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The green fluorescent protein (GFP) from the Pacific Northwest jellyfish Aequorea victoria
has generated intense interest as a marker for gene expression and localization of gene
products. The chromophore, resulting from the spontaneous cyclization and oxidation
of the sequence -Ser® (or Thré%)-Tyr®6-Gly®7-, requires the native protein fold for both
formation and fluorescence emission. The structure of Thré GFP has been determined
at 1.9 angstrom resolution. The protein fold consists of an 11-stranded B barrel with a
coaxial helix, with the chromophore forming from the central helix. Directed mutagenesis
of one residue adjacent to the chromophore, Thr2°3, to Tyr or His results in significantly
red-shifted excitation and emission maxima.

Although the GFP of the Pacific North-
west jellyfish Aequoria wictoria was discov-
ered some time ago (1), the cloning (2) and
heterologous expression (3) of its cDNA
were the crucial steps that triggered the
widespread and growing use of GFP as a
reporter for gene expression and protein
localization in a broad variety of organisms
(4, 5). Wild-type GFP is a stable, proteoly-
sis-resistant single chain of 238 residues and
has two absorption maxima at about 395
and 475 nm. The relative amplitudes of
these two peaks are sensitive to environ-
mental factors (6) and illumination history
(4), presumably reflecting two or more
ground states. Excitation at the primary
absorption peak of 395 nm yields an emis-
sion maximum at 508 nm with a quantum
yield of 0.72 to 0.85 (1, 4-6). The fluoro-
phore results from the autocatalytic cycliza-
tion of the polypeptide backbone between
residues Ser®® and Gly®’ and oxidation of
the a-B bond of Tyr®® (4, 7, 8). Mutation of
Ser®® to Thr (S65T) (9) simplifies the ex-
citation spectrum to a single peak at 488
nm of enhanced amplitude (10), which no
longer shows signs of conformational iso-
mers (4). As a step in understanding these
properties, and to aid in the tailoring of
GFPs with altered characteristics, we have
determined the three-dimensional structure
at 1.9 A resolution of the S65T mutant (10)
of A. victoria GFP (11).
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multiple isomorphous replacement and anom-
alous scattering (11) (Table 1), solvent flat-
tening, phase combination, and crystallo-
graphic refinement. The most distinctive fea-
ture of the fold of GFP is an 11-stranded B
barrel wrapped around a single central helix
(Fig. 1, A and B), where each strand consists
of approximately 9 to 13 residues. The barrel
forms a nearly perfect cylinder 42 A long and
24 A in diameter. The NH,-terminal half of
the polypeptide comprises three antiparallel
strands, the central helix, and then another
three antiparallel strands, the third of which
(residues 118 to 123) is parallel to the NH,-
terminal strand (residues 11 to 23). The
polypeptide backbone then crosses the “bot-
tom” of the molecule to form the second half
of the barrel in a five-strand Greek key motif.
The top end of the cylinder is capped by three
short, distorted helical segments, and one

short, very distorted helical segment caps the
bottom of the cylinder. The main chain hy-
drogen bonding lacing the surface of the cyl-
inder likely accounts for the unusual stability
of the protein toward denaturation and pro-
teolysis. There are no large segments of the
polypeptide that could be excised while pre-
serving the intactness of the shell around the
chromophore. Thus, it would seem difficult to
re-engineer GFP to reduce its molecular size
(12) by a large percentage.

The p-hydroxybenzylideneimidazolidinone
chromophore (7) is completely protected
from bulk solvent and is centrally located in
the molecule. The total and presumably rigid
encapsulation is probably responsible for the
small Stokes’ shift (that is, wavelength differ-
ence between excitation and emission maxi-
ma), high quantum yield of fluorescence, in-
ability of O, to quench the excited state (13),
and resistance of the chromophore to titration
of the external pH (6). It also allows one to
rationalize why fluorophore formation should
be a spontaneous intramolecular process (8),
because it is difficult to imagine how an en-
zyme could gain access to the substrate. The
plane of the chromophore is roughly perpen-
dicular (60°) to the symmetry axis of the
surrounding barrel. One side of the chro-
mophore faces an unexpectedly large cavity
that occupies a volume of ~135 A3 (14). The
cavity does not open out to bulk solvent. Four
water molecules are located in the cavity,
forming a chain of hydrogen bonds linking
the buried side chains of Glu??? and GIn®°.
Unless occupied, such a large cavity would be
expected to destabilize the protein by several
kilocalories per mole (15). Part of the volume
of the cavity might be the consequence of the
compaction resulting from cyclization and de-

