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A NADPH-dependent blue fluorescent protein from Vibrio vulnificus CKM-1 (BFPvv) emits blue fluores-
cence under UV-exposure. Previously, the BFPvvD7 mutant generated by directed evolution displayed
a fourfold enhancement in fluorescent intensity. Herein, a further increase in fluorescence in the new
BFPvvD8 mutant, with three additional mutations from BFPvvD7, was made. To understand the underly-
ing mechanism of the increased fluorescent intensity of BFPvv, we solved the BFPvvD8-NADPH complex
structure. Accompanied with lifetime detection, we proposed that the enhanced intensity is related to the
conformational change caused by a glycine residue (Gly176) mutated to other non-glycine residues at a
turn close to the NADPH binding site. We also observed the Forster resonance energy transfer (FRET) from
our BFPvvD8 to each of the GFP-like fluorescent proteins, mTFP1 and EGFP, joined by an eight-residue
linker between the N-terminal of BFPvvD8 and the C-terminal of GFPs. Taken together, with the newly
solved BFPvvD8 structure, our results not only provide new considerations within the rational-based pro-
tein engineering of this NADPH-dependent BFP, but also suggest that BFPvvD8 could be a potential can-
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didate in FRET-based biosensor techniques.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The intramolecular chromophore formation of all GFP-like fluo-
rescent proteins (FPs) requires the spontaneous oxygen-dependent
cyclization steps (Heim et al., 1994); therefore, their usages are re-
stricted to aerobic systems. In contrast, a different kind of FPs that
capture certain prosthetic chromophore such as the oxygen-inde-
pendent FMN-based fluorescent proteins (Drepper et al., 2007)
and the infrared fluorescent proteins (IFP) (Shu et al., 2009) com-
plements the biological applications of FPs.

Previously, a novel NADPH-dependent blue fluorescent protein
BFPvv was discovered in Vibrio vulnificus CKM-1 (Su et al., 2001).
BFPvv belongs to the short-chain dehydrogenase/reductase (SDR)
family. This protein emits naked-eye detectable blue fluorescence
under UV-exposure (Su et al., 2001), and its enzymatic activity

Abbreviations: FP, fluorescent protein; BFP, blue fluorescent protein; GFP, green
fluorescent protein; IFP, infrared fluorescent protein; NADPH, nicotinamide adenine
dinucleotide phosphate reduced form; FMN, riboflavin mononucleotide; PCR,
polymerase chain reaction; FRET, Forster resonance energy transfer; SDR, short-
chain dehydrogenase/reductase; CAD, clavulanic acid dehydrogenase; WT, wild
type; hCBR1, human carbonyl reductase 1.
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was also detected by Polizzi et al. (2007). Furthermore, a BFPvv
mutant, i.e., BFPvvD7, showed a fourfold increase of fluorescent
intensity was derived via error-prone PCR (random mutagenesis)
and DNA shuffling (Chang et al., 2004), with the rationales behind
remain unclear. Previous studies among the fluorescent proteins
demonstrated that how the fluorescence could be influenced by
the surrounding environment in protein (Brejc et al., 1997). Knowl-
edge about the structures of these proteins shall therefore provide
useful information on the improvement of the FPs for applications.

Herein, we describe the discovery of another BFPvv mutant with
further enhanced fluorescent intensity, called D8, caused by three
additional mutations. The structure of this mutant was solved to
a resolution of 2.05A. Through this structure information and
other supporting data, we propose that the mutation of Gly176
to serine or alanine plays an important role in the fluorescence
enhancement. Our results here provide new ideas for further pro-
tein engineering of this interesting BFP.

2. Material and methods
2.1. Protein expression and purification

The original WT BFPvv and BFPvvD8 coded pET21 expression
vector were described previously (Chang et al., 2004). By using
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BL21 (DE3) as the host cell, overexpression of each mutant was ini-
tiated by the addition of 1 mM IPTG under the incubation at 20 °C
for 20 h. These recombinant proteins were collected and purified
by using the Ni?** NTA column, followed by a Hiload 16/60
Superdox-200 size exclusion column equilibrated with the stock-
ing buffer (100 mM NaCl, 50 mM Tris-HCl, 10% glycerol, and
2mM DTT, pH 8.0). The purity of each purified BFPvv mutant
was determined using SDS-PAGE and the molecular weight was
checked by MALDI-TOF mass spectrometry.

