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Fluorescent intensity of a novel NADPH-binding protein
of Vibrio vulnificus can be improved by directed evolution
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Abstract

Blue fluorescent protein, BfgV, found from Vibrio vulnificus CKM-1, fluoresces through augmenting the intrinsic fluorescence of
bound NADPH. Random mutagenesis and DNA shuffling were applied to increase the fluorescent intensity of BfgV. The wild type
bfgV gene was subjected to four cycles of mutagenesis processes. A prominent D7 mutant protein had fluorescent intensity four
times larger than wild type BfgV. The emission wavelength of this mutant protein appeared at 440 nm, which was 16 nm shorter
than that of BfgV. There were eight amino acid substitutions in D7. As these substitutions were assigned to the modeled 3D struc-
ture of BfgV, three of them, V83M, G176S, and E179K, were shown to be located around NADPH-binding site. Time course anal-
ysis indicated the synthesis of D7 protein and fluorescent expression in Escherichia coli transformants were synchronic. This

property was different from that of wild type GFP.
© 2004 Elsevier Inc. All rights reserved.
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Green fluorescence protein (GFP) is known as a pop-
ular tool in molecular biology. Various experiments
have been applied to enhance the fluorescent intensity
of GFP [1-3] or to change its green fluorescent color
to red or blue [4,5]. These fluorescent variations are
mostly due to the minor changes around or just in a spe-
cial fluorophore structure in this protein molecule. Be-
sides GFP, there is another kind of fluorescent
protein, which fluoresces through binding a fluorescent
cofactor such as NAD(P)H [6-8]. As described in our
previous report, a fluorescent protein gene, bfgV, cloned
from Vibrio wvulnificus CKM-1, made transformed
Escherichia coli cells fluoresce as excited by long wave-
length ultraviolet [9,10]. Our study also showed the fluo-
rescence of BfgV-NADPH complex mainly resulted
from the amplification of intrinsic fluorescence of bound
NADPH by BfgV apoprotein [9]. Although some pro-
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teins can alter the intrinsic fluorescent intensity and
emission wavelength of bound NAD(P)H, the levels of
these variations are different from one protein to an-
other. Estradiol 17B-dehydrogenase amplifies four times
the intrinsic fluorescent intensity of bound NADPH and
shifts its emission wavelength from 457 to 436 nm [8].
The fluorescent intensity of bound NAD(P)H on malate
enzymes is 2-3 times larger than that of free form
NAD(P)H, and the emission wavelength shifts from
465 to 440 nm or remains unchanged [6,7]. However,
the increase of fluorescence is not universal in all
NAD(P)H-binding proteins because there is at least
one exception, glyceraldehyde-3-phosphate dehydroge-
nase [11]. The fluorescent increase of bound NAD(P)H
is proposed to be the result of its conformational change
by the interaction with protein [11]. Therefore, it may be
possible to increase the fluorescent intensity of a
protein—-NAD(P)H complex by fine-tuning its protein
skeleton. Because BfgV is the first fluorescent protein
found in marine-borne V. wvulnificus and also the first
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NADPH-binding protein making E. coli transformants
emit naked-eye detectable fluorescence, we considered
this protein is worth to be a good model to study this
ratiocination.

Up to now, various promising mutagenesis strategies
have been developed to effectively direct proteins to
change their features toward specific requirements
[2,12-14]. These strategies are generally called directed
evolution [15]. Many impressive and successful cases
have been reported in the past, such as subtilisin E
[16,17] by error-prone PCR [13]; B-lactamase [18], B-ga-
lactosidase [19], and GFP by DNA shuffling [2]; paranit-
robenzyl esterase by both error-prone PCR and DNA
shuffling [20]; and thymidine kinase by cassette muta-
genesis [12,14].

In this study, we used error-prone PCR (random
mutagenesis) and DNA shuffling methods to evolve
bfgV gene, and eventually got a promising mutant D7.
Its derived protein made significant progress in fluores-
cent intensity. Partial three-dimensional (3D) structure
of BfgV-NADPH complex was also modeled to show
the D7 mutation sites. The analytical results of protein
synthesis and fluorescent formation of D7 in trans-
formed E. coli cells were also showed in this report.

Materials and methods

Bacterial strains and growth medium. The bacterium V. vulnificus
CKM-1 was a clinical isolate from the Medical Center of National
Cheng Kung University [9,10]. E. coli BL21(DE3) (Stratagene; CA,
USA) was used as a host for gene expression and screening work.
Bacteria used in this study were raised in Luria—Bertani (LB) broth or
on LB agar. When required, ampicillin was added into the medium at
100 pg/ml except where otherwise noted. Isopropylthio-B-p-galacto-
side (IPTG) was used as inducer at 1 mM in broth and 0.1 mM in agar
plates. All medium components were purchased from Difco (MI,
USA) and chemicals were from Sigma (MO, USA).

