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ABSTRACT: Green fluorescent protein (GFP) from a jellyfish, Aequorea Victoria, and its mutants are widely
used in biomedical studies as fluorescent markers. In spite of the enormous efforts of academia and industry
toward generating its red fluorescent mutants, no GFP variants with emission maximum at more than 529
nm have been developed during the 15 years since its cloning. Here, we used a new strategy of molecular
evolution aimed at generating a red-emitting mutant of GFP. As a result, we have succeeded in producing
the first GFP mutant that substantially matures to the red-emitting state with excitation and emission
maxima at 555 and 585 nm, respectively. A novel, nonoxidative mechanism for formation of the red
chromophore in this mutant that includes a dehydration of the Ser65 side chain has been proposed. Model
experiments showed that the novel dual-color GFP mutant with green and red emission is suitable for
multicolor flow cytometry as an additional color since it is clearly separable from both green and red
fluorescent tags.

Green fluorescent protein (GFP)1 and its mutants and
homologues are widely known today due to their intensive
useas inViVofluorescentmarkers inbiomedical sciences (1–3).
Studies on the GFP family began 45 years ago when GFP
from hydromedusa Aequorea aequorea (synonym Aequorea
Victoria) was discovered (4). This protein has been found to
be a part of the bioluminescent system of the jellyfish A.
Victoria where GFP played a role of secondary emitter
transforming blue light from the photoprotein aequorin into
green light. Then, similar proteins were isolated from several
bioluminescent coelenterates (5). All of these proteins
fluoresced green (497–509 nm) and functioned as secondary
emitters in bioluminescence.

In 1992, cDNA encoding A. Victoria GFP was cloned (6).
It transpired that this gene can be heterologically expressed
in any organism, owing to the unique ability of GFP to form

chromophore without the assistance of external enzymes or
cofactors except for molecular oxygen (7). GFP amino acids
Ser65-Tyr66-Gly67 undergo posttranslational modification
(backbone cyclization and oxidation) resulting in a two-ring
chromophore (8). One ring originates from Tyr66, and
another five-membered heterocycle is formed after protein
backbone cyclization. Wild-type GFP from A. Victoria
possesses a dual-peak absorption-excitation spectrum with
a major peak at 396 nm and an approximately 3-fold smaller
peak at 475 nm. It was found that the shorter wavelength
peak corresponds to the chromophore with a neutral (pro-
tonated) Tyr66, while the longer wavelength peak corre-
sponds to the anionic (deprotonated) state of the chromophore-
forming Tyr66 (9, 10). Excitation at both peaks leads to green
fluorescence at 503 or 509 nm.

In 1999, GFP homologues from nonbioluminescent An-
thozoa species were cloned (11). Anthozoa-derived GFP-
like proteins showed great spectral diversity including cyan,
green, yellow, and red fluorescent proteins (FPs) and purple-
blue nonfluorescent chromoproteins (CPs) (2). In addition,
green-to-red photoconvertible fluorescent proteins were
characterized (12, 13). Also, a broad spectral diversity of
GFP-like proteins in Hydrozoa species was revealed (14).
In particular, a yellow FP and a purple CP from hydroid
jellyfishes were characterized.

Between 1994 and 1999, when only one fluorescent
protein, GFP from A. Victoria, was cloned, extensive efforts
were applied to create GFP variants of different colors. As
a result, blue and cyan mutants with Tyr66 substituted with
Phe, His, or Trp were generated (9, 15). Also, it was
demonstrated that certain point mutations can strongly
influence a proportion of neutral/anionic chromophore. For
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example, substitution S65T leads to mainly anionic chro-
mophore (absorption at ∼490 nm) (16), while T203I
stabilizes the neutral chromophore state (absorption at ∼400
nm) (9). Finally, a yellow variant of GFP with excitation–
emission maxima at 515–529 nm was obtained using the key
mutation T203Y (17). In spite of enormous efforts of
academia and industry toward generating a red fluorescent
mutant, no further red-shifted variants have been developed
on the basis of A. Victoria GFP.

Here, basing our work on modern knowledge of mecha-
nisms of red chromophore formation in GFP-like proteins,
we used a new strategy of mutagenesis and succeeded in
the creation of a GFP mutant that partially matures up to a
red-emitting state.

