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ABSTRACT

Fluorescent proteins homologous to green fluorescent protein (avGFP) display pronounced spectral var-
iability due to different chromophore structures and variable chromophore interactions with the sur-
rounding amino acids. To gain insight into the structural basis for yellow emission, the 3D structure of
phiYFP (lem = 537 nm), a protein from the sea medusa Phialidium sp., was built by a combined homology
modeling — mass spectrometry approach. Mass spectrometry of the isolated chromophore-bearing pep-
tide reveals that the chromophore of phiYFP is chemically identical to that of avGFP (/e = 508 nm). The
experimentally acquired chromophore structure was combined with the homology-based model of
phiYFP, and the proposed 3D structure was used as a starting point for identification of the structural fea-
tures responsible for yellow fluorescence. Mutagenesis of residues in the local chromophore environment
of phiYFP suggests that multiple factors cooperate to establish the longest-wavelength emission maxi-

mum among fluorescent proteins with an unmodified GFP-like chromophore.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Green fluorescent protein from Aequorea victoria (avGFP) and
homologous fluorescent proteins (FPs) from Anthozoa have be-
come indispensable tools for live cell imaging [1]. The available
emission colors of FPs span most of the visible spectrum, offering
a wide array of fluorescent markers [2]. The color variation of FPs
is mostly due to different chemical modifications of the chromo-
phore, which is autocatalytically formed from internal amino acids
[3]. In avGFP, the chromophore 4-(p-hydroxybenzylidene)imidaz-
olinone (p-HBI) is generated by cyclization of the polypeptide
chain within the Ser-Tyr-Gly sequence [4,5]. GFP-like p-HBIs can
undergo further posttranslational modifications, as in the case of
red-shifted fluorescent proteins [6-10] and chromoproteins
[11-15].

Crystallographic and mass spectrometric studies reveal that
zFP538, a yellow fluorescent protein from Zoanthus sp., contains
a three-ring chromophore derived from the DsRed-like chromo-
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phore [16]. A conjugation intermediate to that of GFP and DsRed
has been proposed to account for the yellow emission of the
zFP538 chromophore (Zem = 538 nm). Alternatively, the mutation
T203Y (here and hereinafter, the amino acid numbering corre-
sponds to the avGFP sequence), which is located in the vicinity of
the avGFP chromophore, may induce a red shift in the emission
without covalent modification of p-HBI. The emission of the
resultant yellow fluorescent protein, YFP, is red-shifted by
approximately 20 nm (lem, =527 nm) relative to avGFP-S65T due
to a m-stacking interaction between the chromophore phenolic
group and Tyr203 [17]. This observation suggests that, in addition
to covalent modifications of the chromophore, chromophore-pro-
tein interactions also have a dramatic impact upon FP spectral
properties.

Yellow-emitting fluorescent protein phiYFP has recently been
cloned from the sea medusa Phialidium sp. (class Hydrozoa). It dis-
plays an emission maximum at 537 nm [18] - very similar to
zFP538 - and can fill in the gap between green- and red-emitting
FPs. phiYFP can be particularly useful for live cell multicolor imag-
ing and is suitable as an acceptor in Forster resonance energy
transfer (FRET) experiments. High-resolution X-ray crystallo-
graphic studies of phiYFP would be beneficial in understanding
the structural features that are responsible for the yellow fluores-
cence. However, in some cases it is extremely difficult to obtain
high-quality FP crystals [16], which can subsequently result in
poor resolution diffraction data.

To gain insight into the molecular basis for the yellow fluores-
cence emission of phiYFP, we undertook a study of the protein
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3D structure based on a combination of mass spectrometry and
homology modeling. High-resolution mass spectrometry of the iso-
lated chromophore-bearing peptide showed that, unlike zFP538,
mature phiYFP contains a GFP-like p-HBI chromophore. Incorpora-
tion of this chromophore into the constructed model of the protein
enabled us to propose a complete 3D model of phiYFP. Further
structure-based mutagenesis studies revealed structural determi-
nants that presumably operate in a cooperative manner to estab-
lish the red-shifted spectra of phiYFP.

