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Evidence for redox forms of the Aequorea green fluorescent protein
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Abstract Highly purified recombinant Aeguorea green fluorescent protein is able to undergo a reversible oxidation-reduction reaction in the presence
of molecular oxygen. In the oxidized form in near UV light, the protein is highly fluorescent, but when reduced with sodium dithionite, it becomes
completely non-fluorescent. On exposure to molecular oxygen the reduced, non-fluorescent protein reverts to its original fluorescent state.
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1. Introduction

The characteristic greenish bioluminescence of the jellyfish,
Aeguorea victoria, clearly visible as a ring of bright light along
the margin of the umbrella [1), is due to the action of two closely
associated proteins: aequorin, a small Ca™-binding protein
(21.4kDa) [2-4], and a green fluorescent protein (GFP, 27 kDa,
fluorescence A, = S08 nm) [53-9]. The latter contains a chro-
mophore that is the ultimate emitter in the bioluminescence
reaction [8,10]. Aequorin is made up of a complex of apoae-
quorin (apoprotein), coelenterazine (an imidazole compound,
mol.wt. = 423) and molecular oxygen. When aequorin is mixed
in vitro with Ca*", a bluish light is observed due to an intramol-
ecular reaction in which the coelenterazine substrate is oxidized
to coelenteramide. The reaction is catalyzed by the protein,
which is converted to a luciferase on the binding of Ca**. The
products are light (4., = 470 nm), CO, and a blue fluorescent
protein (BFP, coelenteramide + apoaequorin, flnorescence
Aiax = 470 nm). The electronically excited state of BFP (coelen-
teramide) is the emitter in the reaction. If the reaction is carried
out in the presence of excess GFP, a greenish luminescence is
observed, identical to that seen in the living animal. The green-
ish luminescence results from an energy transfer from the ex-
cited state of BFP to GFP {6,11,12].

+
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Aequorin — Blue fluorescent protein + hv; 44, + CO,
1 + GFP

h"'}tm“x 508 nm

We previously reported on the PCR cloning, expression,
fluorescence characteristics, and energy transfer capability of
Aequorea GFP [13]. The results showed that the properties of
recombinant GFP are similar, if not identical, to those of native
GFP. A further investigation of this recombinant protein has
now revealed that it may exist in either an oxidized or reduced
form. This finding and the key role that the protein plays in
Aeguorea bioluminescence have prompted us to examine the
previous PCR-generated cDNA clone, since errors are known
to occur in PCR cloning and because variation in nucleotide
sequence has been reported for the cDNA for GFP [14]. Thus,
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the Aequorea cDNA library was re-screened, additional cDNA
clones isclated, the DNA analyzed and the cDNA expressed in
E. coli to prepare high purity recombinant GFP for character-
ization studies. This paper reports on this work and the redox
properties of the purified recombinant GFP.

2. Materials and Methods

2.1, Materials

The following were obtained from commercial sources: Chelating
Sepharose-Fast Flow, Pharmacia-LKB, Piscataway, NJ; imidazole, so-
dium dithionite (Na,S,0,, 84% purity), FeSO,, K ,Fe(CN),, NaHSO,,
NaN;, NaCN, EDTA, L-cysteine, glutathione (reduced), dithiothreitol,
2-mercaptoethanol, 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB),
Sigma, St. Louis, MO; NiCl,, Merck; hydrogen peroxide, platinum
ashestos (S%), Fisher Scientific, Pittsburgh, PA; 2,2-azino-di-(3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS), Calbiochem. San Diego,
CA; sodium borohydride, Aldrich, Milwaukee, WI; bovine enteroki-
nase (EK3), Biozyme, San Diego, CA; and SDS-PAGE gel and sample
buffer, Novex, San Diego, CA.

2.2, Claning of cDNA for GFP

The Aequorea cDNA library was screened using the BamHIi/Sall
insert of pAGP [13] as a probe. Subsequent isolation and sequence
analysis of the cDNA clones for GFP were carried out as previously
described [15].