MATERIALS AND METHODS

Mutagenesis and Protein Characterization. EGFP coding
region with human codon usage (Clontech) was used as a
template. Site-specific mutagenesis was performed using a
QuickChange mutagensis kit (Stratagene). For simultaneous
mutagenesis at several sites, including saturated mutagenesis
at several sites, an overlap-extension approach was applied
(18). Diversity PCR random mutagenesis kit (Clontech) was
used for error-prone PCR in conditions optimal for seven
mutations per 1000 bp. For bacterial expression, the full-
length coding region was amplified using specific primers,
subcloned into the pQE30 (Qiagen) using BamHI and HindIII
sites, and was expressed with an N-terminal polyhistidine
tag in Escherichia coli XL1 Blue strain (Invitrogen).
Fluorescent stereomicroscope SZX-12 (Olympus) was used
for visual screening of bacterial colonies expressing mutant
proteins.

Recombinant proteins with a polyhistidine tag were
purified with Ni-NTA agarose (Qiagen). To measure excita-
tion and emission spectra, the FluoroMax-3 spectrofluoro-
meter (Jobin Yvon) or Cary Eclipse spectrofluorometer
(Varian) was applied. For absorbance measurements, a
Hitachi U-2000 spectrophotometer was used. Oligomeric
states of R10-3 and EGFP proteins were compared by size-
exclusion gel filtration using an AKTAprime chromatograph
(Amersham Pharmacia Biotech).

For expression in eukaryotic cells, the PCR-amplified
fragment encoding R10-3 was inserted in lieu of the EGFP
coding region in the pEGFP-C1 (Clontech) vector using AgeI
and BglII sites. Human embryonic kidney 293 (HEK293)
cell line was used. Cells were transfected using Lipo-
fectamine reagent (Invitrogen) and were tested 16 h after
transfection. A Leica confocal inverted microscope, DMIRE2
TCS SP2, equipped with an HCX PL APO lbd.BL 63X 1.4
NA oil objective and 125 mW Ar and 1 mW HeNe lasers
was used for cell imaging.

Library Screening. For FACS screening, a coding region
of GFP variants was PCR amplified as a BglII-EcoRI
fragment and inserted into a pBAD/His-B vector (Invitrogen).
Random mutagenesis was performed with a GeneMorph II
random mutagenesis kit (Stratagene) under conditions result-
ing in a mutation frequency up to 16 mutations per 1000
base pairs. After ligation into pBAD/His-B vector (Invitro-
gen), a mixture of the random mutants was electroporated
into TOP10 host cells (Invitrogen). Typical mutant libraries
for each FACS screen consisted of approximately 107

independent clones. Protein expression in the libraries was
induced overnight at 37 °C with 0.02% arabinose. The
following morning the expressing bacteria were washed with
phosphate-buffered saline (PBS) and then diluted with PBS
for FACS sorting to optical densities of 0.015–0.02 at 600
nm. A MoFlo cell sorter (Dako) equipped with standard
argon, krypton, and argon-krypton mixed-gas lasers was
used. Typically, at least 10 sizes of each library were sorted
on the FACS with 488 nm of argon, 407 nm of krypton,
and 568 nm of mixed-gas excitation laser lines. The collected
bacterial cells were rescued in a rich SOC medium at 37 °C
for several hours and then plated on Petri dishes with 0.02%
arabinose. The next day the dishes were studied with a Leica
MZ16F fluorescence stereomicroscope using standard filter
sets (Chroma).

RESULTS

Theoretical Considerations. Two main types of the red
chromophores within the GFP-like proteins are known,
specifically DsRed-like and Kaede-like. Compared to the
GFP chromophore, the DsRed-like chromophore contains
an additional acylimine group which is formed via
dehydrogenation of the CRsN bond of the first chro-
mophore-forming residue with molecular oxygen (19, 20).
A key role of some nearby residues including Ser68 (GFP
numbering) in catalysis of this oxidation has been
suggested (20, 21). In some proteins (e.g., asFP595,
zFP538, mOrange, zFP574) the DsRed-like chromophore
undergoes further chemical transformations (22–27).