2. Materials and methods
2.1. Protein expression, purification, and mutagenesis

A pQE-30 expression system in Escherichia coli (J]M-109 DE3)
was used to express phiYFP with an N-terminal polyhistidine tag.
The recombinant protein was further purified from cell lysates by
metal-affinity chromatography on a Ni-NTA resin (Qiagen) accord-
ing to the manufacturer’s protocol. Site-directed mutagenesis was
performed with the QuikChange Site-Directed Mutagenesis kit
(Stratagene). The resulting plasmids were sequenced to verify
mutations.

2.2. Spectroscopy

Absorption spectra for phiYFP and variants were collected at
22 °C in 20 mM Tris-HCl and 100 mM NacCl, (pH 8.0) using a Cary
50 Bio UV/vis spectrophotometer (Varian). The fluorescence mea-
surements were carried out using a Varian Cary Eclipse Fluores-
cence Spectrophotometer. The pKa of the chromophore was
calculated by computer-fitting the absorbance of band B at various
pHs to the Henderson-Hasselbalch equation [19].

2.3. Pepsinolysis and chromopeptide isolation

Purified His-tagged phiYFP at 4 mg/mL was denatured by addi-
tion of a 0.1 M HCl solution to a final pH of 2.3. Pepsin (Sigma) was
then added at a 1:30 (w/w) ratio, and digestion was carried out at
room temperature for 24 h. Chromopeptide isolation was per-
formed as described previously [19]. Briefly, digests were applied
onto a reverse phase HPLC column (Beckman Ultrasphere ODS)
equilibrated with 10 mM sodium phosphate buffer pH 4.0 and pep-
tides were eluted by a linear gradient of acetonitrile in the same
buffer. The effluent was monitored at 220 nm and 380 nm. Peptide
peaks with absorbance at 380 nm were collected and analyzed by
mass spectrometry.

2.4. MALDI mass spectrometry

One microliter each of the chromopeptide and the 2,5-dihy-
droxybenzoic acid (DHB) matrix (Sigma) dissolved in 0.1% trifluor-
acetic acid: acetonitrile, 7:3 were mixed on a stainless steel target
and air-dried at room temperature. MS experiments were carried
out in the reflectron mode on an Ultraflex MALDI TOF/TOF mass
spectrometer with LIFT capability (Bruker Daltonics) equipped
with an N,-laser. Mass spectra were acquired in a positive ion
mode. Tandem mass spectra were acquired with a basic MALDI-
TOF/TOF method comprising the following voltage parameters:
ion source | — 8 kV, ion source II - 7.2 kV, lens - 3.4 kV, reflector
- 27.5kV, reflector II - 12.8 KV, LIFT1-19 kV, LIFT2-3.3 kV.

2.5. Sequence analysis and homology modeling

Multiple sequence alignment of GFP-like proteins with known
crystal structures was performed using the ClustalW method [20]

and a phylogenetic tree was built with the program MegAlign from
DNASTAR package (Supplementary Fig. S1). GFP from A. victoria
proved to have the highest sequence identity with phiYFP (51%
identity). Therefore, the atomic coordinates of the avGFP crystal
structure (PDB ID: 1TEMB) were selected as the template. Pairwise
sequence alignment and subsequent homology modeling were
performed using MODELLER9v7. The chromophore moiety was
introduced as a rigid body in the program mode, which enables
heteroatom residue incorporation. Model evaluation was carried
out using either the MODELLER objective function or the DOPE
assessment score in accordance with the MODELLER manual
(http://[www.salilab.org/modeller/). Finally, model quality was val-
idated using COOT [21]. The atomic coordinates of the phiYFP
homology model are available as a PDB-file in the supplementary
data.