Plasmid construction. A 751-bp fragment containing a complete
720-bp open reading frame (ORF) of bfgV and 31-bp upstream non-
coding sequence was inserted into pET21b vector (Novagen; WI,
USA). This recombinant plasmid was called pFP21 [9]. The bfgV in
pFP21 replaced by its evolved mutant D7 was designated as pD721.
The plasmid pGFP (Clontech; CA. USA) containing wild type gfp
gene which can express in E. coli was used to compare with p19D7 for
fluorescent formation. The pl19D7 plasmid was identical to pGFP
except that gfp was replaced by D7.

Random mutagenesis. Random mutation was performed on entire
bfgV gene by error-prone PCR [13]. A 100 pl reaction mixture con-
tained S0 mM Tris (pH 8.3), 6.6 mM MgCl,, 50 mM KCI, 0.5 mM
MnCl,, 200 pM dNTP mixture, 50 pmol each of oligonucleotide pri-
mer, 20 ng template DNA, and 3 U Taqg DNA polymerase (Promega;
WI, USA). Two primers, EP-F1 (5-CTA CGC ATC TAG AAG CCA
AAA CGG C-3') and EP-R1 (5-GTG ATA AGC TCG AGC GGT
TAT GG-3'), were designed for PCR. Thermal cycling was performed
with the following conditions: 1 cycle of 94 °C for 30s; 30 cycles of
94 °C for 10's, 60 °C for 15 s, and 72 °C for 40 s, followed by 1 cycle of
72 °C for 10 min. The PCR products were purified by QIAquick Gel
Extraction Kit (QIAGEN; Hilden, Germany) and inserted into
pET21b. These recombinant plasmids were then transferred into
BL21(DE3) to become a bfgl mutant library.

DNA shuffling. The DNA shuftling protocol was slightly modified
from Stemmer’s report [21]. All 751-bp inserts in candidate plasmids
were amplified by normal PCR. An equal amount of each PCR
product was mixed. About 400 ng of this mixture was dissolved into
18 pl of 10 mM Tris buffer (pH 7.5) and then 2 pl of 10x DNase I
digestion buffer (500 mM Tris—HCI, pH 7.5, 10 mM MnCl,) was
added. This DNA mixture was digested by DNase I (Sigma) for 15—
30 min. DNA fragments around 50 bp were purified from 2% agarose
gel and then resuspended in 50 ul PCR mixture (10 mM Tris—HCI, pH
9.0, 0.2 mM dNTP, 1.5 mM MgCl,, 50 mM KCl, 0.1% Triton X-100,
and 1.5 U Tag DNA polymerase). Primerless PCR was then carried
out with the following conditions: 1 cycle of 94 °C for 40 s; 35 cycles of
94 °C for 20 s, 50 °C for 10 s, and 72 °C for 10 s, followed by 1 cycle of
72 °C for 5Smin. After adequate dilution of this PCR product, 40
additional PCR cycles were performed under the existence of EP-F1
and EP-R1 primers. These reassembled fragments were cloned back
into pET21b for screening.

Mutant screen. Transformed BL21(DE3) cells were raised on LBAI
agar (LB agar containing 50 pg/ml ampicillin and 0.1 mM IPTG) at
37°C for 16 h and then illuminated with long wavelength ultraviolet
equipped in an ImageMaster VDS system (Amersham—Pharmacia; NT,
HK). Colonies with fluorescence brighter than the one selected from
previous round were picked out for further confirmation. All selected
candidates were subjected to broth culture for fluorescent index (FI)
determination. In brief, each transformant was first inoculated into
20 ml LBA broth and cultured at 37 °C for 16 h with 200 rpm shaking.
Then, 0.5 ml of this overnight culture was inoculated into 50 ml LBA
broth for 1.5 h cultivation. IPTG was added to induce protein synthesis
and then broth was incubated for another 1.5 h. At last, cells were
collected and washed three times with ice-cold 50 mM phosphate buffer
(pH 7.5). Two milliliters of each well-diluted cell suspension was sub-
jected to fluorescence determination in a Perkin—Elmer LS50B lumi-
nescence spectrometer with the excitation wavelength at 352 nm and
emission wavelength at 456 nm. Fluorescent intensity normalized by
ODygp of each sample was designed as fluorescent index (FI).