The Kaede-like chromophore is characteristic for the
green-to-red photoconvertible fluorescent proteins carrying
His-Tyr-Gly chromophore-forming residues. In this case,
after irradiation with UV or violet light (at approximately
350–420 nm) a GFP-like precursor undergoes a protein
backbone break between N and CR of His65 and converts
into the red state where the GFP-like chromophore core is
extended with a His65 heterocycle (28–30).

Importantly, in most cases both types of the red chro-
mophores originate from a neutral state of the GFP-like
chromophore, while anionic green chromophore cannot be
converted into the red state (12, 31). The only known
exceptions from this rule are the Kaede-like protein Dendra,
which can undergo green-to-red photoconversion under blue
light irradiation (32), and zFP574 protein in which an anionic
green chromophore transforms into the red state via oxidation
and decarboxylation of Asp65 (27, 33, 34). Taking into
account these considerations, as well as previous unsuccessful
attempts to achieve step-by-step red shift beyond YFP using
mutagenesis of already red-shifted GFP variants with anionic
chromophore, we concluded that GFP variants that contain
chromophore mainly in the protonated state might be a
promising template for construction of a red GFP mutant.

In the present study we suggest a new strategy for
molecular evolution aimed at generating the red-emitting
mutant of A. Victoria GFP. As the first step, we introduced
substitutions that were shown to be important for red
chromophore formation in Anthozoa red FPs and CPs.
Specifically, His65 and Asn68 or Ser68 were introduced for
the following reasons. His65 is crucial for Kaede-like
chromophore formation. Position 68 is usually occupied by
Asn or Ser in red fluorescent proteins and chromoproteins.
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This step resulted in essentially nonfluorescent mutants. At
the second step, random mutagenesis was used to restore
green fluorescence in these mutants. Importantly, we selected
mutants containing the GFP chromophore mainly in a neutral
state (absorption maximum at about 400 nm). According to
the mechanism previously described by us for chromophore
formation in a majority of red fluorescent proteins, only such
GFP chromophore could potentially form a red chromophore.
Finally, we used random mutagenesis coupled with high-
throughput screening to search for red fluorescent clones.

Mutagenesis. GFP mutants F64L/S65H/V68N and F64L/
S65H/V68S obtained by site-directed mutagenesis were
essentially nonfluorescent. These mutants together were used
as templates for random mutagenesis. Screening of mutant
libraries (about 30000 clones for each round) was performed
visually using a fluorescent stereomicroscope; we selected
clones that fluoresced under 405 nm excitation light. Also,
fluorescence of clones in the red region and capacity for
Kaede-type green-to-red photoconversion were evaluated.
After three sequential rounds of random mutagenesis, the
two best clones, named CR3 and CR4, were obtained. Both
proteins contained target substitutions F64L/S66H/V68N
(together with some randomly introduced mutations) and
possessed excitation–emission spectra very similar to that
of wild-type GFP; neither red emission nor green-to-red
photoconversion was characteristic for CR3 and CR4. No
clones carrying Ser68 were found.

A mix of plasmids CR3 and CR4 was used as a template
for two further rounds of random mutagenesis. As a result,
a clone named R5-1 showing not only green but also red
fluorescence was found. Its red fluorescence was very weak
and could be detected only after growth at 30 °C and
incubation at 4 °C for 1 week. R5-1 contained the following

substitutions, F64L, V68N, K162Q, I167V, L194P, and
T230I, and additionally a stop codon after position 232 (six
residues earlier than in GFP). Surprisingly, R5-1 carried
Ser65; i.e., a reverse mutation of directly introduced His65
occurred via two nucleotide substitutions. Random mutagen-
esis of R5-1 resulted in mutant R6-31 with one additional
substitution, A87G, which demonstrated the same spectral
characteristics, but its red fluorescence could already be
detected after overnight growth of E. coli colonies at 30 or
37 °C. Further rounds of random mutagenesis, even using
high-throughput screening with a fluorescence-activated cell
sorter (FACS), failed to enhance the red fluorescence of R6-
31.

