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Abstract

We describe an engineered violet fluorescent protein from the lancelet
Branchiostoma floridae (bfVFP). This is the first example of a GFP-like fluores-
cent protein with a stable fluorescent chromophore lacking an imidazolinone
ring; instead, it consists of oxidized tyrosine 68 flanked by glycine 67 and ala-
nine 69. bfVFP contains the simplest chromophore reported in fluorescent pro-
teins and was generated from the yellow protein lanFP10A2 by two synergetic
mutations, S148H and C1661. The chromophore structure was confirmed crys-
tallographically and by high-resolution mass spectrometry. The photophysical
of DbfVFP (323/430 nm, quantum yield 0.33, and E.
14,300 M~' cm™ ') make it potentially useful for multicolor experiments to

characteristics

expand the excitation range of available FP biomarkers and Forster resonance
energy transfer with blue and cyan fluorescent protein acceptors.
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FPs to form a fluorescent chromophore that matures in
the course of an autocatalytic posttranslational modifica-

Fluorescent proteins (FPs) are essential molecular tools
widely used to study cellular processes of gene expres-
sion, protein localization and trafficking, protein-protein
interactions, sensing of intracellular metabolites, and pH,
to name a few." These applications rely on the ability of

tion.” In the original Aequorea victoria, GFP (avGFP) con-
sists of the chromophore-forming triad of Ser65, Tyr66,
and Gly67.% Based on the body of structural research, it is
widely accepted that chromophore maturation consists of
three consecutive steps: cyclization, dehydration, and
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oxidation.*>® Most of the FPs reported to date emit
in the green-red range of 480-700 nm and contain a
4-(p-hydroxybenzylidene)-5-imidazolinone moiety, where
the second chromophore-forming residue is tyrosine.”
The chromophores of blue-emitting FPs (BFPs, 420-
480 nm) are more diverse and can be divided into three
groups according to their chromophore structure.” The
first group contains an aromatic amino acid different from
tyrosine as the second chromophore-forming residue:
phenylalanine (e.g., Sirius),'® histidine (e.g., azurite),'" or
tryptophan (e.g., SCFP3A)."*> The second group has
tyrosine-based chromophores, which, unlike chromo-
phores of avGFP and GFP-like FPs, are unable to undergo
excited state proton transfer when excited with long-
wavelength UV light.” The third group, represented by
mTagBFP (402/457 nm, quantum yield [QY] 0.63, Ec
52,000 M~! cm ™), contains an unconventional RFP-like
chromophore that skipped Tyr66 oxidation.'*'* In the
absence of conjugation between hydroxybenzylidene and
imidazolinone rings, electronic conjugation of the chro-
mophore is notably shortened. An mTagBFP-like chro-
mophore containing leucine as the second chromophore-
forming amino acid was observed in the blue fluorescent
protein t-shBFP derived from the purple chromoprotein
of Stichodactyla haddoni.*> Here, we describe a bright
violet-emitting FP (bfVFP, 323/430 nm) engineered from
the previously reported Branchiostoma floridae yellow FP
lanFP10A. bfVFP is the second violet-emitting protein
reported since 2009 (Sirius, 355/427 nm, QY 0.24, Ec
15,000 M ' cm™1).*° X-ray structural analysis and high-
resolution mass spectrometry revealed that bfVFP con-
tains an unusual chromophore consisting of a single oxi-
dized tyrosine that has never been reported for GFP-
like FPs.

2 | RESULTS AND DISCUSSION
2.1 | Improving the expression/solubility
of lanFP10A

In a previous report, we described the assembly of two
synthetic genes coding for the hypothetical proteins
lanFP6A and 1anFP10A,'® found along with other GFP-
like proteins in the genome of the lancelet Branchiostoma
floridae.'” These proteins were selected to study the role
of alanine as the third chromophore-forming residue
instead of the canonical glycine found in most FPs.® To
our surprise, lanFP10A turned out to be a poorly yellow
FP, tolerating the presence of Ala67 in the GFP-type
chromophore. On the other hand, lanFP6A, which shares
83.9% sequence identity with lanFP10A, did not have a
functional chromophore. Following this finding, we
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demonstrated that the chromophore of lanFP6A
undergoes complete autohydrolysis, resulting in a non-
fluorescent colorless protein.'® Western blot analysis of
E. coli cells expressing lanFP6A and lanFP10A showed
that both were poorly soluble compared to GFP-like pro-
teins from jellyfish and corals. It also revealed that
lanFP6A was more soluble than lanFP10A.'® At this
point, we realized that any attempt to improve or modify
the properties of lanFP10A would first require an
improvement of its expression/solubility.