2.2. Emission intensity determination

The fluorescence levels of the purified BFPvvD7 and D8 at
0.1 mM in the presence or absence of 0.1 mM NADPH were de-
tected under 352 nm excitation and the emission intensities at
440 nm were recorded using Fluorolog-3 spectrophotometer (Jobin
Yvon).

2.3. Crystallization

The sample containing 7 mg/ml BFPvvD8 protein and 2 mM
NADPH was used in the crystallization screening at 4 °C. Dia-
mond-like crystals appeared in the crystallization drop with the
reservoir condition of 20% iso-propanol, 0.1 M HEPES-Na, pH 7.5,
and 0.2 M sodium citrate dihydrate after 14 days.

2.4. Data collection and structure determination

Before being exposed to the 100K nitrogen stream, the
BFPvvD8_NADPH crystals were soaked in the 20% ethyleneglycol
as cryoprotectant. X-ray diffraction data were collected at the
National Synchrotron Radiation Research Center (NSRRC) BL13B1
in Taiwan using the ADSC Quantum 315 CCD detector. A data set
with resolution up to 2.05 A was obtained. Data index and integra-
tion were done by HKL2000 (Otwinowski and Minor, 1997). Phase
information was obtained by molecular replacement using Phaser
(McCoy et al., 2005), with the structure of clavulanic acid dehydro-
genase (CAD) (PDB code: 2JAP) as the search model. Manual model
building was carried out using Coot (Emsley and Cowtan, 2004),
and data refinement with Refmac5 (Vagin et al., 2004). The refined
model was checked by PROCHECK (Laskowski et al., 1993). The data
collection and detailed refinement statistics are listed in Table 2.

2.5. Fluorescence detection of the BFPvv protein expressed in E. coli

The lacY deleted BL21-T1 (DE3) cell was used in protein expres-
sion. Bacteria culture of each mutant shared identical conditions of
incubation and overexpression to control the protein expression
level, which was measured by the protein band intensity in the

Table 1A
Relative emission intensity of D7 and D8.

Mutant Relative brightness
D7 100.00% + 1.06%
D8 126.86% + 1.39%

Table 1B
Mutations in D7 and D8.

D7 D8

E40K, L771, V76A, V83M,
$124C, T171M, G176S, E179K

Mutations E40K, L771, V76A, V83M,
$124C, T171M, G176S, E179K

N58Y, A62T, K199R

SDS-PAGE gel. Fluorescence emission of the protein within the
E. coli cells was detected directly under the excitation of 352 nm.

2.6. Fluorescent lifetime determination

The same buffer condition and protein concentration as shown
in Section 2.2 were used to carry out the fluorescent lifetime deter-
mination. The samples were excited at 345 nm by using nF900
(Edinburgh Instruments Ltd.) as the light source, and the fluores-
cence levels were detected by the M300 monochromator at
440 nm. Data analysis were carried out by using F900 software
program.

2.7. Fluorescence detection of mTFP1-BFPvvD8 and EGFP-BFPvvD8

Two possible FRET pairs, mTFP1-BFPvvD8 and EGFP-BFPvvDS,
were constructed using the pET46 EK/LIC cloning vector Kkit
(Novagen). The linker peptide corresponding to the sequence of
HVVDDDDK between the C-terminus of mTFP1 or EGFP and the
N-terminus of BFPvvD8 in the fused proteins was added into the
constructions. The over-expression and purification procedures
are similar to that described above (Section 2.1). The fluorescence
intensities of the fusion proteins were detected under 352 nm exci-
tation. Fluorescence spectra were recorded using the LS-55 fluores-
cent spectrometer (PerkinElmer, Waltham, MA) with solutions
containing 0.01 mM of fusion proteins with/without 0.015 mM
NADPH.

3. Results
3.1. The purified BFPvvD8 protein showed enhanced emission intensity
Compared to BFPvvD7, D8 contains three extra mutations of

N58Y, A62T, and K199R. The result shows that it has the identical
excitation/emission wavelength to BFPvvD7, but a further 27%

Table 2
Data collection and refinement.