We then constructed a mutant carrying some substitutions
that seem to be important for red fluorescence appearance
in GFP, specifically F64L, V68N, K162Q, and I167V, and
used this mutant as a template for sequential random
mutagenesis followed by high-throughput screening using
FACS. Three distinct phenotypes of the mutants were
observed: green only, blue-green, and green-red. The first
two random libraries resulted in a brighter mutant, R8-1,
having an additional mutation, F46L. The next two rounds
of random mutagenesis yielded an enhanced mutant, R10-
3, with additional substitutions V163A and I171L (Figure
2A). The R10-3 demonstrated both green and red fluores-
cence (Figure 3) that was much brighter compared to R6-
31. In comparison to GFP, the following substitutions were
characteristic for R10-3: F46L, F64L, V68N, V163A,
K162Q, I167V, and I171L (Figure 1).

Further rounds of random mutagenesis followed by high-
throughput screening did not provide improvement of R10-
3. Also, we performed saturated mutagenesis at positions
that are spatially close to the chromophore: 42, 44, 46, 65,

FIGURE 1: Amino acid alignment of GFP, its mutants R6-31 and R10-3, Anthozoa red fluorescent protein DsRed, and green-to-red
photoconvertible fluorescent protein Kaede. The residues whose side chains are in the interior of the �-can are shaded in gray. Introduced
gaps are represented by dots. Substitutions in R6-31 and R10-3 are shaded in black. In R10-3, positions at which saturated mutagenesis was
performed are underlined.

4668 Biochemistry, Vol. 47, No. 16, 2008 Mishin et al.



68, 69, 112, 121, 148, 163, 165, 167, 171, 203, 205, and
220. Several phenotypes have been observed at this step as
a result of the single-point substitutions. For example, mutant
L42Q possessed blue and green but no red fluorescence. A
single mutation S65G gave the green-only variant. However,
none of the mutants possessed red fluorescence brighter than
that of the parental R10-3.

Properties of the Red Mutants. All mutants with red
fluorescence (R5-1, R6-31, R8-1, and R10-3) possessed very
similar shapes and maxima of excitation–emission in the red
region. They differed considerably only in maturation rate
and fluorescence brightness. Thus, we will focus here on the
brightest variant, R10-3. Green fluorescence of R10-3 was
characterized by a major excitation maximum at 395 nm
(extinction coefficient 34000 M-1 cm-1), minor excitation
maximum at 475 nm (extinction coefficient 12000 M-1

cm-1), and single emission maximum at 508 nm (fluores-
cence quantum yield 0.75), similarly to the wild-type GFP
(Figure 4A). In addition, R10-3 demonstrated an excitation
peak at 555 nm (extinction coefficient 800 M-1 cm-1) and a
corresponding emission peak at 585 nm (fluorescence
quantum yield 0.45). The absorption spectrum showed that
the red form is present as a minor fraction (Figure 4B). Thus,
only a small portion (1–3%) of R10-3 protein matures up to
the red fluorescent state. Titration of R10-3 with buffers with
different pH showed that pKa values of the green and red

forms of R10-3 are very similar, 5.1 and 5.4, respectively
(Figure 4C).

We have also tested the temperature dependence of R10-3
maturation. E. coli cells expressing R10-3 were grown at
22, 30, or 37 °C, and their fluorescence in green and red
channels was compared. It was found that elevated temper-
ature resulted in higher brightness of both green and red
signals, while their ratio remained about the same at all three
temperatures tested (not shown). Then we studied the kinetics
of development of green and red fluorescence in E. coli
streaks growing at 37 °C. Although several different
processes, growth of the streak, protein synthesis, and R10-3
maturation, contributed to the fluorescence increase in this
model, it was possible to compare maturation of the green
and red forms since other processes were equal. It was found
that the green signal developed slightly faster than the red
(Figure 4D). So, the red to green ratio gradually increased
approximately 1.5-fold during R10-3 maturation.

It was shown earlier that illumination with ∼400 nm light
greatly accelerates red fluorescence development in maturing
DsRed (31). In contrast, under similar conditions we did not
observe any increase in red fluorescence after 405 nm light
irradiation of both immature and mature R10-3 samples.

