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(Background: iLOV is a fluorescent flavoprotein engineered from the plant blue light receptor phototropin.
Results: Structures reveal altered protein-chromophore interactions within the flavin-binding cavity of iLOV when compared
with its progenitors. Directed evolution further anchored the chromophore to increase iLOV photostability by an order of

Conclusion: Improving iLOV photostability by constraining its fluorophore establishes a framework for fine-tuning

Significance: Enhanced photostability increases iLOV utility as an oxygen-independent fluorescent reporter.
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Fluorescent proteins derived from light, oxygen, or voltage
(LOV) domains offer advantages over green fluorescent protein
(GFP) from their small size and efficacy under anaerobic condi-
tions. The flavoprotein improved LOV (iLOV) was engineered
from the blue light receptor phototropin as a reporter of viral
infection. To inform the molecular basis for the improved, pho-
toreversible, fluorescent properties of iLOV, we employed
directed evolution and determined five LOV crystallographic
structures. Comparative structural analyses between iLOV and
its progenitors reveal mutation-induced constraints in the envi-
ronment of the flavin mononucleotide (FMN) chromophore; in
iLOV, the methyl group of Thr-394 “crowds” the FMN isoallox-
azine ring, Leu-470 triggers side chain “flipping” of Leu-472,
and the terminal FMN phosphate shows increased anchoring.
We further engineered iLOV variants that are readily detectable
in bacterial and mammalian cells due to order-of-magnitude
photostability increases. Structure determination of a resulting
representative photostable iLOV (phiLOV) variant reveals addi-
tional constraints on the chromophore. Aromatic residues Tyr-
401 and Phe-485 in phiLOV sandwich the FMN isoalloxazine
ring from both sides, whereas Ser-390 anchors the side chain of
FMN-interacting Gln-489 Our combined structural and muta-
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tional results reveal that constraining the FMN fluorophore
yields improved photochemical properties for iLOV and its new
photostable derivative. These findings provide a framework for
structural fine-tuning of LOV scaffold proteins to maximize
their potential as oxygen-independent fluorescent reporters.

Fluorescent proteins (FPs)* have revolutionized the imaging
of dynamic processes within living cells (1). Despite their wide
range of applications, however, green fluorescent protein (GFP)
and its derivatives have three key limitations. First, their use is
restricted to aerobic systems as chromophore formation is oxy-
gen-dependent (2). Second, for certain applications, the rela-
tively large size (~25 kDa) of GFP is limiting (3). Generation of
smaller GFP derivatives is unlikely as the 11-stranded 3-barrel
structure of the protein is intrinsic to its function (2). Third,
GFP fluorescence is unstable at pH < 5, prompting the devel-
opment of pH-resistant variants (1). As a result of these factors,
there is considerable interest in developing alternative protein-
based fluorescent probes.

LOV (light, oxygen, or voltage) domains derived from plant
and bacterial blue light receptors exhibit considerable potential
as green fluorescent probes with advantages over the current
GFP technology (3—5). LOV domains form a subset of the ver-
satile Per-ARNT-Sim (PAS) superfamily (6, 7) characterized by
the prototypic photoactive yellow protein (PYP) structure,
which has yielded key information on photocycle intermediates
(8) and conformational changes (9). LOV domains typically
bind FMN noncovalently as a UV-A/blue light-absorbing chro-
mophore (10). Upon photoexcitation, LOV domains undergo a

“The abbreviations used are: FP, fluorescent protein; LOV, light, oxygen, or
voltage domains; iLOV, improved LOV; phiLOV, photostable iLOV; PAS,
Period (Per)-Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT)-Sin-
gle-minded (Sim); PYP, photoactive yellow protein; W, watt; miniSOG, mini
singlet oxygen generator.
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reversible photocycle involving the formation of a covalent
bond between the FMN chromophore and a conserved cysteine
residue within the protein (11) reminiscent of the cysteine con-
nection in PYP (12). This light-induced covalent flavin adduct
thermally decays to the dark state within tens to thousands of
seconds depending on the specific LOV domain environment
(13).

The FMN chromophore provides the LOV domain with a
weak intrinsic green fluorescence when excited with UV-A/
blue light (14, 15). Mutagenesis of the active-site cysteine resi-
due abolishes LOV domain photochemistry and increases its
fluorescence (11, 16), making photochemically inactivated
LOV domains useful as in vivo reporters. For example, because
of their small size (~11 kDa), LOV-based FPs outperform GFP
as reporters for monitoring local and systemic infections of
plant RNA viruses and confer improved functionality when
fused to viral proteins essential for movement (3). Furthermore,
the dependence on a cellular cofactor for fluorescence does not
limit the use of the LOV domain in subcellular targeting in plant
or mammalian cells (3, 5).