BFPvvD8_NADPH complex

Data collection

Space group P45

Unit cell (A) a=b=64.40, c=262.59
Resolution (A) 30-2.05 (2.10-2.05)
No. of unique reflections 66,383 (6413)

Redundancy 6.8 (4.7)
Completeness (%) 99.47 (96.1)
Average /o (I) 214 (2.29)
Rierge (%) 7.4 (47.2)

Refinement statistics

No. of reflections 62,842 (4431)

Rwork (%) 18.7 (3]3)
Reree (%) 23.4(32.1)
R.m.s. deviations

Bond lengths (A) 0.011

Bond angles (°) 1.274
Average B-factor (A%)/atoms

Molecule A 36.76/1817
Molecule B 33.21/1643
Molecule C 33.46/1643
Molecule D 36.50/1809
NADPH molecule A 30.13
NADPH molecule B 33.62
NADPH molecule C 33.89
NADPH molecule D 31.74
Ramachandran plot (%)

Most favored regions 90.8
Allowed regions 9.1
Generously allowed 0.1

*Values in parentheses are for the highest resolution shells.
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enhancement in the emission intensity compared to D7 was ob-
served (Table 1A). BFPvvD8 has a total of 11 mutations compare
to the WT protein (Table 1B) and has the highest blue fluorescence
intensity among the BFPvv mutants so far.

3.2. Overall structure of the BFPvvD8_NADPH complex

We solved and refined the complex structure of
BFPvvD8_NADPH with resolution up to 2.05A to unravel how
BFPvvD8 interacts with the chromophore. The crystals with the
P45 space group contain four molecules in each asymmetric unit,
and each monomer binds one NADPH molecule at the expected ac-
tive site (Fig. 1A). BFPvvD8 possesses a characteristic of Rossmann
fold common to the dinucleotide-binding enzymes (Rossmann
et al., 1973, 1974). The overall structure was assigned with three
2-fold axes, P, Q and R accordingly (Fig. 1A), and the structure of
BFPvvD8 monomer (chain A) was shown in Fig. 1B. Although the
tetrameric BFPvvD8 containing two dimer interfaces along the

P-axis and the Q-axis (P-interface and Q-interface, respectively)
was observed based on the structural information, a mixture of
monomeric and dimeric structures in solution was demonstrated
by analytical ultra-high centrifugation (AUC) (Fig. 2A). Because of
most functional dimeric SDR proteins form the strong four-helix
bundles across the Q-interfaces (Hoffmann et al., 2007), also a
BFPvvD8 double mutant designed to disrupt the interactions
between the helix bundles successfully generate a monomeric
BFPvvD8 mutant (mBFPvvD8, data not shown), we therefore
believe that the Q-axis is the biological 2-fold axis of the BFPvvD8
dimer (Figs. 2B and 1A). The diffraction data and coordinates had
been deposited to Protein Data Bank with PDB code 3P19.

3.3. Active site of the BFPvvD8_NADPH complex structure

The 11 mutations of the BFPvvD8 protein could be roughly
sorted into three categories: mutations on the surface, in the core
region, and around the NADPH binding cleft (Fig. 3). Although most

BG BF  BE

BD BA BB BC

Fig.1. Crystal structure of the BFPvwvD8_NADPH complex. (A) The overall structure of BFPvwvD8_NADPH. There are four molecules in an asymmetric unit represented as ribbon
diagrams in four different colors. The overall structure can be assigned with three 2-fold axes, P, Q and R following the definition of Rossmann, and it possesses a characteristic
Rossmann fold common to the dinucleotide-binding enzymes. In the solved complex structure, each monomer binds one NADPH molecule at the expected active site, the
bound NADPH is shown as stick. (B) The monomer of BFPvvD8_NADPH (chain A). The secondary structure was checked and confirmed by PROCHECK before designation. The

NADPH binding pattern is also presented.
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Fig.2. (A) The dimeric structure (D8) in solution revealed by analytical ultra centrifugation (AUC) experiment. The solved crystallographic structure is consisted of four
molecules, but the result of AUC analysis shows the existence of monomer and dimer of BFPvv in the solution. The calculated molecular weight and the theoretical state of
monomer or dimer is labeled. (B) The interactions of the BFPvv dimer interface. The interface along the Q-axis was established by an intermolecular four-helix bundle and was
stabilized by the hydrophobic interactions between oD and oE with its Q-axis symmetrical partner. The residues involved in the interactions are showed in sticks. It was
believed to be the stable dimeric form of BFPvv in solution along Q-axis, since the double mutation W97K and F101K generated monomeric BFPvvD8 with no fluorescent
activity (data not shown).