We have successfully expressed R10-3 in mammalian
cells. The next day following transient transfection, HEK293
cells demonstrated bright green fluorescence and weaker but
clearly visible red fluorescence (Figure 3B).

Mutant R10-3 contains mainly inner substitutions. Two
external mutations, specifically K162Q and I171L, should
not change the oligomeric state of the protein because these

FIGURE 2: Flow cytometry analysis. The 488 nm line of argon and
568 nm line of krypton lasers were used to excite green and red
fluorescence, respectively. (A) Comparison of bacterial cells with
empty plasmid or expressing R6-31, R8-1, R10-3 mutants obtained
consequently during molecular evolution. (B) Sorting of a mixture
of bacterial cells expressing TagRFP, EGFP, R10-3, or empty
plasmid. Note the clear separation of R10-3 from both EGFP and
TagRFP.

FIGURE 3: Fluorescence microscopy of R10-3. (A) Comparison of
EGFP (left tube) and R10-3 (right tube) fluorescence. Purified
protein samples were photographed under a fluorescent stereomi-
croscope. Top: Excitation at 450–490 nm; detection above 510 nm
(green channel). Bottom: Excitation at 540–580 nm; detection above
610 nm (red channel). (B) Confocal image of HEK293 cells
expressing R10-3. Top: Excitation at 488 nm; detection at 500–530
nm (green channel). Bottom: Excitation at 543 nm; detection at
560–650 nm (red channel).
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positions do not participate in the GFP dimer interface.
Indeed, size-exclusion chromatography (gel filtration) showed

that both EGFP and R10-3 proteins at a concentration of 1
mg/mL migrate as a single peak corresponding to a monomer
(not shown).

Possible Applications. Commonly, single-color tags with
narrow spectra are considered to be ideal for multicolor
labeling. However, dual-color fluorescent proteins can offer
a clear advantage in some cases. For example, a tag with
green plus red emission can be potentially discriminated from
both green and red tags, using only two channels for
detection. To demonstrate the usefulness of R10-3, we
performed the following model experiment. E. coli cells
expressing TagRFP (35) (single-color red tag), EGFP (single-
color green tag), or R10-3 (dual-color green plus red tag)
were mixed together. This mix was then analyzed by flow
cytometry using two channels (green and red). Figure 2B
shows that all three cell populations were clearly separated
from each other (as well as from “empty” cells) due to
unusual “diagonal” distribution of R10-3-expressing cells.
Thus R10-3 appeared to be a useful extension to the available
palette of fluorescent proteins for cell sorting applications.

DISCUSSION

Comparison of R10-3 Maturation with Green-to-Red GFP
PhotoconVersion. Previously, a green-to-red photoconversion
of GFP and some its variants has been described (36, 37). It
was found that under anaerobic conditions irradiation by blue
light results in the appearance of a GFP red fluorescent state
with excitation and emission maxima at 525 and 600 nm,
respectively. The red form is stable only in the absence of
molecular oxygen, and it disappears after reoxygenation (38).
No explanation of this phenomenon has been suggested to
date.

Comparison of the light-induced red GFP state in anaero-
bic conditions with the R10-3 red form clearly shows that

FIGURE 4: Spectral properties of the R10-3 mutant. (A) Excitation and emission spectra for green (dashed lines) and red (solid lines)
fluorescence. Within each pair of lines the emission spectrum is the one at longer wavelengths. (B) Absorbance spectrum. (C) pH dependence
of green (open squares) and red (filled circles) fluorescence. (D) Development of green (open squares) and red (filled circles) fluorescence
in growing E. coli streak expressing R10-3.