3. Results and discussion
3.1. Structure of phiYFP chromophore

Denatured phiYFP was extensively digested with pepsin, and
the chromophore-bearing peptide was isolated by HPLC. A MALDI
mass spectrum of the chromopeptide contains a peak at m/
z=1036.5, which corresponds to a monoisotopic mass of
1035.5 Da. A fragment of the published protein sequence, -Val-
Thr-Thr-Leu-[Thr-Tyr-Gly]-Ala-GIn-Cys- [18], is consistent with
these mass spectral results, taking into account that the
1035.5 Da mass is 20 Da lower than the value calculated for the
unmodified peptide (1055.5 Da) with the same sequence. These
results suggest that the phiYFP chromophore derives from a post-
translational cyclization within the internal tripeptide -[Thr-Tyr-
Gly]- followed by dehydration (loss of H,O, —18 Da) and oxidation
(loss of Hp, —2 Da) reactions. The same posttranslational reactions
have been reported to take place during biosynthesis of the avGFP
chromophore [4,5,20]. Further fragmentation of the 1036.5 m/z
parent peak in tandem mass spectrometry produced additional
daughter peaks (Supplementary Table S1). These peaks were
assigned to “a,” “b,” “c,” and “x,” “y” ions. The m/z differences be-
tween the neighboring “y” ions are consistent with the consecutive
loss of Val, Thr, Thr and Leu. The same comparison of the “a,” “b”
and “c”’-ions revealed the C-terminal sequence of the chromopep-
tide (Supplementary Table S1). Thus, manual interpretation of the
mass differences between adjacent pairs of peaks following MS/MS
fragmentation revealed the N-terminal sequence of the chromo-
peptide to be Val-Thr-Thr-Leu- and the C-terminal sequence to
be -Ala-GIn-Cys. These MS and MS/MS results are consistent with
the peptide sequence Val-Thr-Thr-Leu-[Thr-Tyr-Gly]-Ala-GIn-Cys
and with the assumption that the chromophore has a 4-(p-hydrox-
ybenzylidene)imidazolinone GFP-like structure (Fig. 1).

3.2. Homology modeling and overall protein structure of phiYFP

To select a template structure for phiYFP, we aligned the amino
acid sequences of GFP-like proteins with known X-ray structures.
Phylogenetic analysis showed that GFP from A. victoria has the
highest degree of homology with the phiYFP sequence (51% iden-
tity) (Fig. 2A, Supplementary Fig. S1). Likewise, phylogenetic anal-
ysis of the nearest chromophore environment of phiYFP showed
the best fit (64% identity) to the 36 amino acid residues surround-
ing the avGFP chromophore (Fig. 2A, indicated by asterisks). There-
fore, avGFP was selected as a 3D template structure (PDB code
1EMB).

Homology modeling of phiYFP was carried out with MODEL-
LER9v7 [21]. The model is compatible with the 11-stranded B-bar-
rel structure of avGFP (Fig. 2B), with the spatial positions of the
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Fig. 1. MALDI-TOF/TOF MS fragmentation pattern obtained for the phiYFP pepsin-
derived chromopeptide. The identified MS/MS fragments are enclosed in brackets
(the m/z values and assignments of the fragments are listed in Supplementary Table
S1).

important structural amino acids conserved [22]. With respect to
avGFP, the calculated rms deviation of 220 aligned pairs of Co
atoms was 0.52 A. In the middle of the central helix there is a chro-

mophore moiety formed from the tripeptide Thr65-Tyr66-Gly67.
Superposition of the phiYFP model and the avGFP crystal structure
revealed a high degree of similarity within the interior of the
B-barrel. There are slight deviations outside the barrel due to loop
elongation between the 8-th and 9-th strands (amino acids 173-
174), and in the linker region connecting the intrabarrel o-helix
and the 4-th strand due to the deletion between amino acids 79
and 82 (Fig. 2B). Interestingly, loop elongation between the 8-th
and 9-th strands has not been observed in other fluorescent pro-
teins. On the other hand, deletion within the amino acid sequence
79-82 is generally characteristic of GFP-like proteins with the
exceptions of avGFP [22] and aceGFP [20].