Fig.3. (A) Stereo view of the BFPvvD8_NADPH monomer (chain A). The BFPvvD8 protein is represented as ribbon diagram and the bound NADPH molecule is depicted as ball-
and-stick. Side chains of all 11 mutations are shown as sticks, and sorted into three categories: mutation on the surface, the core region, and around the NADPH binding cleft,
colored with yellow, blue, and magenta, respectively. The dashed rectangular box area around the NADPH is enlarged in (B).
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of the mutations were supposed to provide contributions to the
enhancement of emission intensity; however, we failed to observe
any direct interactions between the side-chains of these mutations
to NADPH from the interaction profile assigned by LIGPLOT (Wal-
lace et al., 1995) (Fig. S1).

Intriguingly, when comparing the BFPvvD8_NADPH complex
structure with a homologous structure, CAD (PDB code: 2JAP, the
r.m.s deviation (r.m.s.d) value of 1.1 A with 236 Co atoms superim-
posed), we found that the carbonyl group of Gly186 in CAD points
toward the carbonyl group of NADPH (O7), with a distance of
3.74 A, whereas in our BFPvvD8 structure, the same carbonyl group
of the aligned Ser176 (Gly mutated to Ser) turns to the opposite
direction, and the main chain nitrogen atom flips up toward the
same carbonyl group (07) of NADPH (Fig. 4A) with a distance of
3.37 A between them (Fig. 5A). Similar result could also be
observed in the superimposition of BFPvvD8 to the BFPvwvWT mod-
eling structures, one was predicted by SWISS-MODEL (Arnold et al.,
2006) and the other was generated through energy minimization
using CNS program (Brunger et al., 1998) of the manual adjusted
BFPvvD8_NADPH structure (Fig. S2A and B). This S176 is mutated

A

Highly conserved “PG” box

TI187

from the highly conserved glycine residue in the “PG box” in most
of the SDR family (Ghosh and Vihko, 2001). In addition to CAD, we
compared our structure to several homologous SDR structures
with their r.m.s.d (Co atoms) around 1.1-2.3 A. It was suggested
that this main chain torsion in D8 is unique among these
homologues structures (Figs. 4B and 4C), which makes N of A177
pointing toward carbonyl O7 of nicotinamide with the distances
of 3.37 A in chains A and D, and 3.00 A in chains B and C, which
are acceptable distances for interactions (Fig. 5A). The /¢ for
S176-A177 in D8 (chain A) is 143°/58°, and —163°/-50° in the
aligned position of CAD. Unambiguous density map of this
PG-box neighboring region and the residues involved in the
hydrophobic pocket are shown in Fig. S3A and B.

3.4. Emission intensities of BFPvwWT, BFPvv(G176S), BFPvv(G176A),
and BFPvvD8

To further validate the influence of the interactions between

Gly176 and NADPH in terms of the fluorescent properties, we con-
structed the mutation of G176S on the WT BFPvv protein. In the