FIGURE 5: Outline of the proposed three-dimensional structure of
R10-3. (A) Ribbon scheme of the overall R10-3 structure modeled
on the base of the GFP-F64 crystal structure (Protein Data Bank
accession code 1EMM). The chromophore and residues, which are
substituted in the R10-3 mutant, are labeled and shown in space-
filling representation. The protein backbone is colored from blue
(N-end) to red (C-end). (B, C) Structural comparison of residues
64–68 in R10-3 (B) and DsRed (a monomer with presumably the
catalytic conformation of Ser68 from Protein Data Bank accession
code 1G7K) (C) shown in stick representation. Note the similar
positioning of R10-3 Asn68 and DsRed Ser68 where oxygen atoms
of the side chains are close to CR at position 65. Amino acid
substitutions followed by geometry optimization were performed
using HyperChem software. Graphics are outputs of PyMOL
software.
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they have completely different properties. First, R10-3
develops red fluorescence spontaneously, while GFP requires
light irradiation to become red fluorescent. Second, the R10-3
red state is formed and remains stable in the presence of
oxygen, in contrast to the GFP photoconversion that requires
anaerobic conditions. Finally, excitation and emission spectra
for the red species in R10-3 and photoconverted red GFP
are clearly different. Thus, the appearance of red fluorescence
in R10-3 is unrelated to previously described GFP photo-
conversion in a low oxygen environment.

Interpretation of Mutagenesis Results. Figure 5A shows
an overall GFP structure with modeled R10-3 substitutions.
This model demonstrates that almost all mutated positions
(except Leu171) are located in close proximity to the
chromophore.

At the beginning of this work we supposed that generation
of a Kaede-like GFP mutant might be easier, compared to a
DsRed-like red fluorescent mutant, because UV irradiation
provides an additional driving force for red chromophore
formation in Kaede-like proteins. At the same time, His65
seemed to have no apparent negative effect on formation of
a DsRed-type chromophore. Therefore, we directly intro-
duced His65, which is invariant in Kaede-like fluorescent
proteins. However, our assumption appeared to be incorrect,
since no Kaede-type mutants with His65 were found. Instead,
the reverse mutation to wild-type Ser65 was isolated (mutant
R5-1). This roundabout approach added considerable work
but also highlighted the importance of Ser65 in the formation
of red chromophore within the GFP mutants obtained.
However, Ser65 alone is undoubtedly insufficient for red
phenotype appearance, since wild-type GFP never demon-
strated red fluorescence. We believe that a combination of
Ser65 and Asn68 plays a key role in red chromophore
formation in the GFP mutants. In contrast to chemically inert
valine, the Asn68 side chain may play a catalytic role (see
below).

Mutations F46L and V163A were characterized earlier to
greatly improve maturation of GFP variants (39, 40).
Generally, substitutions F46L, V163A, and I167V are in line
with the conclusion of Terskikh and co-workers that space
around the chromophore accelerates red fluorescence devel-
opment in DsRed (41). Substitution F46L is spatially very
close to Ser65 (Figure 5A) and can provide additional
flexibility required for chemical modification at the Ser65
backbone. Also, a smaller Leu residue may vacate space for
an additional water molecule that can facilitate catalysis of
red chromophore formation.

Possible Mechanisms for Red Chromophore Formation.
Basing our views on the importance of Ser65 and Asn68
for development of red fluorescence in GFP mutants, we
hypothesized possible structures and mechanisms of red
chromophore formation in mutants R5-1, R6-31, and R10-
3. Two distinct scenarios can be proposed. First, an oxidative
pathway can be similar to that for DsRed. Yarbrough and
co-workers suggested that Ser68 catalyzes proton abstraction
from CR of Gln65 and the formation of a carbanion
intermediate (see Scheme 2 in ref 20). Then, molecular
oxygen attacks the carbanion and forms a hydroperoxide
adduct. Finally, a CRdN double bond is formed at Gln65,
and hydrogen peroxide is released. Analogously, in the case
of red mutants of GFP, the same pathway can be proposed
where Asn68 catalyzes proton abstraction instead of Ser68.
Molecular modeling showed that Asn68 can potentially adopt
a conformation similar to the presumably catalytic conforma-
tion of Ser68 in DsRed (Figure 5B,C).