3.3. Chromophore and environment

The chromophore moiety of phiYFP is held in the correct posi-
tion by multiple hydrogen bonds to the surrounding charged or po-
lar amino acids (Fig. 3). Similarly to avGFP and to the majority of
fluorescent proteins with known structures, the chromophore of
phiYFP is proposed to be cis-coplanar. The cis conformation is likely
to be stabilized by hydrogen bonding of the chromophore phenoxy
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Fig. 2. Primary sequence alignment and 3D structural superposition of fluorescent proteins. (A). Sequence alignment of phiYFP and avGFP. Blue arrows and pink rectangles
beneath the aligned sequences indicate B-strand and a-helix regions, respectively. Asterisks above the alignment indicate amino acids in the local chromophore environment.
Identical amino acids are shaded in yellow. The chromophore-forming amino acid residues are shown in a black box. Numbering of phiYFP amino acids corresponds to the
avGFP sequence. (B) Superposition of phiYFP (shown in yellow), DsRed (red) and avGFP (green) 3D structures. The phiYFP chromophore is shown in a stick representation
colored gray with nitrogen and oxygen atoms colored blue and red, respectively. Differences in the structures are marked by fragments in red and by black arrows.
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Fig. 3. Schematic representation of the immediate chromophore environment of
phiYFP. The proposed positions of hydrogen bonds are shown as dashed lines. The
phiYFP chromophore is shown in bold and Tyr203 in grey.

group to His148, whereas the bulky Leu150 and Phe165 residues
presumably prevent trans-orientation of the chromophore (Fig. 3,
Supplementary Fig. S2). It is clear from the model that the imme-
diate environment of the imidazolinone ring is similar to that in
avGFP. This similarity includes residues Arg96 and Glu222, which
are conserved among GFP-like proteins [4,23]. Arg96 makes close
contact with the imidazolinone oxygen of the chromophore,
whereas Glu222 is hydrogen bonded to the imidazolinone nitrogen
via the hydroxyl group of Thr65 (Fig. 3). In contrast to avGFP,
Glu222 of phiYFP is not H-bonded to Ser205, which is replaced
by Val. Unlike in avGFP, position 203 in phiYFP is occupied by a
Tyr residue (avGFP has Thr in this position). According to our mod-
el, the aromatic ring of Tyr203 lies in the vicinity of the phenolic
ring of the phiYFP chromophore providing an opportunity for -
m-stacking interactions. Mutation T203Y in avGFP was suggested
to be the key factor responsible for shifting the emission peak max-
ima to the yellow region [17]. Another difference is the replace-
ment of Val150 by Leu in phiYFP, which apparently prevents the
chromophore trans-conformation and reduces the mobility of the
hydroxyphenyl ring. There are also substitutions in the polypep-
tide sequence immediately before and after the chromophore moi-
ety. Phe64 and Ser72 of avGFP are replaced by Leu and Ala,
respectively, in phiYFP. The same mutations in YFP have been re-
ported to facilitate protein folding [17,22,24].