B

Cc
Substrate Binding Loop
le3w 147 TASVAAFEGQ-V-GQAAYSASKGGIVGMTLPIARDLAP--IG--IRVVTIAPGLFATPLL 200
ledo 136 IASVVGLIGN-I-GQANYAAAKAGVIGFSKTAAREGAS--RN--INVNVVCPGFIASDMT 189
lgeg 136 ACSQAGHVGN-P-ELAVYSSSKFAVRGLTQTAARDLAP--LG--ITVNGYCPGIVKTPMW 189
liy8 141 TASVGGIRGI-G-NQSGYAAAKHGVVGLTRNSAVEYGR--YG--IRINAIAPGAIWTPMV 194
lnfr 133 ISSIEGLAGT-V-ACHGYTATKFAVRGLTKSTALELGP--SG--IRVNSIHPGLVKTPTD 186
lwéz 140 IASTGGKQGV-V-HAAPYSASKHGVVGFTKALGLELAR--TG--ITVNAVCPGFVETPMA 193
1x7h 137 IASTGGKQGV-V-HAAPYSASKHGVVGFTKALGLELAR--TG--ITVNAVCPGFVETPMA 190
1xg5 148 INSMSGHRVLPLSVTHFYSATKYAVTALTEGLRQELREAQTH--IRATCISPGVVETQFA 205
1xr3 137 IASTGGKQGV-V-HAAPYSASKHGVVGFTKALGLELAR--TG--ITVNAVCPGFVETPMA 190
1zk3 140 MSSIEGFVGD-P-SLGAYNASKGAVRIMSKSAALDCAL--KDYDVRVNTVHPGYIKTPLV 195
2bdo 142 ITSVAATKAF-R-HSSIYCMSKFGQRGLVETMRLYARK--CN--VRITDVQPGAVYTPMW 195
2cfc 140 IASVASLVAF-P-GRSAYTTSKGAVLQLTKSVAVDYAG--SG--IRCNAVCPGMIETPMT 193
2jah 133 QSSIAGRVNV-R-NAAVYQATKFGVNAFSETLRQEVTE--RG--VRVVVIEPGITDTELR 186
2jap 138 MSSIAGRVNV-R-NAAVYQATKFGVNAFSETLRQEVTE--RG--VRVVVIEPGITDTELR 191
2pd6 138 ISSIVGKVGN-V-GQTNYAASKAGVIGLTQTAARELGR--HG--IRCNSVLPGFIATPM- 190
2rhe 138 IASTGGKQGV-V-HAAPYSASKHGVVGFTKALGLELAR--TG--ITVNAVCPGFVETPMA 191
2rhr 137 IASTGGKQGV-V-HAAPYSASKHGVVGFTKALGLELAR--TG--ITVNAVCPGFVETPMA 190
2uvd 139 IASVVGVTGN-P-GQANYVAAKAGVIGLTKTSAKELAS--RN--ITVNAIAPGFIAT-DM 191
Bfp 130 ISSIAGKKTF-P-DHAAYCGTKFAVHAISENVREEVAA--SN--VRVMTIAPSAVKTELL 183
s Y K g t

Fig.4. (A) Superimposition of BFPvvD8_NADPH and a homologous structure, clavulanic acid dehydrogenase (CAD, PDB code: 2JAP) of the conserved “PG box”. BFPvvD8 is
colored in orange, and CAD is in green color. (B) Structural alignment of the SDR family at the NADPH binding site. The box indicates the conserved “PG box” in most members
of the SDR family. Arrow emphasizes that the main chain flip caused by a non-Gly substitution of Gly residue in the PG box. The conserved “PG box” was also highlighted in
the structural based sequence alignment of these homologues SDR proteins shown in (C).
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Fig.5. The proposed status of the Gly (left) or non-Gly (right) residue corresponding to the position 176 of BFPvv. (A) Interaction of O7 of nicotinamide to the neighboring
charged atoms. Left: in CAD (PDB code: 2JAP, chain A), the carbonyl group of Gly186 points toward the carboxyl group of NADPH (O7). Right: in BFPvv (chain A), the Gly176
residue was mutated into a non-Gly residue (serine residue presented here), the nitrogen atom of Ala177 thus flipped toward O7 of NADPH. (B) Cartoon diagram illustrates
the proposed status of the Gly (Left) or non-Gly (Right) residue at the position 176 of BFPvv.

fluorescence assay of the expressed protein in E. coli, emission of
the single point mutant BFPvv(G176S) showed a 2-fold increase
comparing to wild-type BFPvv, which is consistent to the previous
report (Polizzi et al., 2007). Similarly, another single mutant,
BFPvv(G176A), produced approximately the same level of emission
intensity as BFPvv(G176S) (Table 3). Notably, we observed a blue-
shifted emission peak of BFPvv(G176A) and BFPvv(G176S); the
emission peak of wild-type BFPvv is around 450 nm, whereas the
emission peak of both single mutants is 440 nm, similar to that
of BFPvvD7 and BFPvvD8, consistent in several rounds of detection
(Fig. 6).