Fig. 1. (A) Schematic drawing of the backbone of GFP produced by the program MOLSCRIPT (32). The
chromophore is shown as a ball and stick model. (B) Schematic drawing of the overall fold of GFP. Approx-
imate residue numbers mark the beginning and ending of the secondary structure elements. N, NH,-

terminus; C, COOH-terminus.
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hydration reactions. The cavity might also
temporarily accommodate the oxidant, most
likely O, (4, 8, 16), that dehydrogenates the
a-B bond of Tyr®. The chromophore, cavity,
and side chains that contact the chromophore
are shown in Fig. 2A, and a portion of the
" final electron density map in this vicinity is
shown in Fig. 2B. The opposite side of the
chromophore is packed against several aro-
matic and polar sidé chains. Of particular
interest is the intricate network of polar in-
teractions with the chromophore (Fig 2C).
His'*®, Thr’®, and Ser’® form hydrogen
bonds with the phenolic hydroxyl; Arg”® and
GIn®* interact with the carbonyl of the imi-
dazolidinone ring, and Glu??? forms a hydro-
gen bond with the side chain of Thr®. Addi-
tional polar interactions, such as hydrogen
bonds to Arg®® from the carbonyl of Thr®?,
and the side-chain carbonyl of GIn'®, pre-
sumably stabilize the buried Arg®® in its pro-
tonated form. In turn, this buried charge sug-
gests that a partial negative charge resides on
the carbonyl oxygen of the imidazolidinone
ring of the deprotonated fluorophore, as
has previously been suggested (6). Arg® is
likely to be essential for the formation of
the fluorophore and may help catalyze the
initial ring closure. Finally, Tyr!*® shows a
typical stabilizing edge-face interaction
with the benzyl ring. Trp°7, the only tryp-
tophan in GFP, is located 13 to 15 A from
the chromophore, and the long axes of the
two ring systems are nearly parallel. This
conformation indicates that efficient ener-
gy transfer to the latter should occur and
explains why no separate tryptophan emis-
sion is observable (2, 17).

Although the electron density map is for
the most part consistent with the proposed
structure of the chromophore (2, 7) in the cis
[Z-] configuration, with no evidence for any
substantial fraction of the opposite isomer
around the chromophore double bond, dif-
ference features are found at >4c in the
final (F - F_) electron density map that can
be interpreted to represent either the intact,
uncyclized polypeptide or a carbinolamine
(Fig. 2C, inset). This interpretation suggests
that a significant fraction, perhaps as much
as 30% of the molecules in the crystal, has
failed to undergo the final dehydration reac-
tion. Confirmation of incomplete dehydra-
tion comes from electrospray mass spectrom-
etry, which consistently shows that the av-
erage masses of both wild-type and S65T
GFP (31,086 = 4 and 31,099.5 = 4 daltons,
respectively) are 6 to 7 daltons higher than
predicted (31,079 and 31,093 daltons, re-
spectively) for the fully matured proteins.
Such a discrepancy could be explained by a
30 to 35% mole fraction of apoprotein or
carbinolamine with 18 or 20 daltons higher
molecular size (18). Mutants of GFP that
increase the efficiency of fluorophore matu-

Table 1. Summary of GFP structure determination. Data were collected at room temperature in-house
with either Molecular Structure Corporation R-axis Il or San Diego Multiwire Systems (SDMS) detectors (Cu
Ka) and later at beamline X4A at the Brookhaven National Laboratory at the selenium absorption edge (A
=0.979 A) with image plates. Data were evaluated by use of the HKL package (25) or the SDMS software
(26). Each data set was collected from a single crystal. Heavy-atom soaks were 2 mM in mother liquor for
2 days. Initial electron density maps were based on three heavy-atom derivatives with the use of in-house
data, then later were replaced with the synchrotron data. The EMTS (ethymercurithiosalicylate) difference
Patterson map was solved by inspection, then used to calculate difference Fourier maps of the other
derivatives. Lack of closure refinement of the heavy-atom parameters was performed with the Protein
package (27). The multiple isomorphous replacement (MIR) maps were much poorer than the overall figure
of merit would suggest, and it was apparent that the EMTS isomorphous differences dominated the
phasing. The enhanced anomalous occupancy for the synchrotron data provided a partial solution to the
problem. The phasing power was reduced for the synchrotron data, but the figure of merit was un-
changed. All experimental electron density maps were improved by solvent flattening with the program DM
of the CCP4 (28) package, assuming a solvent content of 38%. Phase combination was performed with
PHASCO2 of the Protein package with a weight of 1.0 on the atomic model. Heavy-atom parameters were
subsequently improved by refinement against combined phases. Model building proceeded with FRODO
and O (29), and crystallographic refinement was performed with the TNT package (30). Bond lengths and
angles for the chromophore were estimated with CHEM3D (Cambridge Scientific Computing). Final
refinement and model building were performed against the X4A selenomethione data set, with (2F, — F;)
electron density maps. The data beyond 1.9 A resolution have not been used at this stage. The final model
contains residues 2 to 229 as the terminal residues are not visible in the electron density map, and the side
chains of several disordered surface residues have been omitted. Density is weak for residues 156 to 158,
and coordinates for these residues are unreliable. This disordering is consistent with previous analyses
showing that residues 1 and 233 to 238 are dispensible but that further truncations prevent fluorescence
(72). The atomic model has been deposited in the Protein Data Bank (access code 1EMA).