Determination of fluorescent spectra. Transformed E. coli cells were
raised and collected as the same way in mutant screen except the
addition of IPTG at the beginning of 50 ml culture. The way of
determining the fluorescent spectra of E. coli transformants was the
same as our previous report [9].

3D structure modeling of BfgV. The partial 3D structure of BfgV
based on the coordinates of meso-2,3-butanediol dehydrogenase (m-
BD) of Kiebsiella pneumoniae [22] was modeled by the ProModIIl
program in SWISS-MODEL server [23-25]. Only 1-194 residues of
BfgV were used for modeling while the remaining 45 residues with less
similarity at C-terminal were ignored.

Results
Construction of mutant library and screening bfgV mutant

Random mutations were first introduced into bfgV by
error-prone PCR method. About 95,000 transformants
from the first mutant library were screened on plates.
All selected candidates were subjected to the second step
of broth culture for FI determination. One mutant,
named A48, made the highest FI value and became the
parent gene for the second round mutagenesis. In the
second round work, error-prone PCR was adopted
again and about 100,000 transformants were screened.
Although more than 20 colonies displayed fluorescence
brighter than those harboring A48 on plates, only five
mutants B5, B9, B10, BI3, and BIl7 made FI values
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20-30% larger than their parent A48. In the third round,
DNA shuffling was applied to collect potentially benefi-
cial mutations into a single gene. The five B-series mu-
tant genes were used as parents for DNA shuffling and
the wild type bfgV was also included to remove noxious
mutations. Three recombinant genes, C8, C9, and CI3
selected from this process, had FI values slightly greater
than the five B-series parents. Their deduced amino acid
sequences revealed that these three mutants indeed con-
tained chimera mutation patterns that were different
from their five parents. Lastly, we returned to use ran-
dom mutagenesis for the fourth round work. We mixed
equal amount of C8, C9, and CI/3 DNA as the parents
to extend genetic background and to avoid losing any
promising lineage. One mutant, D7, selected from this
cycle made the highest FI value, four times larger than
wild type bfgV. Fig. 1 summarized the residue substitu-
tion sites of D7 and its direct progenitors, while Fig. 2
illustrated their relative FI values. The fluorescent colo-
nies expressing wild type BfgV or D7 mutant protein are
shown in Fig. 3.
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Fig. 1. Lineage of D7 mutant generated by directed evolution. Amino
acid substitutions of progressive candidates selected from each round
are listed in individual rectangular block. The name of each mutant is
labeled on top of each block. The boldface denotations indicate the
direct relatives of D7. The A-, B-, and D-series variants were generated
by random mutagenesis while C-series by DNA shuffling.
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Fig. 2. Relative fluorescent intensities of D7 and its direct progenitors.
Fluorescent intensity was measured from BL21(DE3) transformants
expressing wild type BfgV (WT), D7, or D7’s direct progenitors. The
data are transformed into relative fluorescent index. The error bars
indicate the standard deviation.

Sequence analysis

DNA sequences of all the hfg}” mutants selected from
each round were determined and compared. The average
mutation frequency caused by error-prone PCR was
0.66%. There were totally 21 base changes in D7 mutant
gene and its direct progenitors. Twenty of them origi-
nated from error-prone PCR and the remaining one
from shuffling procedure. Eight of the 12 DNA muta-
tions in D7 resulted in amino acid substitutions. To con-
firm if all the eight substitutions (E40K, V76A, L771,
V83M, S124C, T171M, G176S, and E179K) were indeed
critical for conferring the elevated fluorescence of D7
mutant protein, each of them was independently re-
verted to wild genotype by site-directed mutagenesis
[26]. The FI values of all the revertants decreased over
65% that of D7 with the exception of T171M revertant
that showed a similar FI value as D7. Therefore,
E40K, V76A, L771, V83M, S124C, G176S, and E179K
were the effective substitutions in D7 mutant protein.

Fluorescent difference between BfgV and D7 mutant

Escherichia coli hosts harboring D7 mutant gene
showed a slightly different fluorescent color. When ana-
lyzed by fluorometer, BL21(DE3)/pD721 transformants
exhibited an emission peak at 440 nm which was 16 nm
shorter than that of BL21(DE3)/pFP21. However, their
excitation maxima were similar to each other (Fig. 4).