In vitro recombination’® of lanFP10A and lanFP6A,
along with replacement of the first two amino acid resi-
dues MP- with the mNeonGreen N-termini of
MASKEEDNMAS-,**?! resulted in lanFP10A2 (Figure 1).
Unlike 1anFP10A, E. coli colonies expressing lanFP10A2
had an intense yellow color. After protein purification,
we determined that the production of lanFP10A2
remarkably improved from 9.7 to 422.9 mg/L.** Replace-
ment of the starting sequence of MASKEEDNMAS- in
lanFP10A2 with the original MP- resulted in the
lanFP10A3 variant expressed at 75.4 mg/L. This level of
expression is 7.7-fold higher than lanFP10A and 5.6-fold
lower than lanFP10A2, demonstrating the expression tag
role of the DNA sequence encoding the starting peptide
MASKEEDNMAS.*!

Similar to 1anFP10A,'® the absorption spectrum of
lanFP10A2 did not overlap with its excitation spectrum,
suggesting the coexistence of two protein species in dif-
ferent proportions: the major one contained a non-
fluorescent ~ chromophore  displaying  maximum
absorption at 463 nm, and the minor one contained a
fluorescent chromophore with excitation at 492 nm and
emission at 503 nm (Figure S1). Determination of the
extinction coefficient (E.) and QY for lanFP10A2
(42,068 M~ ' cm™* and 0.003, respectively) confirmed the
poor fluorescence of the protein, which resembled
chromoproteins.?***

2.2 | Generation and analysis of bfVFP

Once the solubility issue of lanFP10A was resolved, we
focused on improving its fluorescence. For this goal, we
used a similar approach to the pioneering work reported
by Bulina et al., where mutagenesis of the internal amino
acids Alal44 and Ser159 of the nonfluorescent chromo-
protein Anemonia sulcata (asCP) converted the protein
into some fluorescent variants.*® Additionally, mutagene-
sis of the equivalent amino acids Ser146, Ilel61, and
Lys163 of the fluorescent protein DsRed converted the
protein into a nonfluorescent chromoprotein. These
experiments demonstrated that not only chromophore-
forming amino acids but also amino acids located in the
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FIGURE 1

Improving the solubility of lanFP10A. (a) Amino acid sequence of proteins generated during improvement of solubility of

lanFP10A; the chromophore-forming triad is highlighted in yellow. bfVFP was added to the sequence alignment. (b) Phenotype of E. coli
cells expressing the proteins whose sequence is shown above. (c) SDS-PAGE of cells expressing the proteins shown above revealed by
Western blot using anti-His antibody coupled to alkaline phosphatase. M: protein marker, 1 and 2: lanFP10A, 3 and 4 lanFP10A2, 5 and 6:
lanFP10A3, 7 and 8: 1anFP10A2-F70Y. Samples 1, 3, 5, and 7: soluble fractions; samples 2, 4, 6, and 8: total extracts

spatially closest vicinity of the chromophore determine
the photophysical properties of fluorescent proteins. As
Chudakov et al. accurately cited, residues located at posi-
tions equivalent to His148, Phel65, and Ile167 in avGFP
are the primary determinants of the protonation state of
the chromophore, its polarization, its spatial cis or trans
configuration, and its rotational freedom.?® Therefore,
variations in these amino acids can modify the

absorption, excitation and emission spectra, converting
proteins into fluorescent or nonfluorescent forms.

An alignment of the amino acid sequences of asCP
and DsRed versus 1anFP10A2 (Figure S2) revealed that
Ser148, Alal64, and Cysl66 were the equivalent amino
acid residues in our target protein lanFP10A2. Combina-
torial saturation mutagenesis of these three amino acid
residues via the oligonucleotide method previously
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reported by our group”’ yielded an experimental library
of 5 x 10* transformants encompassing 8,000 different
protein variants (20°). The library was spread on several
LB plates and incubated at 37°C for 24 hr. The subse-
quent screening of the library revealed some greenish
fluorescent colonies when the dishes were irradiated with
blue light and visualized through an orange filter. We
carried out DNA sequencing of some of these colonies
and purified and characterized the encoded FPs
(Figure S3 and Table S1). As expected, these variants
were clearly more fluorescent than the parental protein
lanFP10A2. Because all of them were poorly fluorescent
compared with the classical enhanced green fluorescent
protein (EGFP), nothing else was done with these vari-
ants. EGFP is an improved variant of avGFP bearing the
mutations F64L and S65T.*®

However, when the same plates were visualized
under 302 nm UV transillumination, we discovered that
some colonies displayed interesting violet fluorescence.
DNA sequencing of the recovered plasmids from four col-
onies showed that they all contained the same
1lanFP10A2-S148H/C1661 mutant. The new protein was
named Branchiostoma floridae Violet Fluorescent Protein
(bfVFP) to honor the organism that encoded the parental
protein  1anFP10A.'*'”  Structural comparison of
lanFP10A (PDB ID: 6M9X)'® and EGFP (PDB ID:
2Y0G)* demonstrated that His148 and Ile166 in bfVFP
are equivalent to His148 and Ile167 in EGFP. However,
the mutation G67A in the third chromophore-forming
residue of EGFP chromophore produced an unstable
nonfluorescent protein as previously described,'®*® con-
trary to bfVFP stability. BfVFP is so stable that has
remained fluorescent after 3 years of storage at 4°C and
at least 3 hr of exposition over a 302 nm transilluminator.