3.5. The fluorescence lifetime of BFPvv mutants

The purified proteins were used to measure the fluorescence
lifetime of each mutant to see how mutation of G176 would alter
the chromophore properties of NADPH in various BFPvv proteins.
According to our data, NADPH alone showed a very short fluores-
cent lifetime, 0.43 ns, in the buffer; however, the lifetime could
be prolonged to 4.29 ns when it is bound to WT BFPvv (Table 3).

Table 3
Relative emission intensity of BFPvv proteins.

Mutant Relative brightness
WT 25.28% £ 1.81%
WT176S 45.31% £ 1.07%
WT176A 54.58% + 1.36%
D8 100.00% + 2.87%

An even longer lifetime of 7.26 ns could be observed while incubat-
ing NADPH with BFPvv(G176S), an approximately similar lifetime
to BFPvvD8_NADPH. Thus, the G176S mutation seems to play a dis-
tinct role in affecting the fluorescence lifetime in BFPvvD8 (Table
4).

3.6. Monomeric SDR enzyme hCBR1 enhances NADPH fluorescence
similar to BFPvwWT

The comparison of the fluorescent spectrum of NADPH alone,
BFPvvWT, BFPvv mutants, and the monomeric SDR protein human
carbonyl reductase 1 (hCBR1) was shown in Fig. 6. The hCBR1 pro-
tein, which belongs to the human SDR family with known struc-
ture, could also reinforce the fluorescence of NADPH by 3.2 folds,
similar to that of BFPvwWT (4.8 folds). While NADPH binds to both
WT proteins (BFPvv and hCBR1), the emission peaks showed a sig-
nificant blue shifting comparing to that of NADPH alone (from 460
to 450 nm). The result implied that other SDR proteins might be
considered as potential targets in the NADPH-dependent BFP
development.

3.7. Energy transfers in mTFP1-BFPvvD8 and EGFP-BFPvvD8

The excitation and emission wavelengths of EGFP and mTFP1
were 488 and 510nm, 462 and 493 nm, respectively. Under
352 nm of exposure, the emission spectra of both fusion proteins
without NADPH were relatively weak (Fig. 7C, dashed lines). After
adding NADPH to each sample, the emission of EGFP and mTFP1
(510 and 493 nm, respectively) rose significantly (Fig. 7C, solid
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lines). Since BFPvvD8 only has emission peak at 440 nm (Fig. S4B),
the clear observations of green fluorescence from the fusion pro-
teins suggest that energy emits from BFPvvD8 at 440 nm could
successfully transfer to both fused GFPs which then emit longer
wavelength green fluorescence.

4. Discussion

In the previous research, BFPvvD7 had been shown to have en-
hanced fluorescence intensity than wild-type BFPvv (Chang et al.,
2004). Without the structural information, the reason for this re-
mained ambiguous. According to our BFPvwvD8_NADPH complex
structure, N of A177 points toward carbonyl O7 of nicotinamide,
which is different from that seen in several other homologous
SDR structures. The distance between N of the peptide bond to
07 of NADPH is close enough for hydrogen bonding interaction
(Fig. 5A). Usually, O7 is considered as partially negatively-charged;
in contrast, N is considered as partially positively-charged (~40%).
This observed charge-charge interaction is likely to further restrict
the torsion of the C—C single bond between the reduced nicotin-
amide ring and the amide group, which theoretically increases
the rigidity of the structure of nicotinamide and hence decreases
the non-radiative decay. This hypothesis could be further sup-
ported by the detection of fluorescence lifetime, a parameter to
represent the summation of the rate of radiative and non-radiative
decay. BFPvv(G176S)_NADPH showed a longer lifetime than wild-
type BFPvv_NADPH (Table 4). With the radiative decay rate of a
chromophore, i.e., NADPH remains constant; the non-radiative
decay rate was significantly decreased by the single amino acid

30

440nm
25 :
20

15

10

Relative intensity comparing to NADPH (folds)