3.4. Spectroscopic properties and mutational analysis

At physiological pHs, phiYFP has a strong absorption peak at
522 nm and a weak peak at 412 nm. The relative intensity of these
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two absorption bands is pH-sensitive with a pKa value of
6.58 +0.02 as measured by absorbance changes at varying pH
(Supplementary Fig. S3, Table 1). Like in wild-type avGFP, the
two absorption peaks of phiYFP are presumably a result of a mix-
ture of the anionic phenolate (band B) and neutral phenol (band
A) forms of the chromophore. When wild-type avGFP is excited
at either absorbance peak, a single fluorescence emission peak cor-
responding to the excited state of the anionic chromophore is de-
tected. This phenomenon has been attributed to an excited-state
proton transfer (ESPT) from the phenol hydroxyl of the chromo-
phore to the carboxylate group of Glu222 [25-27]. In contrast, phi-
YFP has practically no excitation around 412 nm, while excitation
at the 522 nm band produces fluorescence peak at 537 nm (Table
1). This emission peak is red-shifted by 10 nm relative to YFP
(Zem = 527 nm) and exhibits the longest wavelength emission max-
imum of all FPs that contain an unmodified p-HBI chromophore.
Moreover, this emission maximum is very close to that of zFP538
(Zem = 538 nm), which contains an extended chromophore m-elec-
tron conjugation. Similarly to YFP, the fluorescence of phiYFP is
negligible when the excitation occurs at the shorter wavelength
absorption band. This observation may be indicative of a predom-
inantly radiationless internal conversion due to increased rota-
tional freedom of the protonated chromophore. However, in
contrast to YFP, both the high- and low-energy absorption bands
are red-shifted as compared with those of avGFP. Based on our pro-
posed homology model, we selected several key amino acid posi-
tions for mutagenesis and examined spectroscopic alterations
resulting from these substitutions.

As indicated above, the aromatic ring of Tyr203 lies in the vicin-
ity of the phenolic ring of the phiYFP chromophore, providing an
opportunity for m-m-stacking interactions. To test the importance
of these non-covalent interactions, we constructed, expressed,
and purified proteins with Val and Thr substitutions at position
203. The Y203V variant exhibits major excitation and emission
maxima at 512 nm and 525 nm, respectively. Because valine is ali-
phatic, this result implies that m-m-stacking interactions contrib-
ute only ~10 nm to the overall protein red-shift relative to avGFP
(Table 1). The spectroscopic studies of the Y203V variant led us
to conclude that m-m-stacking interactions are required, but alone
insufficient, to explain the observed red shift of phiYFP. These re-
sults are in agreement with the spectral shifts due to m-m-stacking
interactions in avGFP variants observed by Kummer et al. [28].

The Y203T mutant displays a dramatic drop in pKa (Table 1) and
has even further blue-shifted excitation (501 nm) and emission
(516 nm) peaks. The depressed pKa value of Y203T may be attrib-
uted to stabilization of the anionic state due to the formation of a

Table 1

Spectroscopic properties and pKa values of phiYFP, avGFP and their variants.
Protein Absorbance band A (nm) Absorbance band B (nm) Excitation (nm) Emission (nm) Chromophore (pKa)* Refs.
avGFP-wt 395 475 395/475 508/504 NDP [31]
-S65T 394 489 489 511 5.95+0.02 [31]
-S205V 395 ~495 395/495 512/508 >11 [32]
-T203V/S205V 390 - 390 459 >11 [32]
-T203V 398 502 398/502 513/514 ND [28]
-T203Y 404 510 404/510 524/527 ND [28]
EGFP E222Q 387 482 482 505 5.27 £0.09 [19]
YFP 392 514 514 528 7.00 £ 0.03 [17]
phiYFP-wt 412 522 522 537 6.58 + 0.02
-Y203V 404 512 512 525 6.38 £0.01
-Y203T =€ 500 500 516 52+0.1
-V205S 407 516 516 529 6.25+0.03
-T65V 410 516 516 527 7.67 £0.03
-E222Q 413 517 517 530 6.62 +0.03

