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The crystal structure of recombinant wild-type green fluorescent protein (GFP) has been solved to a
resolution of 1.9 A by multiwavelength anomalous dispersion phasing methods. The protein is in the
shape of a cylinder, comprising 11 strands of B-sheet with an a-helix inside and short helical segments
on the ends of the cylinder. This motif, with B-structure on the outside and «-helix on the inside, repre-
sents a new protein fold, which we have named the B-can. Two protomers pack closely together to form
a dimer in the crystal. The fluorophores are protected inside the cylinders, and their structures are con-
sistent with the formation of aromatic systems made up of Tyr*® with reduction of its Ca~CB bond cou-
pled with cyclization of the neighboring glycine and serine residues. The environment inside the cylinder
explains the effects of many existing mutants of GFP and suggests specific side chains that could be
modified to change the spectral properties of GFP. Furthermore, the identification of the dimer contacts
may allow mutagenic control of the state of assembly of the protein.
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Green fluorescent protein (GFP) is a spontancously fluorescent
protein isolated from coclenterates, such as the Pacific jellyfish,
Aequorea victoria'. Its role is to transduce, by energy transfer, the
blue chemiluminescence of another protein, acquorin, into green
fluorescent light*, The molecular cloning of GFP ¢cDNA’ and the
demonstration by Chalfic and colleagues* that GFP can be expressed
as a functional transgene have opened exciting new avenues of
investigation in cell, developmental, and molecular biology.
Fluorescent GFP has been expressed in bacteria!, yeast’, slime
mold’, plants™, Drosophila’, z¢brafish™, and in mammalian cells'*,
GFP can function as a protein tag, because it tolerates N-terminal
and C-terminal fusion to a broad varicty of proteins many of which
have been shown to retain native function**"*, When expressed in
mammalian cells fluorescence from wild-type GFP is typically dis-
tributed throughout the cytoplasm and nucleus, but excluded from
the nucleolus and vesicular organelles”. However, highly specific
intracellular localization including the nucleus, mitochondria®,
secretory pathway", plasma membrane”, and cytoskeleton® can be
achieved via fusions both to whole proteins and individual target-
ing sequences, The enormous flexibility as a noninvasive marker in
living cells allows for numerous other applications such as a cell
lineage tracer, reporter of gene expression, and as a potential mea-
surc of protein-protein interactions'™.

GFP is composed of 238 amino acids. Its wild-type absorbance/
excitation peak is at 395 nm with a minor peak at 475 nm with
extinction coefficients of roughly 30,000 and 7,000/M/cm, respec-
tively", The emission peak is at 508 nm., Interestingly, cxcitation at
395 nm leads to decrease over time of the 395 nm excitation peak
and a reciprocal increase in the 475 nm excitation band”. This pre-
sumed photoisomerization effect is especially evident with irradia-
tion of GFP by ultraviolet (UV) light. Analysis of a hexapeptide
derived by proteolysis of purified GFP led to the prediction that
the fluorophore originates from an internal Ser-Tyr-Gly sequence,
which is post-translationally modified to a 4-(p-hydroxybenzyli-
dene)-imidazolidin-5-one structure™. Studies of recombinant GFP
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expression in Escherichia coli led to a proposed sequential mecha-
nism initiated by a rapid cyclization between Ser 65 and Gly 67 to
form an imidazolin-5-one intermediate followed by a much slower
(hours) rate-limiting oxygenation of the Tyr 66 side chain by O,
(ref. 21). Combinatorial mutagenesis suggests that the Gly 67 is
required for formation of the fluorophore®. While no known
cofactors or enzymatic components are required for this appar-
ently autocatalytic process, it is rather thermosensitive with the
yield of fluorescently active to total GFP protein decreasing at
temperatures greater than 30°C*. However, once produced, GFP is
quite thermostable,

Physical and chemical studices of purified GFP have identified
several important characteristics. It is very resistant to denatura-
tion requiring treatment with 6 M guanidine hydrochloride at
90°C or pH of <4.0 or >12.0. Partial to near total renaturation
occurs within minutes following reversal of denaturing conditions
by dialysis or neutralization*. Circular dichroism predicts signifi-
cant amounts of B-sheet structure that is subsequently lost on
denaturation™, Over a nondenaturing range of pH, increasing pH
leads to a reduction in fluorescence by 395 nm excitation and an
increased sensitivity to 475 nm excitation®. Reduction of purified
GFP by sodium dithionite results in a rapid loss of fluorescence
that slowly recovers in the presence of room air. While insensitive
to sulfhydryl reagents such as 2-mercaptoethanol, fluorescence is
irreversibly eliminated by treatment with the sulfhydral reagent
dithiobisnitrobenzoic acid™,

The availability of E. coli clones expressing GFP has led to exten-
sive mutational analysis of GFP function. Truncation of more than
seven amino acids from the C-terminus, or more than the N-termi-
nal Met, led to total loss of fluorescence™, All nonfluorescent
mutants also failed to exhibit absorption spectra characteristic of the
intact fluorophore, implying a possible defect in post-translational
processing. Screens of random and directed point mutations for
changes in fluorescent behavior have uncovered a number of infor-
mative amino acid substitutions. Mutation of Tyr 66 in the fluo-
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