2.3. Purification of rGFP

The E. coli expression system for the histidine-tagged GFP (His-
GFP) and the procedure for purifying the expressed protein using a
Ni-chelate affinity column were described previcusly [13]. The protein
was eluted from the column using a linear gradient of imidazole (0-0.3
M). The fractions showing green fluorescence under near UV light
(Model UVL-56, Uliraviolet Products, San Gabriel, CA) were collected
and combined. The yield of this His-GFP was 1.3 mg from 300 ml of
the cultured cells and the purity was greater than 95% as determined
by SDS-pelyacrylamide gel electrophoresis (SDS-PAGE). The fused
region of His-GFP was removed by incubating 200 pg of the protein
with 185 units (1 pg protein) of enterokinase in 1 ml of 50 mM sodium
phosphate buffer, pH 6.0, at room temperature (22-24 °C) for 24 h. An
aliquot of this digest was analyzed by SDS-PAGE and the remainder
was dialyzed against 100 mM ammonium bicarbonate, pH 8.0. The
dialysate was then applied to a freshly prepared Ni-chelate column (500
H1 of gel bed) equilibrated with the same buffer and the pass-through
fractions showing a green fluorescence (rGFP or His-GFP lacking the
histidine tail) were collected and combined.

2.4, Protein analysis

Protein concentration was determined by the dye-binding method of
Bradford [16] using a commercially available kit (Bio-Rad, Richmond,
CA) and bovine serum albumin as a standard. SDS-PAGE was carried
out under non-reducing conditions using a 8-16% separation gel ac-
cording to Laemmli {17]. The rGFP in the enterokinase digest mixture
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was further purified by reversed-phase HPLC and then subjected to
N-terminal amino acid sequence analysis using an Applied Biosystems
(Foster City, CA) Model 470A gas phase protein sequencer connected
to an on-line Model 120A phenylthiochydantein analytical system.

2.5. Reactions of rGFP with various chemical reagents

The reactions of rGFP with various chemical reagents were carried
out at room temperature in a final volume of 0.5 m]. The reaction was
started by adding the chemical dissolved in 1 M ammonium bicarbon-
ate, pH 8.0, to 20 ug of rGFP dissolved in 100 mM ammonium bicar-
bonate, pH 8.0. A transilluminator (Fischer Scientific, Model FBTIV-
88) was used as a source of short UV light (312 nm) to monitor changes
in the green fluorescence of the solution. In the reduction experiments
with NaBH, and H./Pt, 100 ug of rGFP was used.

2.6. Measuremenis of absorption und fluorescent specira

Absorption spectra of the purified tGFP were measured at room
temperature with a Beckman Model DU-50 recording spectrophotom-
eter and the fluorescence emission spectrum was measured with a
Perkin-Elmer (Norwalk, CT) MPF-4 Fluorescence Specirophotomeler.

3. Results and discussion

In the previous study [13], two full-length ¢cDNA clones for
GFP were isolated by PCR and were found to have identical
DNA sequences. In the present study, five positive clones, des-
ignated pAGP11, pAGP21, pAGP31, pAGPS51 and pAGP71,
were obtained from 1.5 x 10° clones. Sequence analysis [18] of
PAGP11 and pAGP31 showed that they contained the full-
length cDNA of GFP [13] and identical DNA sequences, in-
cluding the 5- and 3“-non-coding regions. The other clones,
PAGP21, pAGP51 and pAGP71, were truncated forms of the
5-coding region of GFP ¢DNA, which have been reported
previously in pAGP [13] and gfp10 [14]. Thus, our studies have
shown only one complete nucleotide sequence for GFP (Fig. 1)
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and the same primary structure, deduced from the nucleotide
sequence, as reported previously [13].