0

380 400 420 440 460 480

substitution of Gly176 to Ser. Also, the aforementioned N-0O7
interaction adjacent to the bound chromophore is likely to be
caused by the single mutation at G176 since no other additional di-
rect interaction to nicotinamide could be observed after S176 sub-
stitution in the BFPvvD8_NADPH structure. Moreover, a single
mutation (G176A) of WT BFPvv also increased the emission to
approximately the same level. Substitution of a Gly to a non-Gly
residue may impact the neighboring structure in order to lower
the stereo hindrance. Generally speaking, Gly could adopt a large
range of dihedral angles in a polypeptide chain. Some point muta-
tions on the position 176 of BFPvvDS8, e.g., G176T, G176E and
G176K, showed no influence to the emission intensities of BFPvvD8
(Table S2), further supports this hypothesis. Taken together, we
suggest that G176S is responsible for the main-chain torsional
change, which decreases the non-radiative decay via a charge-
charge interaction between N of A177 and O7 of nicotinamide
(Fig. 5B). We could also eliminate the possibility that other 10
mutation sites might have contributed to the non-radiative decay,
as these mutations in BFPvvD8 did not significantly influence the
fluorescence lifetime (7.03 ns).

Structural alignment through DALI server showed that the over-
all structure of BFPvvD8 shares high similarity with many SDR
members despite their low sequence identity (30%), the r.m.s.d.
with their Co carbons compared are all below 2.1 A. Interestingly,
this G176 is in a conserved region called “PG” box among the SDR
family (Ghosh and Vihko, 2001). Because of all these similar fold-
ings between BFPvv D8 and other SDR proteins, the mutations on
the Gly residue of the PG box to other non-Gly amino acids might
give rise to the idea of increasing fluorescence among the SDR fam-
ily upon NADPH binding. Although BFPvv(G176S) and BFPvvD8

BFPvwv_D8_NADPH

—BFPvv_G176A_NADPH
BFPvv_G176S_NADPH
BFPWWT_NADPH

—hCBR1_NADPH

——NADPH

500 520 540 560 580 600

Wavelength (nm)

Fig.6. Emission spectra of NADPH alone, hCBR1, BFPvv 176 mutants and BFPvvD8. The monomeric SDR protein, hCBR1, has an enhanced emission upon NADPH binding,
similar to the BFPvwWT. The emission intensities of hCBR1 and BFPvvWT are 3.2 and 4.8 folds comparing to that of NADPH alone, respectively. A blue-shifted emission
spectrum (emission peak from 460 to 450 nm) whilst NADPH binding to hCBR1 was also observed. In the BFPvv 176 mutants (G176A, G176S and D8), the emission peak were

further shifted to the wavelength of 440 nm.

Table 4
Fluorescence lifetime of NADPH complexed BFPvv proteins.

Sample Short lifetime Long lifetime Very long lifetime

7 (ns) (%) T (ns) (%) T (ns) (%) X
NADPH 0.43 100 - - - - 1.015
WT + NADPH - - 429 100 - - 1.000
G176S + NADPH 0.42 20 - - 7.26 80 1.074
D7 + NADPH 0.57 21 - - 7.60 79 1.007
D8 + NADPH 0.50 17 - - 7.03 83 0.962
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Fig.7. BFPvvD8 serves as a FRET donor and is suitable for the FRET-based biosensor design. (A) The concept in designing the BFPvvD8-GFP FRET pair. (B) The fusion proteins of
the two BFPvvD8-GFP FRET pairs. Two GFP-like FPs, EGFP and mTFP1, with excitation and emission wavelengths of 488 and 510 nm, 462 and 493 nm, respectively, were fused
to the N-terminal of BFPvvD8 using the pET46 EK/LIC cloning vector kit (Novagen). The red number indicated the position in the fused protein. (C) The energy transfers
between the BFPvvD8 and GFPs in the fusion proteins were observed. The BFPvvD8-GFP fusion proteins were excited at 352 nm, and the emission fluorescence intensities at
higher wavelengths were recorded. The solid lines represent the fluorescence intensities of the fusion proteins with NADPH, whereas the dashed lines were the results of

fusion proteins only.