3D structure modeling of BfgV’
Sequence analysis indicated that BfgV could

be classified into the short-chain dehydrogenase/
reductase (SDR) superfamily [27-29]. Therefore, a
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pD721) pFP21

Fig. 3. Fluorescence of transformed E. coli cells expressing BfgV or its
mutant D7. E. coli BL21(DE3) cells transformed with pFP21 (carrying
bfgV), pD721 (carrying D7) or pET21b were grown at 37 °C for 16 h
on a LB agar plate supplemented with ampicillin and IPTG.
Photographs show transformed colonies illuminated with (A) white
light; (B) 365 nm ultraviolet. The BL21(DE3)/pET21b was used as a
negative control.

structure-established SDR member, meso-2,3-butane-
diol dehydrogenase (m-BD) [22], was applied as a
template for modeling BfgV structure. The m-BD
shares 31% residue identity with BfgV. Partial 3D
structure of BfgV showing 1-194 amino acid residues
was thus established on the coordinates of m-BD
structure by the modeling program in Swiss-Model
server (Fig. 5).

Protein synthesis and fluorescent formation of D7
Fluorescence of GFP relies on a specific fluorophore.

The formation of this structure is oxygen-dependent.
However, the fluorescence of BfgV and its derived
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Fig. 4. Comparison of the fluorescent spectra of BfgV and D7 mutant
protein. The excitation and emission spectra of D7 and BfgV in
BL21(DE3) transformants were determined. (A) Two excitation peaks
of BfgV and D7 are all at 283 and 352 nm. (B) The emission peak of
D7 is at 440 nm while BfgV at 456 nm. The spectra curves of negative
control, BL21(DE3)/pET21b, are also showed and designed as “‘no
BfgVv.”

mutants comes from NADPH binding. To clarify if
there was any difference between protein synthesis and
fluorescent formation in vivo, BL21(DE3)/p19D7
and BL21(DE3)/pGFP transformants were cultured
and then analyzed. Time course analysis clearly showed
the fluorescence of wild type GFP significantly fell be-
hind GFP synthesis, but the protein synthesis and fluo-
rescence appearance of D7 looked synchronic (Fig. 6).
The “synchronic” property of D7 suggested NADPH
bound to this protein as soon as it was synthesized in
cells.

Discussion

In this study, BfgV protein of V. vulnificus CKM-1
was successfully evolved to increase its fluorescent inten-
sity. Its first mutant A48 made the most obvious jump in
this property when all candidates selected from different
stages were inspected. This mutant protein contained



C.C. Chang et al. | Biochemical and Biophysical Research Communications 322 (2004) 303-309 307

Fig. 5. The eight amino acid substitutions of D7 on the partial 3D structure of BfgV. This modeled structure is composed of 1-194 amino acid
residues of BfgV according to the coordinates of m-BD. (A) The relative positions of some secondary structures of BfgV are showed on the modeled
structure. a, o-helix; b, B-strand. (B) Positions of the eight substitution sites, E40K, V76A, L771, V83M, S124C, T171M, G176S, and E179K, are
labeled on the 3D structure of BfgV and darkly marked. An arrowhead denotes the site of residue R20 and dashed circle the motif
Gly’XXXGly'"*XGly". (C) The possible binding manner of NADPH on BfgV protein is showed. An arrowhead indicates NADPH in the cleft of

BfgV with its nicotinamide ring outward.
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Fig. 6. The kinetics of protein synthesis and fluorescence formation of
D7 and wild type GFP in vivo. BL21(DE3)/p19D7 or BL21(DE3)/
pGFP transformants were grown at 37 °C in LBA broth with 200 rpm
shaking. Samples were taken at specific time points. An equal amount
of cells taken from each sample was applied to SDS-PAGE for protein
analysis. Relative FI of each sample was also determined. The
excitation and emission wavelengths were (352, 440 nm) for D7 and
(395, 509 nm) for GFP. The legends used in this figure are: D7 protein
(A); D7 fluorescence (@); GFP protein (A); and GFP fluorescence (O).

only one G176S substitution. Therefore, this mutation
should be important to the fluorescent elevation. This
viewpoint was also supported by the fact that the C-se-
ries mutants did not lose G176S substitution even after
DNA shuffling process. The best clone D7 selected from
the final round was the offspring of C8. The fluorescent
intensity of C8 was 5% lower than that of its peer C9.
This fact suggests that mediocre parents do not mean
to lose the ability to generate outstanding offspring.