BfVFP has an excellent level of expression and solu-
bility and was purified at 328 mg/L of culture. It shows
higher expression levels than two previously reported
BFPs, mTagBFP2'* and Sirius,'® obtained at 174.3 and
30.7 mg/L, respectively. Under irradiation with 302, 365,
and 400 nm light, bfVFP, Sirius, and mTagBFP2 pro-
duced a distinct fluorescence pattern (Figure 2). bfVFP
displayed a maximum absorption/excitation at 323 nm
and maximum emission at 430 nm. It has a Stokes shift
of 107 nm and the shortest excitation wavelength ever
reported for FPs.

The photophysical characteristics of bfVFP suggested
that its chromophore had a different structure than other
reported FPs,” including blue-emitting mTagBFP2 and
Sirius. The E. and QY of bfVFP, Sirius, and mTagBFP2
determined under the same experimental conditions
show that bfVFP is slightly brighter than Sirius and dim-
mer than mTagBFP2 (Table 1). Due to 10.7-fold higher
expression, E. coli cells expressing bfVFP appear 15-fold
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brighter than those transformed with Sirius. Size exclu-
sion chromatography (SEC) suggests that bfVFP is a
dimer, whereas 1anFP10A2 is a tetramer (Figure S4).
bfVFP is stable in the pH range of 4-9. Exposure to basic
pH (10-12) results in the rise of a small 487 nm absor-
bance peak, indicating that a fraction of the protein
undergoes the formation of the GFP-type chromophore
(Figure S5).

2.3 | Structural determination of
lanFP10A2 and bfVFP

The X-ray crystal structures of lanFP10A2 (PDB ID:
7FSA) and bfVFP (PDB ID: 7FS9) were solved at 1.65 and
1.8 A resolution, respectively (Tables S2 and S3). Both
proteins have a typical GFP-like FP fold: an 11-stranded
B-barrel with an a-helix twined around the central axis of
the barrel and the chromophore located in the center of
the a-helix.

LanFP10A2 was prepared from lanFP10A, which was
the first example of a successful GFP-like FP with alanine
as the third chromophore-forming residue.'®'®
LanFP10A2 differs from lanFP10A by 10 positions:
M10A/P11S/E28K/R34E/136T/N47K/A48L/F50S/K52N/
Y70F (lanFP10A2 numbering in Figure 1). All but Y70F
mutations are located on the surface of the protein
(Figure 3). Substitutions P11S, E28K, R34E, 136T, and
N47K alter the surface charge, likely improving the sol-
ubility of lanFP10A2. A48L contributes to the giant
hydrophobic cluster comprising Leul8, Ile20, Phe24,
Phe29, Met31, Leu46, Leu48, Leu55, Leu57, Leu62,
Leu66, Phel24, Val126, and Leu215, which isolates the
chromophore from the solvent (Figure S6a). F50S and
K52N change the conformation of the polypeptide chain
in loop 46-57, shifting it ~2 A closer to the p-strand
formed by residues 27-38 (Figure S6b). Phe70 removes a
steric conflict with Leul8 present in parental lanFP10A,
where the distances between the Tyr70 hydroxyl and
Leul8 Ca and Cp atoms are 3.2 and 3.1 A, respectively
(Figure S6c¢). In 1anFP10A2, this conflict is resolved, and
the respective distances between the Phe70 Cz atom and
Leul8 Ca and Cp atoms are 4.7 and 4.2 A (Figure S6d).
The importance of the mutation Y70F in lanFP10A2
was confirmed when this mutation was reverted to the
original amino acid, giving rise to the mutant
lanFP10A2-F70Y. This protein was produced at
168.3 mg/L, demonstrating a 2.5-fold drop in expression
efficiency compared with LanFP10A2 (Figure 1). Both
lanFP10A and lanFP10A2 have tyrosines at positions
71 and 111, which are necessary for the successful matu-
ration of the Gly—Tyr—Ala chromophore.'® The chro-
mophore position is stabilized by four direct H-bonds
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FIGURE 2 bfVFP compared with two other blue fluorescent proteins: Sirius and mTagBFP2. (a) Visualization of the pure proteins at