2 Determined by absorbance changes of bands A and B at varying pH.
> Not determined.
¢ Band A of the Y203T variant was not observed in the pH interval from 4.0 to 9.0.
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hydrogen bond between Thr203-OH and the chromophore pheno-
late oxygen. A similar decrease in pKa was observed in an S65T
mutant of avGFP [22]. Stabilization of the negative charge at the
phenolate end of the chromophore also results in the blue-shifted
spectra of Y203T. A similar blue shift has been reported for avGFP
variants [29], and is consistent with a reduction in the excitation-
induced shift of the negative charge towards the heterocyclic end
of the chromophore [27]. This effect is missing in the Y203V vari-
ant, which means that there is decreased stabilization of the nega-
tive charge at the phenolate as compared with Y203T and
approximately an extra 10 nm contribution to the phiYFP red-shift.
A similar stabilization of the anionic state, albeit to a lesser extent,
can occur in the V205S variant. According to the avGFP S65T crystal
structure, Ser205 is H-bonded to the chromophore phenolate oxy-
gen via an internal water molecule [22]. In phiYFP, this stabiliza-
tion is evidenced by the reduced pKa and the blue-shifted
spectrum of the V205S variant as compared with the pKa and spec-
trum of the wild-type protein (Table 1).

Our homology model suggests an H-bonding pattern of Glu222
with the chromophore and surrounding amino acids that is differ-
ent from the H-bonding pattern in other FPs (Fig. 3). In avGFP, the
equilibrium between the anionic and neutral states of the chromo-
phore is governed by a hydrogen bond network that brings ESPT
into operation. In the case of avGFP, proton transfer occurs via a
bound water molecule and the side chain oxygen of Ser205 to
the carboxylate group of Glu222 [25], which is possible due to an
excited-state increase in the acidity of the phenolic oxygen [30].
Importantly, in phiYFP there is no direct H-bonding network con-
necting Glu222 to the chromophore phenoxy group (Fig. 3).
According to our model, Glu222 appears to be neutral and is H-
bonded to the N2 imidazolinone nitrogen via the Thr65 hydroxyl
group. The basicity of the N2 imidazolinone nitrogen of the GFP
chromophore has been shown to increase significantly upon exci-
tation. This is consistent with the pKa values of 3.7 and 8.2, calcu-
lated for the ground and excited states, respectively [30]. In this
model, we propose that ESPT can occur in the opposite direction
from that in avGFP, which suggests an excited-state proton transfer
from Glu222 to the imidazolinone nitrogen via the Thr65 side
chain oxygen. Protonation of the N2 nitrogen upon excitation
may explain an additional red-shift of phiYFP.

To test the role of hydrogen bonding of Thr65 to the imidazoli-
none nitrogen and the importance of the acidic amino acid at posi-
tion 222, we constructed T65V and E222Q variants and examined
spectroscopic alterations resulting from these substitutions.
Replacement of Thr65 with Val leads to a blue shift in the excita-
tion and emission maxima to 514 and 524 nm, respectively. The
isosteric E222Q substitution shifts excitation to 517 nm and emis-
sion to 530 nm (Table 1). These results support the proposal that
H-bonding of Glu222 to the imidazolinone nitrogen via the Thr65
hydroxyl group is an important factor in the overall red-shifted
spectrum of phiYFP. The importance of H-bonding partners for
the imidazolinone nitrogen has been proposed, and it has been
suggested that these interactions contribute to the red-shifted
spectra of the avGFP variants and EGFP [29].

In summary, a homology modeling approach in combination
with mass spectrometry enabled us to propose a complete model
of yellow fluorescent protein phiYFP. Based on our model, several
key residues were selected for mutagenesis and the obtained vari-
ants were inspected for spectroscopic alterations. These experi-
ments led us to conclude that multiple factors contribute to the
yellow fluorescence of phiYFP. The most important structural
determinants are the m-m-stacking interactions between the chro-
mophore and Tyr203, decreased stabilization of the negative
charge at the chromophore phenolate due to the absence of hydro-
xyl-containing aliphatic amino acids at positions 205 and 203, and
hydrogen bonding of Glu222 to the imidazolinone nitrogen via the

Thr65 side chain oxygen. These factors presumably operate in a
cooperative manner to establish the red-shifted spectra of phiYFP.
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