LOV-based FPs offer other favorable attributes besides their
smaller size. LOV-mediated fluorescence is stable over a wide
pH range in vitro (16) and may circumvent the pH sensitivity
commonly associated with GFP-related FPs (2). Similarly, LOV
fluorescence, unlike that of GFP, is independent of molecular
oxygen (4, 5). This property is particularly advantageous for
studies of biological processes that operate under anaerobic
conditions. Consequently, LOV-based FPs hold promise over
GFP and related protein scaffolds as real-time reporters for
probing cell biomass and product formation in micro and
macro bioreactors (17, 18). More recently, a LOV-based FP that
efficiently generates singlet oxygen upon blue light illumination
has been reported that can facilitate correlative light and elec-
tron microscopy of intact tissues (5).

Photochemically inactivated LOV domains are inherently
fluorescent, but additional mutagenesis was necessary to gen-
erate variants with improved fluorescence and photostability
(3, 5). One such variant, designated iLOV, contains multiple
amino acid changes as a consequence of molecular evolution
(3). Structural analysis of this variant is therefore important to
understand the impact of these substitutions on protein-chro-
mophore interactions that fine-tune fluorescence.

Here, we uncover a molecular framework underlying the
enhanced fluorescent properties of the iLOV reporter by com-
parative structural analysis. Moreover, we demonstrate that
further fine-tuning of the iLOV scaffold can be achieved
through DNA shuffling to yield variants with increased photo-
stability. Together, these results enhance our understanding of
protein-chromophore interactions within the LOV scaffold
and how these can be altered to control its fluorescence in pre-
determined ways.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—LOV domain con-
structs based on the sequence of the LOV2 domain of Arabi-
dopsis thaliana phototropin 2 (National Center for Biotechnol-
ogy Information (NCBI) Accession NP_851211.1; amino acids
387-496) were expressed in Escherichia coli and purified as
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fusions to glutathione S-transferase (GST) using pGEX-6P-1 or
pGEX-4T-1 (GE Healthcare). Amino acid substitutions were
introduced using the QuikChange site-directed mutagenesis
kit (Agilent) and verified by DNA sequencing. Transformed
E. coli were grown at 37 °C; protein expression was induced by
the addition of isopropyl B-p-1-thiogalactopyranoside to 0.4
mM at Agy, 0.6 —0.8. After overnight incubation at 24 °C, cells
were harvested by centrifugation for 15 min at 5,000 X g, and
the pellet was resuspended in solution containing 50 mm Tris-
HCI, pH 8.0. Cells were sonicated on ice five times for 1 min
with regular resting intervals. The clarified lysate obtained after
centrifugation at 12,000 X g for 1 h was applied to a GST resin
column and washed with 5 bed volumes of solution containing
50 mMm Tris-HCl, pH 8.0. Bound protein was eluted with
reduced glutathione in 50 mm Tris-HCI (pH 8.0) and 250 mm
NaCl. Selected fractions were pooled and treated with PreScis-
sion (GE Healthcare) or thrombin (Sigma) protease overnight
at 4 °C. After cleavage, the protein was dialyzed against 50 mm
Tris-HCl, pH 8.0, and 50 mm NaCl, and the cleaved GST tag was
removed using the GST purification resin column. The protein
was further purified by gel filtration on Sephacryl S-100 (GE
Healthcare), eluted with a solution of 50 mm Tris-HCI, pH 8.0,
and 50 mMm NaCl, and concentrated to 20 mg/ml.

Protein Crystallography—Crystals were obtained by hanging
drop vapor diffusion against a reservoir solution at 20 °C. Drops
contained 1 ul each of the concentrated protein and the reser-
voir solution: 37.5% methoxypolyethylene glycol 2000, 0.2 m
imidazole malate, pH 4.8, for wild-type LOV2, C426A, and
iLOV (form I), 25% PEG 3350, 5% PEG 400, 0.1 M sodium ace-
tate, pH 5.5, for iLOV (form II), and 25% methoxypolyethylene
glycol 2000, 0.2 M imidazole malate, pH 8.6, for phiLOV2.1.
Crystals were flash-cooled in liquid nitrogen before data collec-
tion. X-ray diffraction data were collected at the SIBYLS beam-
line 12.3.1 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory, Berkeley, CA or at the Stanford
Synchrotron Research Laboratory (SSRL) beamline 11-1 and
processed with HKL2000 (19). The structure of iLOV crystal
form I was determined by molecular replacement, using Pro-
tein Data Bank (PDB) 2V1A as a search model. Phaser (20) gave
a clear solution with a log likelihood gain of 2,385, whereas the
runner-up was 959. This structure was used to determine
phases for the remaining structures. Models were fitted manu-
ally with COOT (21) and refined with Phenix (22) for phiLOV
and Refmac (23) for the others. Diffraction data collection and
refinement statistics are summarized in supplemental Table S1.