1 mg/ml under irradiation at different lights. (b) UV-Vis absorbance of the three BFPs. (c) Excitation and emission spectra of the three BFPs

TABLE 1 Fluorescent properties of bfVFP compared with Sirius and mTagBFP2

FP Ex (nm) Em (nm)

bfVFP 323 430 14,500
Sirius 372 427 18,900
mTagBFP 403 454 27,900

“Time when 5 ml cultures reached their maximum fluorescence at 37°C and agitation at 200 rpm.

between the chromophore and its immediate environ-
ment: 2.6 A H-bond between the hydroxyl of p-
hydroxyphenyl ring and Ser148; 2.6 A H-bond between
N2 and Glu219; 3.2 A H-bond between the carbonyl oxy-
gen of imidazolone ring and Arg97; and 2.5 A H-bond

between C=0 of Ala69 and Tyr113 (Figure Sée).

EC(M 'cm™?)

QY Brightness

0.33 4.72
0.18 3.4
0.64 17.7

Relative

expression state

10.7
1
5.7

Dimer
Monomer

Monomer

Oligomeric

Maturation
time (hr)?

20
20
16

As mentioned above, bfVFP differs from lanFP10A2
in two positions: 148 and 166. These mutations, S148H
and C166], caused a dramatic change in the spatial posi-
tion of the Gly—Tyr—Ala tripeptide that resulted in mul-
tiple conformational changes for many bulky residues in

the nearest chromophore environment seen in the
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FIGURE 3 Crystal structure
of lanFP10A2 (PDB ID: 7FSA)
showing the amino acid changes
acquired during the
recombination PCR process to
improve the solubility of
lanFP10A (PDB ID: 6M9X)

FIGURE 4 Structural
analysis of bfVFP crystal.

(a) Chemical structure of the
chromophore found in bfVFP:
oxidized tyrosine 68 in cis
conformation. (b) Contrary to

lanFP10A2 (shown in green),

the chromophore-forming triad
in bfVFP (shown in purple)
forms no H-bonds with either
Arg97 or Glu219. (c) The
position of the bfVFP
chromophore is stabilized by
two H-bonds between the p-
hydroxyphenyl ring and the NH
group of His148 (2.8 A) and the
C=0 of Thr150 (2.5 A)

overlap of lanFP10A2 and bfVFP structures (Figure S7a).
Replacement of C166I resulted in a domino-effect confor-
mational change for the following residues in the nearest
chromophore environment: Met180, Arg97, Tyrlll,
Tyr113, Phel24, and Tyr115 (Figure S7b). The same effect
derived from S148H replacement impacted Tyr68, Phe70,
and Tyr71 (Figure S7c). Interestingly, bfVFP has a unique
chromophore that lacks an imidazolone ring (Figure 4a).
It is an oxidized Tyr68 containing a double bond between
the carbons Ca-Cp, enabling conjugation of its aromatic
ring and its own carbonyl group. The chromophore
adopts a cis configuration, similar to most fluorescent
chromophores.*® The uniform occupancy of the chromo-
phore moiety unequivocally indicates that oxidized tyro-
sine is the exclusive product of the posttranslational
modification of bfVFP.

lanFP10A2

(b) E219

o)

H148

% R204
T150 ;

R97

Y68/chromophore

The absence of the imidazolone ring significantly
shortens the conjugation system of the chromophore. It
manifests in a 72 nm hypsochromic shift of bfVFP fluo-
rescence (430 vs. 502 nm for lanFP10A2), making it one
of the most blueshifted GFP-like proteins. The residue
responsible for the absence of the imidazolone ring is
presumably His148, which pushes the p-hydroxyphenyl
ring of the chromophore ~4.9 A away from its conven-
tional position in lanFP10A2 (Figure 4b). This moves the
entire Gly—Tyr—Ala tripeptide away from catalytic
Glu219 and Arg97 sites: the distance between the Glu219
carboxylic group and N67 (Gly67) becomes 4.7 A (2.6 A
in lanFP10A2), and between Arg97 and the carbonyl oxy-
gen of Ala69 is 4.9 A (3.2 A in 1anFP10A2). The displace-
ment is accompanied by distortion of the Gly—Tyr—Ala
tripeptide, resulting in a 4.4 A distance between the
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carbonyl group of Gly67 and the amino group of Ala69,
which makes cyclization of the imidazolone ring
unlikely. The position of the chromophore is stabilized
by two H-bonds between the p-hydroxyphenyl ring and
the NH group of His148 (2.8 A) and C=0 of T150 (2.5 A)
and cation-m stacking interactions with Arg204
(Figure 4c). The most surprising feature of the resulting
chromophore is not the lack of an imidazolone ring but
the double bond between Ca and Cp atoms of Tyr68
(Figure 4a), suggesting that while the maturation
Gly—Tyr—Ala chromophore bypassed cyclization and
dehydration steps, it did not avoid oxidation, which is
even more intriguing since the chromophore-forming
triad in bfVFP forms no H-bonds with either Arg97 or
Glu219.

