystallographic structure and explained the observéd sp proton abstraction from CA2 facilitates enolate formation
hybridized Y66L Gx atom of the cyclized and presumably (Figure 8B). At this point, there are two primary options:
oxidized chromophore with three possible “intermediate” N2 deprotonation and dehydration, originally proposed by
structures: an enolate (CAZ2 double bond), an oxidized Cubitt et al. ((8), or hydroperoxide formation at the CA2
heterocyclic moiety (CA2N2 double bond), or an enamine atom, as postulated for the Gly-Gly-GI28) and Y66L @1)
tautomer of that oxidized heterocyclic species (CAZB2 variants. Currently, no published data distinguish these
double bond)21). In Y66L, as in the Gly-Gly-Gly variant,  possibilities (see above). Third, we favor the Cubitt et al.
the modified chromophore had a hydroxyl group attached dehydration reaction prior to oxidation (Figure 8C). The
to the residue 65 carbonyl carbon atom. Rosenow et al.resultant aromatic ring system helps to stabilize the product
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of the electronically unfavorable cyclization reactid20)
while awaiting the slowtf,, ~ 4 h (14)] oxidation reaction,
which likely requires molecular oxygen. R96 electrostatic
interactions would further stabilize this enolate intermediate
and help explain the absolute conservation of R96 in GFP
homologues. Fourth, molecular oxygen incorporation gener-
ates a hydroperoxide adduct (Figure 8D). The proposed CA2
adduct is consistent with the incorporation of an exocyclic
oxygen atom in the Gly-Gly-Gly varian8g). Fifth, CB2
deprotonation and hydrogen peroxide loss leads to the
generation of the mature fluorophore (Figure 8E). We favor
loss of the hydroperoxide adduct through CB2 deprotonation,
rather than N2 deprotonatiogl), to better explain the Gly-
Gly-Gly structural data48); the lack of a CB2 atom leads

to CA2 proton abstraction, water elimination, and single
oxygen incorporation at the Y66GaoCatom (Figure 1C).
Importantly, if these modified chromophore results and
hypotheses extend to and provide insights for the biosynthetic
mechanism of wild-type GFP, they may lead to the design
of variants with faster chromophore maturation kinetics or
desired photophysical properties.

Summary. Structure-guided protein engineering offers
opportunities to define the determinants for post-translational
modifications and to build proteins with novel properties.
Design is the ultimate test of understanding. Here, we
successfully re-engineer the chemistry for the GFP post-
translational modification and convert the fluorophore into
an electrophilic moiety, similar to the active-site catalyst of
histidine ammonia lyase. Our crystallographic structures and
analysis reveal negative design principles that underscore the 1
importance of both favoring functional and eliminating
nonfunctional options for biological systems. Significantly,
our results and analysis facilitate the in-depth understanding
of the driving force and protein chemistry that control
backbone cyclization and chromophore creation. The protein

[y

architecture promotes post-translational backbone cyclization 18.

by (1) favoring nucleophilic attack by close proximity
alignment of the G67 amide lone pair with th#& orbital of

the residue 65 carbonyl, and (2) removing enthalpic barriers
by eliminating inhibitory main-chain hydrogen bonds in the
precursor state. These requirements are not necessarily
scaffold-specific and therefore suggest opportunities to 5q
engineer modified amino acids into target scaffolds.
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