Crvstal Resolution Total Unique 'Compl‘ Compl. Rmerge Riso
ry (A) observed observed (%)* (shellyt (%)% (%)$
Diffraction data statistics
R-axis Il
Native 2.0 51,907 13,682 80 69 4.1 5.8
EMTS| 2.6 17,727 6,787 87 87 5.7 20.6
SeMet 2.3 44,975 10,292 92 88 10.2 9.3
Multiwire
HGI4-Se 3.0 15,380 4,332 84 79 7.2 28.8
X4a
SeMet 1.8 126,078 19,503 80 55 9.3 9.4
EMTS 2.3 57,812 9,204 82 66 7.2 26.3
Derivative Resolution Number Phasing Phjvsvigrg FOM# FOM
(A) of sites powerq ‘ K()sh ol) (shell)
Phasing statistics
In-house
EMTS 3.0 2 2.08 2.08 0.77 0.72
SeMet 3.0 4 1.66 1.28 - -
HG14-Se 3.0 9 1.77 1.90 - -
X4a
EMTS 3.0 2 1.36 1.26 0.77 0.72
SeMet 3.0 4 1.31 1.08 - -
Atomic model statistics
Protein atoms 1,790
Solvent atoms . 94
Resolution range (A) 20-1.9
Number of reflections (F > 0) 17,676
Completeness 84
R factor** . 0.175
Mean B value (A?) ' 241
Deviations from ideality
Bond lengths (A) 0.014
Bond angles (). 1.9
Restrained B values (A?) 4.3
Ramachandran outliers 0

“Completeness is the ratio of observed reflections to theoretically possible reflections expressed as a
percentage. tShell indicates the highest resolution shell, typically 0.1 to 0.4 A wide. R erge = sl -
(H1/31, where () is the mean of individual observations of intensities /. §Rio = Zllpe — Inal/
Snat |Derivatives were EMTS (ethymercurithiosalicylate; residues modified Cys*® and Cys”0), SeMet (sel-
enomethionine-substituted protein; Met" and Met?33 could not be located), and Hgl,-SeMet (double derivative Hgl,
on a SeMet background). JPhasing power = (F_)/(E), where (F_,) = root mean square heavy-atom scatterin
and <E>|T Ialck of |clossure. #FOM, mean figure of merit. **Standard crystallographic R factor; R = 5| \Fobﬁ
- F /% Fobs .
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ration might yield somewhat brighter prepa-
rations. In the model for the apoprotein (not
shown), the Thr®-Tyr® peptide bond is ap-
proximately in the a-helical conformation,
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Fig. 2. (A) Stereo drawing ofthe C

whereas the peptide of Tyr®-Gly®” appears
to be tipped almost perpendicular to the
helix axis by its interaction with Arg®. This
model further supports the possibility that
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chromophore and residues in
the immediate vicinity. Carbon
atoms are open circles, and ox-
ygen atoms and nitrogen atoms
are filled. Solvent molecules are

shown as isolated filled circles.
(B) Portion of the final 2F, — F,
electron density map contoured
at 1.00, showing the electron
density surrounding the chro-
mophore. (C) Schematic dia-
gram showing the first and sec-
ond spheres of coordination of
the chromophore (9). Hydrogen
bonds are shown as dashed
lines and have the indicated
lengths in angstroms. (Inset)
Proposed structure of the carbi-

) >—R
§205 61

E222 R

nolamine that may explain incomplete chromophore maturation (see text).
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Arg? is important in generating the confor-
mation required for cyclization, and possibly
for promoting the attack of Gly®” on the
carbonyl carbon of Thr® (4).

The results of previous random mutagene-
sis studies have implicated several amino acid
side chains in having substantial effects on the
spectra, and the atomic model confirms that
these residues are close to the chromophore.
The mutations T2031 and E222G have pro-
found but opposite effects on the absorption
spectrum (19). T2031 (with wild-type Ser®®)
lacks the 475-nm absorbance peak usually
attributed to the anionic chromophore and
shows only the 395-nm peak thought to re-
flect the neutral chromophore (8, 19). Indeed,
Thr?® is hydrogen-bonded to the phenolic
oxygen of the chromophore, so replacement
by Ile should hinder ionization of the phenolic
oxygen. Mutation of Glu??? to Gly (19) has
much the same spectroscopic effect as replac-
ing Ser® by Gly, Ala, Cys, Val, or Thr,
namely, suppression of the 395-nm peak in
favor of a peak at 470 to 490 nm (10, 20).
Indeed, Glu??? and the remnant of Thr® are
hydrogen-bonded to each other in the present
structure, probably with the uncharged car-
boxyl of Glu??? acting as donor to the side-
chain oxygen of Thr®. Mutations E222G,
S65G, S65A, and S65V would all suppress
such hydrogen bonding. To explain why only
wild-type protein has both excitation peaks,