Analysis of mature lanFP10A2 by high-performance
electrospray ionization mass spectrometry (ESI-MS)
yielded a value of 26,678 Da, whereas the calculated
molecular weight of its unmodified polypeptide chain
was 26,698 Da (Figure S8). The loss of 20 Da by mature
lanFP10A2 during posttranslational modification con-
firms the GFP-type chromophore revealed by the X-ray
crystal structure described above. ESI-MS of pure bfVFP
gave a value of 26,755 Da for the protein (Figure S8). This
result is in good agreement with the calculated value of
26,757 for the unmodified polypeptide. The loss of two
Daltons during the posttranslational reaction corresponds
to dehydrogenation and confirms an oxidized Tyr68
chromophore.

24 | Amino acid determinants for the
bfVFP phenotype

In our earlier works,'®'® we demonstrated that the
lanFP10 scaffold could support the maturation of GFP-
type chromophores with both Gly69 and Ala69 as the
third chromophore-forming residue. bfVFP differs from
lanFP10A2 by two positions, His148 and Ile166, causing
a dramatic change in its posttranslational modification.
To verify whether Ala69 also contributes to this change,
we considered 12 mutants probing positions 69, 148, and
166. Reverse single point mutations A69G, H148S, and
1166C all resulted in the formation of the GFP-type chro-
mophore with a variable ratio of anionic and neutral spe-
cies (Figure 5). Single mutants bfVFP-H148F, bfVFP-
H148W, bfVFP-H148Y, and the double mutant bfVFP-
Y68H/H148Y turned out to be nonfluorescent, despite a
notably higher solubility than bfVFP (Figure S9). The
absorbance spectra of bfVFP mutants I166L, 1166V, and
1166M indicated the presence of a mixture of bfVFP- and
GFP-type chromophores (Figure 5). In bfVFP-I166F,
bulky Phel66 inhibited maturation of the GFP-like

1aNFP10A2 e bfVFP bfVFP-AB9G
bfVFP-H148S DIVFP-|166C === bfVFP-|166L
e DFVFP-1 166V s DV FP-1 166M bfVFP-1166F
1
4.0 . 484

462 ’

\

Absorbance

250 300 350 400 450 500 550
Wavelength (nm)

FIGURE 5
mutants

Absorbance spectra of lanFP10A2, bfVFP, and its

chromophore and yielded only a tiny fraction of the
bfVFP-like species, despite the high expression levels
(Figure S9). BfVFP-I166A had an improved level of
expression but was completely insoluble and unavailable
for characterization.

The driving force of the posttranslational modifica-
tion of GFP-like proteins is a steric conflict between the
unmodified chromophore-forming tripeptide in a con-
strained kinked conformation and the tight confinement
of the p-barrel.*=? Typically, the conflict is resolved by
the maturation or hydrolysis of the chromophore accom-
panied by the tripeptide shortening.'®'®**3* In bfVFP,
the conformation of GYA tripeptide is affected by His148
and Ilel66 on the one side, and by Ala69 that is bulkier
than canonical Gly on the other side. Although in the
crystal structure of bfVFP we see the final result of GYA
oxidation, having uncyclized tripeptide, we argue that a
combination of His148, Ala69, and Ilel66 shifts GYA
away from the catalytic residues Glu219 and Arg97
(Figure 4), hampering the conventional chromophore
maturation. Replacement of His148 and Ala69 with the
original Ser and Gly residues yielded anionic GFP-like
chromophore and made catalytic residues available for
interactions with GYA tripeptide.*>** The contribution of
Ile166 in the formation of bfVFP chromophore is more
complex. Reverse mutation bfVFP-1161C produced a 3:1
mixture of protonated and deprotonated GFP-like chro-
mophores. Val, Leu, and Met in position 166 yielded a
mixture of bfVFP and GFP-like chromophores. We specu-
late that less bulky residues 166 present GYA tripeptide
with two alternative maturation pathways: cyclization
and formation of GFP-like chromophore or oxidation and
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SCHEME 1
tripeptide in bfVFP and its mutants

Alternative pathways for maturation of the GYA

formation of bfVFP-like species (Scheme 1). The simulta-
neous presence of the two chromophore species, the ratio
of which does not change with time (the spectra were
recorded several days after purification of mutant pro-
teins), suggests that once oxidized, Tyr68 cannot partici-
pate in cyclization for production of a GFP-like
chromophore, ruling out the oxidized mechanism pro-
posed by density functional calculations.*