It is reasonable to speculate that the eight substitu-
tions in D7 mutant protein, or at least some of them,
may be close to the NADPH-binding site if they actually
influence the fluorescence intensity of D7-NADPH
complex. The prerequisite for knowing the locations of
these amino acid substitutions is based on the knowl-
edge of the structure feature of BfgV. As described in

our previous report, BfgV belongs to the SDR super-
family [9,10]. Most members of this superfamily have
highly similar 3D structures in the two-thirds parts of
their polypeptide chains from N-terminal, in spite of
very limited residue identities (about 15-30%) between
them [27]. Jornvall et al. [27] had made a admirable
demonstration. He superimposed the 3D structures of
30/20B-hydroxysteroid dehydrogenase [30] on that of
dihydropteridine reductase [31] and showed their struc-
tures are very similar although these two proteins shared
only 15% residue identity. Thus, modeling a SDR pro-
tein through a well-established 3D structure of another
member of this family is practicable [32]. We therefore
constructed the partial 3D structure of NADPH-binding
BfgV on the base of m-BD, which is also a member of
the SDR superfamily. As comparing this modeled struc-
ture with those of other NADPH-binding proteins
[34,35], we confirmed the common motif Gly’XXX
Gly"*XGly" (for phospho-diester bond) [27] and con-
served amino acid residues such as Arg® (for 2’-phos-
phate) [33] and Lys'* (for nicotinamide) [27] were all
located at right positions. Therefore, this structure was
reliable. When the eight substitutions identified in D7
were assigned to the modeled structure, three substitu-
tions, V83M, G176S, and E179K, were found around
the NADPH-binding site (Fig. 5). V83M substitution
is close to the adenine ring of NADPH, while G176S
is just beside the nicotinamide ring by which NADPH
fluoresces. G176S substitution was the aforementioned
critical substitution in A48 mutant and was propagated
into its outstanding offspring. The effect of E179K did
not seem to act directly on NADPH because the side
chain of Lys is far away from NADPH molecule. An
interesting thing was that these three substitutions were
distributed on loop 4 (between B-strand 4 and a-helix 4)
and loop 6 (between B-strand 6 and a-helix 6), whereas
no mutation was found on loop 5. This seemed
reasonable because loop 5 looked far away from the
NADPH-binding site in the modeled 3D structure
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(Fig. 5). Therefore, loop 4 and loop 6 in BfgV molecule
should be the essential regions that influenced the fluo-
rescent intensity of BfgV-NADPH complex. Besides,
V76A and L771 on B-strand 4 were located just on the
upstream region of loop 4 (Fig. 5). These two substitu-
tions probably tuned the position of the downstream
loop 4 through changing the side chain interactions in
the B-sheet core and indirectly influenced some key res-
idues of loop 4 to interact with NADPH. As to the
E40K, a charge reverse might interrupt the ionic interac-
tion between residue E40 and R20, and subsequently
influenced an important NAD(P)H-binding motif,
Gly’XXXGly'*XGly'®, which was just under the a-helix
1 (Fig. 5) [27]. According to the reports about
NAD(P)H-binding fluorescent proteins [6,8,11], the
emission wavelength shift and even the increase of fluo-
rescent intensity result from the conformational change
of bound NAD(P)H [11]. We think the results of this
study responded well to this theory and also proved
our previous viewpoint that modification of the peptide
skeleton of BfgV might increase the fluorescent intensity
of BfgV-NADPH complex.

The fluorescence of BfgV and its mutants comes from
NADPH binding. This molecule is a common cofactor in
most living organisms whether they are aerobic or anaer-
obic. The ‘“‘synchronic” property of D7 suggests that
NADPH binds to this protein as soon as it is synthesized
in cells. GFP and its derived mutants all require oxygen
to form a special fluorophore for fluorescing [1,2,36]. The
oxygen-dependent fluorophore formation obstructs the
application of GFP under obligate anaerobic condition
[37]. Many efforts have been made to refine the GFP.
However, there seems to be little effort aiming at the
improvement of cofactor-binding fluorescent proteins.
Here, we demonstrated the possibility of increasing the
fluorescent strength of NADPH-binding BfgV through
directed evolution, and constructed a promising mutant
D7 which possessed fluorescence intensity four times lar-
ger than BfgV. Moreover, D7 has two important proper-
ties that make this protein become a reporter candidate:
first, the synchronicity of protein synthesis and fluores-
cent appearance in vivo makes D7 an “on time” reporter;
second, this protein can theoretically fluoresce in both
aerobic and anaerobic living cells only if they produce
NADPH. In this study, we also identified the essential re-
gions that influenced the fluorescence intensity of BfgV.
This information may also be applied to other
NAD(P)H-binding proteins to construct another kind
of useful fluorescent protein.
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