Fig. 2A shows the N-terminal region of the fused His-GFP
and the cleavage site of enterokinase. The expressed His-GFP
was purified by Ni-chelate affinity chromatography and the
histidine segment removed by treatment with enterokinase.
After purification by HPLC, N-terminal amino acids sequence
analysis vielded two sequences: DRWIPKM'SKG, accounting
for 40% of rGFP, and WIPKM'SKGEE, accounting for the
remaining 60% (Fig. 2A). The first sequence indicates that the
fused region was cleaved correctly [19], but the reason for the
two cleavages is unknown, unless the enterokinase has two
cleavage sites instead of one or a contaminating protease is
present. SDS-PAGE of His-GFP, carried out under non-reduc-
ing conditions with heat treatment, gave an apparent molecular
mass of 31 kDa (Fig. 2B, lane !), whereas after cleavage with
enterokinase the protein (rGFP) had an apparent molecular
mass of 28 kDa (Fig. 2B, lane 2). An enterokinase band was
not detected due to its low concentration. The calculated molec-
ular weight of rGFP with 244 amino acid residues was
27,692.89. SDS-PAGE performed on rGFP under non-reduc-
ing conditions without heat treatment gave a greenish fluores-
cent band with an apparent molecular mass of about 40 kDa.
While this band has been previously attributed to a partially
denatured dimer [13], the true state of GFP in this band is
unknown and it is also possible that the band is due to a
monomer with an unusual electrophoretic mobility.

Fig. 3a shows the absorption spectrum of rGFP with peaks
al 280, 395 and 478 nm. The spectrum was identical to that
reported previously for native GFP [9]. His-GFP also gave the
same absorption spectrum (data not shown). The fluorescence
emission spectrum of rGFP (Fig. 3b) was virtually identical to

(EcoRI/NotI)tactacacacgaataaaagacaacaaag -1

M S K G E E L F T o] A v P I L 1% E L D G C % N 23

atg agt aaa gga gaa gaa ctt ttc act gga gtt gtc cca att cte gtt gaa tta gat gge gat gtt aat 69
G Q K F 5 v S G E G E G D A T Y G K L T L K F 46

ggg caa aaa ttce tCet gte agt gga gag ggt gaa ggt gat gca aca tac gga aaa ¢tt acc ctt aaa ttbt 138
I C T T G K L P v P W P T L v T T F S Y G Y Q 69

att tgd act act ggg aag cta cct gtt cca tgg ¢ca aca Ctt gtc act act tte tot tat ggt gtt caa 207
C F s R ¥ |2 D H M K Q H D F F K 5 A M P E G Y 92z

tge ttt tca aga tac cca gat cat atg aaa cag cat gac ttt tt¢ aag agt goc atyg coc gaa ggt tat 276
v Q E R T I F Y X D D G N Y K T R A E v K F E 115

gta cag gaa aga act ata CLLt tac aaa gat gac ggyg aac tac aag aca cgt get gaa gtc aag ttt gaa 345
G v T L v N R I E L K G I D F K E D G N I L G 138

ggt gat acc ctt gtt aat aga atc gag tta aaa ggt att gat tbtt aaa gaa gat gga aac att ctt goga 414
H K M E Y N by N S H N v Ve I M A D K P K N G I 161

cac aaa atyg gaa tac aac tat aac tca cat aat gta tac atc atg gca gac aaa ¢ca aag aat gga atc 483
K v I F K I R H N 1 K D G S 1'% Q L A D H Y o} Q 184

aaa gtt aac ttc aaa att aga cac aac att aaa gat gga agc gtt caa tta gca gac cat tat caa caa 552
N T P I G D G P i L L P D N H Y L 3 T Q S A L 2Q7

aat act cca att gge gat gge c¢ct gte ctt tta cca gac aac cat zac ctg tcc aca caa tot gee ook 621
5 K D o4 N E K R D H M I L L E ¥ ' T A A G I T 230

tcc aaa gat ccc aac gaa aag aga gat cac atg ate Ctb ¢fft gag =tt gta aca got got ggg att aca 690
H e} 4 o] E L Y X * 238

cat ggc atg gat gaa cta tac aaa taa atgtccagacttccaattgacactaaagtgrocgaacaattactaaatsctcagg 797
gttoctggttaaaticaggetgagactttatttataratttaragattcatraaaattttatgaataatttattgatgttattaataggyy 288
ctattttcttattaaataggetactggagtgtat (NotI/EcoRI) 822

Fig. 1. Nucleotide sequence of Aequorea GFP and primary structure of GFP deduced from the nucleotide sequence, The hexapeptide segement
involved in the cyclic formation of the fluorescent chromophore is underlined [8,10,21]. GenBank Accession Number is L29345,
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{A) Enterokinase
cleavage site

MGGSHHHEEHGMASMTGGQOMGRDLY DDDDK -

. 1 238
DRWIPKMSKGEELFTG....... HGMDELYK
L (60%)
(40%)