Many groups studied chromophore maturation; these
attempts predominantly resulted in the comparison of
cyclized, uncyclized, and hydrolyzed chromophore-
forming tripeptide. Direct structural evidence for the
chromophore in the state preceding the oxidation is
scarce, and little is known about what it requires except
for the presence of oxygen.>**® For the traditional
mechanism of cyclization-dehydration-oxidation, oxida-
tion is considered the rate-limiting step, and it was
argued whether it precedes dehydration or follows it. In
our earlier work in aceGFP-G222E variant, we captured
the chromophore in the native unoxidized form as a non-
coplanar, nonconjugated two-ring structure (avGFP num-
bering), showing that cyclization-dehydration—oxidation
is a preferred route of GFP-like chromophore matura-
tion.** The immature aceGFP-G222E could be irrevers-
ibly oxidized to a green fluorescent state by UV-
irradiation, while the nearest chromophore environment
did not change in any meaningful way. The overall con-
sensus was that the brightly fluorescing chromophores of
GFP-like proteins result from an oxidative tyrosine modi-
fication mediated by peptide cyclization reaction.*

Our findings present a unique example where, skip-
ping cyclization and dehydration, GYA tripeptide of

bfVFP undergoes oxidation, yielding a new violet-
emitting chromophore. Autocatalytic oxidation of Tyr68
without the typically observed imidazolinone or interac-
tions with the catalytic Glu219 and Arg97 is unprece-
dented and has not been reported to date. The case of
bfVFP and its mutants exploring position 166 demon-
strates that once oxidized, Tyr68 cannot participate in the
cyclization and formation of GFP-like chromophore.

Currently, bfVFP surpasses Sirius as the most blue-
shifted FP; it has higher QY, brightness, and expression
levels. bfVFP can be potentially used in multicolor exper-
iments to expand the excitation range of available FP bio-
markers and as a donor in Fdorster resonance energy
transfer with blue and cyan fluorescent protein acceptors.
Undoubtedly, the photophysical characteristics of bfVFP
can be further improved by directed evolution, as was
done for other FPs.”?**!

3 | CONCLUSIONS

We described an engineered violet fluorescent protein
from Branchiostoma floridae (bfVFP) with the chromo-
phore of an oxidized tyrosine lacking the imidazolinone
ring. bfVFP was generated from the highly soluble yellow
protein lanFP10A2 by two synergetic mutations, S148H
and C166l. Extensive mutagenesis along with X-ray crys-
tal structure analysis suggests that a tight environment
created by His148 and Ala69 distorts and shifts the
chromophore-forming tripeptide away from catalytic
Glu219. To our surprise, the GYA tripeptide forgoes cycli-
zation and dehydration but undergoes oxidation of the
posttranslational modification, yielding a new violet-
emitting chromophore. The photophysical characteristics
of bfVFP are superior to those of the violet-emitting fluo-
rescent protein Sirius reported to date. They make bfVFP
potentially useful for multicolor experiments to expand
the excitation range of available FP biomarkers and For-
ster resonance energy transfer with blue and cyan fluo-
rescent protein acceptors.

4 | MATERIALS AND METHODS

4.1 | LanFP10A solubility

An equimolar mixture of plasmids containing the genes
encoding lanFP6A and lanFP10A (20 ng each) was sub-
jected to limited PCR amplification using 50 pmol of the
forward primer ACACAGGAACAGCATATGGCTAGC
AAAGAAGAAgataacatggcgagcCTGCCAAAAACCCATG
AAC-TTCACATTTT and 50 pmol of the reverse primer
ACTCACTATAGGGCGAATTG (named pJOQrv) under
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the following modified PCR conditions. Twenty-five
cycles were performed: denaturing at 94°C for 60 s,
annealing at 58°C for 60 s, and extension at 72°C for 10 s
instead of 60 s. This modification of the amplification
time allows recombination between similar genes.'® The
ancillary reagents for the PCR were from New England
Biolabs, including vent DNA polymerase. The forward
primer was designed to anneal 21nt at the beginning of
both genes, as well as to encode the GFP-type amino ter-
mini MASKEEDNMAS- and the Ndel restriction site.
The reverse primer was designed to anneal to the plas-
mid sequence at some nucleotides downstream from the
stop codon of both genes, which also amplified the ter-
minal Xhol restriction site. The library of recombined
genes was cloned as an Ndel/Xhol insert in our previ-
ously described pJOQ plasmid, which expresses genes
under constitutive conditions under the control of the
trc promoter.** The library was transformed into E. coli
electrocompetent cells, strain MC1061, and the trans-
formants were cultured on LB plates supplemented with
kanamycin at 30 pg/ml. The plates were incubated at
37°C for 20 hr. After this time, plasmids from yellow col-
onies were isolated and submitted for DNA sequencing
to reveal the nature of the new genes. In this screening,
LanFP10A2 was found.