exhibited similar fluorescence lifetime, the emission intensity of
BFPvvD8 is obviously higher than BFPvv(G176S) (Table 3). There-
fore, remaining mutations contribute to the fluorescence enhance-
ment in somehow a different path from that of BFPvv(G176S).
When chromophores are bound to proteins, proteins could not
only increase the rigidity of the chromophores, but also shield
them from the contact of the solvent, which could eliminate the
energy dissipation through fluorescence. The ITC results show that
the association constants, Ka, measuring the binding affinities of
NADPH to wild-type BFPvv and BFPvvD8, were similar (Fig. S5
and Table S1). This suggests that the fourfold enhancement of fluo-
rescence intensity is not due to the increased affinity. Interestingly,
we found different circular dichroism spectra between WT and
WT_NADPH, but not between D8 and D8_NADPH (Fig. S6). These
results may imply that the binding process of NADPH to WT BFPvv
and BFPvvD8 are through very different procedures, which may in-
volve many attractive forces such as hydrogen bonds, van der Waal
interactions and the hydrophobic interactions. The difference in
the binding profiles could possibly donate different environmental
dynamics to the bound NADPH, altering the shielding ability of this
chromophore. For example, binding through the more dynamic
procedure would probably result in a less shielded NADPH, which
might decrease the energy released via fluorescence. Albeit it is not
clear about how exactly the binding process could affect the fluo-
rescence of NADPH, binding dynamic is one possibility underlying
the enhanced fluorescence in BFPvvDS. Increasing the environ-
mental hydrophobicity and rigidity, which can decrease non-fluo-
rescent energy dissipation of the chromophore, thus enhance the
fluorescence intensity. The similar fluorescent characteristic was
also preliminarily found in another monomeric SDR protein, i.e.,
hCBR1, upon NADPH binding. A 3.2 fold increase in the intensity
of fluorescence spectrum accompanied with the blue-shifted emis-
sion was observed in hCBR1_NADPH mixture comparing to NADPH
alone (Fig. 6). We therefore believed that the SDR proteins, which
are all NADPH-binding, and share the common fold of the global
conformations, are potentially engineered into proteins that can

emit brighter fluorescence through our structure-function strategy,
making them more preferable to applications.

Importantly, BFPvvD8 can emit fluorescence in an oxygen-lim-
ited condition, whereas EGFP cannot (data not shown). Our result
is corroborated with the previous study of FMN-based FPs (Drep-
per et al., 2007). As a parallel system of fluorescent protein, the
application of BFPvvD8 being as the FRET donor with GFP-like
acceptors was assessed. The energy transmission in EGFP-BFPvvD8
and mTFP1-BFPvvD8 via FRET were successfully observed (Fig. 7)
using the absorption and excitation/emission spectra of
BFPvvD8_NADPH, mTFP1-BFPvvD8_NADPH, and mTFP1-
BFPvvD8_NADPH as reference (Fig. S4A and B). Generally, mono-
meric FPs would be better for the usage of FRET-based biosensors
design, however, some weak-dimer form of FPs, e.g., GFP-derived
FPs, could also be considered in the FRET-based biosensor systems
(Piston and Kremers, 2007). BFPvvD8 exists as a mixture of mono-
mer and dimer in free solution, which was revealed by the AUC
analysis (Fig. 3A), and the observed FRET phenomena between
the BFPvvD8 and two of the GFPs suggests that the BPFvvDS8 is
potentially applicable in the designs of FRET-based biosensors with
GFP-like acceptors. Also, with the characterization of NADPH-bind-
ing/oxygen-limited emitting abilities, BFPvvD8 may provide alter-
native options in the FRET-based reporter design, such as NADPH
or oxygen biosensors after optimized.

In summary, NADPH serves as the source of reducing power in
living organisms and discovering NADPH-based fluorescent pro-
teins turns this ubiquitous molecule into an intrinsic fluorescent
probe. Here we discovered a new mutated blue fluorescence pro-
tein, BFPvvD8, with enhanced emission intensity grater than previ-
ously described D7. The improvement in the emission intensity
expands the applicability as a fluorescent protein itself, or as a
FRET donor. To elucidate the rationale behind the emissive D8,
we solved the crystal structure in complex with NADPH, which
could serve as the foundation of further structure-based protein
engineering. This structural information and the explanation pre-
sented here provide more insight into our knowledge of other
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SDR family proteins akin to the unique BFPvv fluorescence protein.
The greatly enhanced fluorescence of BFPvvD8 provides valuable
design information of fluorescent protein variants as a well-suited
tool for multicolor imaging and other applications in biology.
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