8)

kDa
97.4 -
66.2—

45.0—-

31.0—1
21.5—

tzg-'. 4

Fig. 2. N-Terminal amino acid sequence and SDS-PAGE of His-GFP.
(A) N-Terminal amino acid sequence showing the 34 amino acid resi-
dues plus the 3 amino acid residues arising from use of the PCR primer,
with the 6 histidine residues underlined and the enterokinase cleavage
site indicated by an arrow. (B) SDS-PAGE of His-GFP before (lane 1:
5 ug of protein applied} and after (lane 2: 4 ug of protein applied)
cleavage with enterokinase. Molecular weight markers (Bio-Rad):
phosphorylase b {97,400), bovine serum albumin (66,200), ovalbumin
(45,000), carbonic anhydrase (31,000), and soybean trypsin inhibitor
(21,500,

those reported previously for native GFP [9] and for His-GFP
[13] and the fluorescence excitation spectrum (read at 4 = 530
nm) gave peaks at 395 and 478 nm, closely matching the peaks
of the absorption spectrum. However, the ratios of the absorb-
ance peaks, 395 nm/280 nm, for rGFP and His-GFP were 0.43
and 0.40, respectively, which are approximately one-half of the
value reported for native GFP [8,10]. The difference in the
ratios is presumably due to the presence of a second tryptophan
in the fused N-terminus of each of the proteins (Fig. 2A).

The expressed GFP in near UV light has been found to show
strong intrinsic fluorescence, both intracellularly and extracel-
lularly [13,20]. The fluorescence has been attributed to the pres-
ence of a chromophore in the protein, formed by the cyclization
of three amino acid residues within an hexapeptide segment of
the polypeptide chain by post-translational modification [8,10].
Considerable work has gone into the chemical structure of the
chromophore [8,10,21], but the chemical basis for the fluores-
cence is still unknown. During the purification of His-GFP, a
marked increase in fluorescence intensity was observed when
the harvested cells and cell-precipitate were allowed to stand
overnight at room temperature. Subsequently, the intensity re-
mained unchanged for over a month. This suggested that an
oxidative step may be invelved in the initial increase in fluores-
cence,

On adding sodium dithionite (Na,8,0,), 4 strong reducing
reagent, to a solution of rGFP, the green fluorescence of the
solution disappeared within a few minutes and, on standing for
several hours, the fluorescence reappeared first as a thin band
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at the surface, which then spread slowly downward into the
solution. On standing overnight the solution recovered its fluo-
rescence completely. This result indicated that the rGFP was
involved in a redox reaction with molecular oxygen, with the
oxidized form being flucrescent and the reduced form being
nonfluorescent.

Electron Donor

€
GFP-Oxidized Form GFP-Reduced Form
(Fluorescence : greenish) (Fluorescence : none}
.
Electron Acceptor (O,)

Table 1 summarizes the results of mixing various chemical
reagents (reductants and oxidants) with rGFP. Some of the
compounds were examined under both aerobic and anaerobic
conditions, as noted in the table. The addition of either FeSO,
or ABTS [22], to a solution of rGFP under argon atmosphere
caused the greenish fluorescence to be guickly extinguished
and, as with Na,5,0,, the reaction was reversible, that is, on
standing in air the greenish fluorescence returned once more.
However, when rGFP was treated with Na,S,0,, FeSO, or
ABTS in an argon atmosphere and allowed to stand, the green-
ish fluorescence did not return until air was readmitted. The
time required for the recovery of the greenish fluorescence was
shortened if the selution was shaken in air or subjected to
dialysis. In order to ascertain whether any spectral change
occurs on reduction, 450 ul of a 0.18 mg/ml solution of tGFP
in 50 mM ammonium bicarbonate, pH 8.0, was mixed with 25
Ul of 100 mM sodium dithionite in 1 M ammonium bicarbon-
ate, pH 8.0, and the mixture was scanned between 600 and 300
nm in & microcell using an Uvikon 810 (Kontron, Zurich, Swit-
zerland) recording spectrophotometer. Controls consisted of
{a) 450 ul of the same rGFP solution mixed with 25 yl of the