4.2 | Combinatorial mutagenesis of the
amino acid residues Ser148, Alalé64, and
Cys166

Using the gene coding for lanFP10A2 as a template, the
amino acid residues Ser148, Alal64, and Cysl66 were
subjected to combinatorial mutagenesis as previously
reported using two mutagenic primers assembled by the
resin-splitting method.”” Mutations in Ser148 were per-
formed by partial PCR with the forward primer pJOQfw
(CGGTTCTGGCAAATATTCTG), which pairs some bases
upstream of the starting methionine codon, and the
reverse mutagenic primer GGTTTTATCGTTCGGATAC
AGCATCTTCGTCACZZZCCAATCCATCGC-GGTCAGT
TTATT. In this nucleotide sequence, ZZZ represents a
mixture of 20 anticodons coding for the 20 different natu-
ral amino acid residues. The second partial PCR was per-
formed with the pJOQrv primer and the forward
mutagenic primer ATGCTGTATCCGAACGATAAAACC
ATTCTGAGCACGXXXGACXXX-TCTTATACCACGAC
GGCGGGT, where XXX represents a mixture of 20 direct
codons for the 20 different amino acid residues. Both
PCRs were purified by agarose gel electrophoresis, mixed
and used as templates in a third PCR with the external
primers pJOQfw and pJOQrv to assemble the complete
mutant genes. The gene library was cloned and

transformed as previously described for improvement of
lanFP10A.

4.3 | Site-directed mutagenesis

The mutants lanFP10A2-F70Y, bfVFP-A69G, bfVFP-
H148S, bfVFP-H148F, bfVFP-H148W, bfVFP-H148Y,
bfVFP-Y68H/H148Y, bfVFP-1166C, bfVFP-1166L, bfVFP-
1166V, bfVFP-1166M, bfVFP-1166A, and bfVFP-I166F
were constructed by site-directed mutagenesis using the
overlapping PCR approach in a similar mode as that for
construction of the combinatorial library described
above.** For each mutation, a pair of specific complimen-
tary oligonucleotides was used to perform the two
partial PCRs.

4.4 | Protein analysis by electrophoresis
One colony of E. coli MC1061 cells expressing each target
protein was used to inoculate 5 ml of LB supplemented
with kanamycin. The cultures were incubated at 37°C for
24 hr, agitated at 200 rpm and then centrifuged at
13,000 rpm for 5 min. The supernatant was discarded,
and the pellet was washed with 1 ml of PBS and
resuspended in 500 pl of the same buffer. Twenty microli-
ters of this suspension were withdrawn and centrifuged,
the supernatant was removed with a micropipette, and
the remaining pellet was treated with 20 pl of denaturing
loading buffer and boiled for 5 min to constitute the total
protein extract. The remaining suspension of cells was
sonicated for 5 min to constitute the protein soluble frac-
tion after centrifugation. For SDS-PAGE analysis of the
soluble fraction or purified proteins, the samples were
prepared by mixing 2.5 pl of each fraction, 2.5 pl of dena-
turing loading buffer and 5 pl of water. For denaturing
conditions, the samples were boiled for 5 min before
being loaded on the gel, whereas for semidenaturing con-
ditions, the samples were loaded without boiling. Purified
proteins analyzed by SDS-PAGE were visualized by
staining with Coomassie blue, whereas total extracts and
soluble fractions were analyzed by western blotting using
alkaline phosphatase-conjugated anti-His to specifically
detect histidine-tagged proteins, which were revealed by
the addition of the blue liquid substrate system
BCIP®/NBT.

4.5 | Protein purification

Proteins expressed in E. coli strain MC1061 were pro-
duced in 1 L LB/km cultures grown at 37°C under
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agitation at 200 rpm for 24 hr. After this process, the cells
were recovered by centrifugation, resuspended in 30 ml
of PBS and lysed by sonication in two pulses of 4 min,
with intermediate cooling over water ice for 30 min. After
centrifugation at 13,000 rpm, the clear supernatant was
loaded on three HisTrap HP/1 ml columns collocated in
tandem (GE Health care), and the proteins were purified
using an imidazole gradient from 0 to 300 mM in 30 min
at a flow rate of 1 ml/min, with detection at 280 nm.
Imidazole solutions were prepared in 100 mM phosphate
buffer (pH 7.2) containing 0.5 M NaCl. Fractions con-
taining the pure protein were combined, concentrated on
centrifugal filter devices (Amicon Ultra4 10k, Millipore)
and washed with PBS (2 x 4 ml) to remove the residual
imidazole. The pure proteins were redissolved in 1.5 ml
of PBS, and their concentration was determined by the
bicinchoninic acid assay using the commercial Quanti-
Pro™ kit from Sigma-Aldrich, as well as BSA standards
from the same supplier. Protein concentration was deter-
mined by the procedure recommended by the supplier,
measuring the absorbance at 562 nm on a DU 730 UV/Vis
spectrophotometer from Beckman Coulter.