A second possible mechanism is nonoxidative and does
not include reaction with molecular oxygen. Here, Asn68
catalyzes dehydration of Ser65 (Scheme 1). As a result, a
CRdC� double bond is formed at Ser65. Then, this double
bond can isomerize to form acylimine. We prefer this
mechanism because it clearly explains the irreplaceability
of Ser65 in GFP red mutants that was observed experimen-

Scheme 1: Proposed Nonoxidative Mechanism of the Red Chromophore Formation in R10-3a

a During the first step, Asn68 and Glu222 promote dehydration of Ser65 resulting in a double bond between the CR and C� atoms of Ser65.
Then, an isomerization of this double bond and deprotonation of Tyr66 may lead to the DsRed-like chromophore where the GFP chromophore core
is extended with the acylimine group.
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tally. Notably, similar dehydration of the Ser residue is
observed in the course of posttranslational maturation of
histidine ammonia lyase (HAL) (42, 43), as well as in the
S65A/Y66S mutant of GFP (44). Determination of the exact
chromophore structure within R10-3 and the mechanism of
its formation is outside the scope of the present work.
Nonetheless, some possible ways to check our hypothesis
can be suggested. First, Ser65 dehydration (loss of 18 Da)
can be detected by mass spectroscopy. Also, the dependence
or independence of red chromophore formation on molecular
oxygen can be tested. Unfortunately, the R10-3 mutant
contains only a minor fraction of red chromophore. Thus,
experimental verification of the R10-3 chromophore structure
appears to be a very difficult task.

The reason for incomplete maturation of the red chro-
mophore in R10-3 is unclear. Red fluorescent proteins often
contain a portion of immature molecules with GFP-like green
chromophore. For example, DsRed samples contain roughly
50% of green monomers (19, 20, 45). However, in DsRed,
this immature green chromophore is present exclusively in
an anionic state. Earlier we have shown that the DsRed red
chromophore is formed only from a neutral GFP-like
intermediate that can be transiently detected in the course
of maturation of DsRed and other red fluorescent proteins
and chromoproteins (31). At the same time, R10-3 samples
always show a major portion of neutral green chromophore,
which potentially could be a source for red chromophore
formation. Thus, instead of the absence of a GFP-like neutral
chromophore precursor, some other reason should be sug-
gested for incomplete maturation of R10-3. We speculate
that Asn68 can adopt two distinct conformations. In one
(minor) conformation, its side chain is close to Gln65 CR
(Figure 4B) and can play a catalytic role. In another (major)
conformation, Asn68 is rotated away from Gln65 and is
catalytically inert. Stochastic fixation of these conformations
occurs immediately after the folding of the protein globule
and does not change further. If so, the first conformation
corresponds to the red species, while the second conformation
corresponds to the green species in the R10-3 sample.
Notably, such “catalytic” and “noncatalytic” conformations
of Ser68 were experimentally detected in the crystal structure
of DsRed (20).

Practical Applications. Apparently, R10-3 cannot be used
simply as a red tag, due to its major green emission.
However, it might be useful in some special cases. For
example, we showed that R10-3 can serve as an additional
color for flow cytometry due to a “diagonal” distribution
between commonly used green and red channels that allows
the discrimination of it from both green and red fluorescent
proteins. As far as we know, a similar behavior has been
described for only one fluorescent protein: ZsYellow (excita-
tion and emission maxima at 525 and 538 nm, respectively)
from Clontech. Also, dual-color mutants of red fluorescent
proteins such as DsRed-N42H have been described (46).
However, similarly to many other coral fluorescent proteins,
these proteins are tetramers and can aggregate at high
concentration (and thus are potentially toxic); almost nothing
is known about their behavior in different transgenics. In
contrast, R10-3 is a close derivative of GFP, and thus it
probably inherits GFP advantages: very low toxicity, excel-
lent performance in protein fusions, very well documented
behavior in different expression systems. So, we believe that

R10-3 could find a niche among other fluorescent proteins
used in practice. Also, we hope that R10-3 represents only
a first step forward and that future work will generate a purely
red GFP mutant.

In conclusion, the present work describes for the first time
the mutants of A. Victoria GFP that form the red-emitting
spectral species with excitation and emission maxima at 555
and 585 nm, respectively. These mutants extend our knowl-
edge about posttranslational chemistry of the widely used
GFP protein. In particular, combination of Ser65 and Asn68
was found to play a crucial role in the formation of the red
chromophore within this protein; a novel mechanism of the
red chromophore formation based on the Asn68-induced
dehydration of Ser65 has been proposed. Novel GFP mutants
could find their use in multicolor flow cytometry.
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