Table |
Reactions of various chemical reagents with rGFP
Addition to rGEP Green E, V
fluorescence
None (+
Na,S$,0, (5 mM)
under Ar, +)—> () —0.66
exposure to airfdialysis +H) e« (=)
FeSO, (2 mM)
under Ar, (+) = (-) 0.77
exposure to air/dialysis (+) « (—)
1/2 G, + 2H*/H,0 0.82
ABTS (0.2 mM)
under Ar, (+) = (-)
exposure to air/dialysis (+) « (=)
H.Q, (1%) under Ar, or Air (+) = (-} 0.30
Hy/Pt (~1 mg) (+) — () —0.42
NaBH, (~1 mg) under Ar, or Air (+)
2-Mercaptoethanol (2%) +)
Dithicthreitol {10 mM) (+) -0.33
Glutathione, reduced (10 mM) (+) -0.23
L-Cysteine (10 mM) ()
K Fe(CN), (2 mM) (+) 0.36
NaHSO, (10 mM) +)
NaN, (10 mM) (+)
NaCN {10 mM} +)
EDTA (10 mM) (+)
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Fig. 3. Absorption and fluorescence emission spectra of rGFP.
(a) Absorption spectrum of rGFP. (b) Fluorescence emission spectrum
of rGFP. (c) Absorption spectrum of H,O,-treated rGFP. For (a), {b)
and (c) the protein concentration was 0.18 mg/ml in 100 mM ammonium
bicarbonate, pH 8.0.

same 1 M ammonium bicarbonate soution, and (b) 450 ul of
the same 50 mM ammonium bicarbonate solution mixed with
25 ul of the same sodium dithionite solution. Except for the
region between 400 and 300 nm, which was difficult to analyze
due to the high abserbance of sodium dithionite, the absorption
spectrum of the rGFP-sodium dithionite mixture did not show
any major change in absorbance, shape or maximum
(A = 478 nm) between 600 and 400 nm when compared to
the oxidized rGFP control. Thus, between 600 and 400 nm
there appears to be no apparent change in absorption spectrum
on reduction. If hydrogen peroxide was added to rGFP, the
green greenish fluorescence slowly disappeared over a period
of 1 h and never recovered even when exposed to air. This loss
of greenish fluorescence was accompanied by a disappearance
of the absorbance peaks at 395 and 478 nm (Fig. 3¢), suggesting
that a permanent structural change had taken place in the
chromophore. Since rGEFP is reduced by FeSO, and the re-
duced rGFP axidized by O,, with H,O being a likely product,
it appears that the standard reduction potential, E’,, for rGFP
lies somewhere between 9.77 V and 0.82 V (Table 1). Morcover,
with the E’ s for rGFP and O, lying so close to cach other, it
is conceivable thut GFP may be at the terminus of a series of
electron carriers, as in the eukaryotic respiratory chain.

The rGFP has two cysteine residues at positions 48 and 70
in the primary structure [13,14]. Reducing reagents such as
2-mercaptoethanol, dithiothreitol, reduced glutathione and
L-cysteine did not have any affect on the fluorescence of rGFP
(Table 1), whereas treatment with the sulfhyryl reagent DTNB
(1 mM) [23] caused the greenish fluorescence to disappear in
a few minutes (data not shown). Thus, a free cysteine residue
may be required for the greenish fuorescence of rGFP.
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It is noteworthy that reversible photobleaching of GFP has
been reported in vivo on exposure to UV light during the
expression of the cDNA for GFP in Caenorhabditis elegans [20).
It is possible that the photobleaching may be due to a reduction
taking place within the cell and the recovery of fluorescence to
the transfer of electrons to molecular oxygen. The proposed
imidazoelone structure for the chromophore of GFP [8,10,21],
however, does not appear to explain the redox behavior of
rGFP in that the electron acceptor—donor group is not identifi-
able. Another interesting structure-related problem is that
Aeguorea GFP, when expressed in such diverse organisms as
E coli, C. elegans and COS cells, is fluorescent [13,20]. This
must mean that a synthetic (enzymatic) mechanism must be
present in all of these organism to form the complex chromo-
phore by post-translational modification or a self-modification
mechanism must exist within the protein.
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