4.6 | Protein analysis by SEC

Forty microliters of each purified protein, ranging in con-
centration from 2 to 5 mg/ml, was independently analyzed
on a Superdex 200 10/300 GL column from Pharmacia
using 0.1 M NaCl in 0.1 M phosphate buffer pH 7.2 as the
mobile phase at a flow rate of 0.75 ml/min. Detection was
achieved by UV absorption at 280 nm. The samples were
also analyzed on a Superdex increase 75 10/300 GL col-
umn under the same running conditions.

4.7 | Absorbance spectroscopy

The UV-visible spectra of pure proteins in PBS were
obtained by recording the absorbance in the range 260-
650 nm using silica quartz cuvettes and the same spectro-
photometer mentioned above.

4.8 | Fluorescence characterization

The excitation and emission spectra of the pure mutant pro-
teins were recorded on an LS-55 fluorescence spectrometer
(Perkin Elmer). The emission spectrum of each protein was
obtained by fixing the excitation wavelength at the maxi-
mum absorbance wavelength obtained by UV/Vis spectro-
photometry and recording the emission in the range
“excitation wavelength + 20 nm” up to 750 nm using 5-nm

emission and excitation slits. The excitation spectra were
recorded in a similar mode by fixing the emission wave-
length at 20 nm above its maximum and recording excita-
tion from 350 nm to the maximum emission wavelength.

49 |
yield

Extinction coefficient and quantum

The E. of pure proteins at their maximum absorbance
peak was determined spectrophotometrically by measur-
ing the absorbance of six duplicate dilutions. Plotting
concentration (M) versus absorbance produced a linear
graph whose slope was E, in units M~ cm™". Each of the
dilutions was further diluted 25-fold, and fluorescence
was measured at the maximum emission wavelength
with excitation at the maximum absorbance wavelength.
The plot of absorbance versus fluorescence produced a
linear graph with a particular slope.

As a standard to determine the QY of the mutants, we
determined the relationship between absorbance
(488 nm) and fluorescence (507 nm) for the pure protein
EGFP, whose reported value is 0.60.** Dividing the sam-
ple's slope by EGFP's slope and multiplying by 0.60 gives
the sample's QY.

410 | Protein crystallization

For crystallization, lanFP10A2 and bfVFP were dialyzed
against phosphate-buffered saline (137 mM NacCl,
2.7mM KCl, 10mM Na,HPO,, and 2mM K,HPO,
pH 7.4) and concentrated to 30.7 and 20.3 mg/ml, respec-
tively. Initial crystallization conditions were found using
a Mosquito drop setter (SPT Labtech). In its default setup,
Mosquito mixed 0.4 pl of the protein solution with an
equal amount of reservoir solution, and the drops were
incubated against 140 pl of the same reservoir at 20°C for
3 days. Successful hits were further optimized manually.
The crystals suitable for X-ray study were grown by a
hanging drop vapor diffusion method. Typically, 2 pl of
protein was mixed with an equal volume of well solution
and incubated against 500 pl of the same solution at 20°C
for 2 weeks. The best lanFP10A2 and bfVFP crystals were
grown from 0.08 M TRIS pH 8.0, 24% PEG 2000 MME
and 1.35 M LiSOy, 0.09 M TRIS pH 8.5, respectively.

411 | X-ray data collection, structure
solution, and crystallographic refinement

X-ray diffraction data were collected at SER-CAT
beamline 22-BM (Advanced Photon Source, Argonne
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National Laboratory, Argonne, IL). Prior to data collec-
tion, the crystals were briefly soaked in a cryoprotectant
solution containing 20% glycerol and 80% reservoir solu-
tion and were flash-cooled in a 100 K nitrogen stream. To
minimize radiation damage, a helical data collection
strategy was applied. Diffraction images were processed
with HKL2000.*> Crystal structures were solved by the
molecular replacement method with MOLREP*® using
the coordinates of lanFP10A (PDB ID: 6M9X) as a search
model.'® Crystallographic refinement was performed
with REFMACS5,* alternating with manual revision of
the model with COOT.*® Localization of water molecules
was performed with COOT. Structure validation was per-
formed with COOT and PROCHECK.*® Crystallographic
data and refinement statistics are given in Tables S2 and
S3, respectively. The coordinates and structure factors of
lanFP10A2 and bfVFP were deposited in the Protein Data
Bank under accession codes 7SFA and 7SF9, respectively.
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