*Ser®, unlike Thr®, may adopt a conforma-

tion in which its hydroxyl donates a hydrogen
bond to and stabilizes Glu??? as an anion,
whose charge then inhibits ionization of the
chromophore. The structure also explains why
some mutations seem. neutral. For example,
GIn® is a surface residue far removed from the
chromophore, which explains why its acci-
dental and ubiquitous mutation to Arg seems
to have no obvious intramolecular spectro-
scopic effect (3).

The development of GFP mutants with
red-shifted excitation and emission maxima
presents an interesting challenge in protein
engineering (4, 10, 20). Such mutants would
also be valuable for avoidance of cellular
autofluorescence at short wavelengths, for si-
multaneous multicolor reporting of the activ-
ity of two or more cellular processes, and for
exploitation of fluorescence resonance energy
transfer as a signal of protein-protein interac-
tion (21). Extensive studies with random mu-
tagenesis have shifted the emission maximum
by at most 6 nm to longer wavelengths (514
nm) (21); previously described “red-shifted”
mutants metely suppressed the 395-nm exci-
tation peak in favor of the 475-nm peak with-
out any significant reddening of the 505-nm
emission (20). Because Thr?°* is shown to be
adjacent to the phenolic end of the chro-
mophore, we mutated it to polar aromatic
residues such as His, Tyr, and Trp in the hope
that the additional polarizability of their m




Table 2. Spectral properties of Thr2% mutants compared to S65T (70). The mutations F64L, V68L, and
S72A improve the folding of GFP at 37° (37) but do not significantly shift the emission spectra.

Excitation Extinction Emission

Clone Mutations maximum coefficient maximum
(nm) (108 M~Tcm™1) (nm)
Se5T S65T 489 39.2 511
5B,9B T203H/S65T 512 19.4 524
6C T203Y/S65T 513 14.5 525
10B T203Y/F64L/S65G/S72A 513 30.8 525
10C T203Y/S65G/V68L/S72A 513 36.5 527
11 T203W/S65G/S72A 502 33.0 512

systems would lower the energy of the excited
state of the adjacent chromophore. All three
substitutions did indeed shift the emission
peak to >520 nm (Table 2). A particularly
attractive mutation was T203Y/S65G/V68L/
S72A, with excitation and emission peaks at
513 and 527 nm, respectively. These wave-
lengths are sufficiently different from those of
previous GFP mutants to be readily distin-
guishable by appropriate filter sets on a fluo-
rescence microscope. The extinction coeffi-
cient, 36,500 M~! em ™!, and quantum yield,
0.63, are almost as high as those of S65T (10).

Comparison of Aequorea GFP with other
protein pigments is instructive. Unfortunate-
ly, its closest characterized homolog, the GFP
from the sea pansy Renilla reniformis (1, 6), has
not been sequenced or cloned, although its
chromophore is derived from the same FSYG
sequence as in wild-type Aequorea GFP (22).
The closest analog for which a three-dimen-
sional structure is available is the photoactive
yellow protein (PYP) (23), a 14-kD photore-
ceptor from halophilic bacteria. PYP in its
native dark state absorbs maximally at 446 nm
and transduces light with a quantum yield of
0.64, rather closely matching wild-type GFP’s
long-wavelength absorbance maximum near
475 nm and fluorescence quantum yield of
0.72 to 0.85. The fundamental chromophore
in both proteins is an anionic p-hydroxycin-
namyl group, which is covalently attached to
the protein via a thioester linkage in PYP and
a heterocyclic iminolactam in GFP. Both pro-
teins stabilize the negative charge on the
chromophore with the help of buried cationic
arginine and neutral glutamic acid groups,
Arg®? and Glu*® in PYP and Arg®® and Glu??
in GFP, although in PYP the residues are close
to the oxyphenyl ring whereas in GFP they
are nearer the carbonyl end of the chro-
mophore. However, PYP has an overall o/B
fold with appropriate flexibility and signal
transduction domains to enable it to mediate
the cellular phototactic response, whereas
GFP has a much more regular and rigid B
barrel to minimize parasitic dissipation of the
excited state energy as thermal or conforma-
tional motions. GFP provides an elegant ex-
ample of how a visually appealing and ex-
tremely useful function—efficient fluores-

cence—can be spontaneously generated from
a cohesive and economical protein structure.

Note added in proof: An independent de-
termination of the structure of wild-type
GEFP has been carried out by Yang et al. (24).
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