Mutagenesis and Screening—Mutagenesis and DNA shuf-
fling were performed as described previously (3). Ligation reac-
tions were transformed into electrocompetent BL21(DE3)
E. coli (Novagen), plated on LB-agar containing 100 pg/ml
ampicillin (Sigma) and 100 uMm isopropyl B-p-1-thiogalactopy-
ranoside (Roche Applied Science), and incubated in darkness at
30 °C for 24 h, as described (24). LOV-associated fluorescence
was visualized with a Blak-Ray lamp (UVP, LLC). Colonies were
photobleached using a bluephase 16i dental curing light (Ivo-
clar Vivadent) for 5-10 s (A ., 443 nm, half-bandwidth 10 nm;
0.16 W/cm?).

Spectroscopic Analysis—Fluorescence emission spectra were
recorded using a FluoroMax-3 spectrofluorometer (Horiba Sci-
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entific). For quantitative in vivo fluorescence measurements,
overnight cultures of E. coli were diluted 10-fold in 50 mm Tris-
HCl, pH 7.0, and the A4, was recorded. Fluorescence measure-
ments were determined and normalized based on the Agq.
Photobleaching was analyzed by irradiating with a bluephase
16i dental curing light (Ivoclar Vivadent) for 5 s (A, 443 nm,
half-bandwidth 10 nm; 0.06 W/cm?) or 10's (0.16 W/cm?).

Cell Culture, Transfection, and Fluorescence Microscopy—
iLOV and phiLOV2.1 codon usage was optimized for mamma-
lian cell expression by de novo gene synthesis (GenScript) and
cloned into pEGFP-N1 (Clontech) via Sall and NotlI to replace
the GFP encoding sequence. BSC1 monkey kidney cells were
grown under 5% CO, at 37 °C in Dulbecco’s modified Eagle’s
medium supplemented with 20 mm HEPES, pH 7.0, 10 mg/ml
streptomycin, 66 ug/ml penicillin, and 10% (v/v) fetal calf
serum (FCS, HyClone). Cells were transfected with iLOV or
phiLOV2.1 DNA using Lipofectamine 2000 (Invitrogen),
according to manufacturer’s instructions. Cells were tryp-
sinized 24 h after transfection and seeded onto cover slides at a
density of 8,500 cells/cm®. The next day, cells were imaged at
room temperature in a home-made imaging chamber consist-
ing of a coverslip mounted on a slide with two strips of double-
sided tape as spacer before sealing the chamber with VALAP
(1:1:1 of Vaseline, lanolin, and paraffin). Samples were imaged
onan inverted fluorescence microscope (Olympus model IX71)
using a Plan Apo N 60X (NA 1.42) objective, equipped with a
Hamamatsu Photonics ORCA-ER camera (model C4742-80-
12AG) and motorized excitation and emission filter wheels
(Sutter Instrument Co., Chroma filters: excitation 403 = 12 nm,
emission 528 = 38 nm). The open source microscopy software
Micro-Manager (25) was used to control image acquisition.
Fixed exposure times (500 ms) were used, and images were
acquired at a frame rate of 1 s. For quantification, cells edges
were drawn manually in Image], and mean fluorescent intensi-
ties of the regions of interest were determined. After back-
ground subtraction, intensity values were normalized to initial
values in frame 1.

RESULTS

Overall Structural Comparisons of iLOV with Its Progenitors—
iLOV was engineered from the LOV2 domain of A. thaliana
phototropin 2, for which structural information is lacking. To
better understand the structural basis for iLOV fluorescence,
we determined and compared x-ray crystallographic structures
of iLOV with its wild-type progenitor (residues 387—496 of
Arabidopsis phototropin 2 (WT)) and its photochemically inac-
tivated C426A variant, from which iLOV was derived (3). To aid
comparisons, we obtained isomorphous crystals belonging to
space group P4,;2,2 for all three proteins under identical con-
ditions, with one molecule per asymmetric unit (supplemental
Table S1). Structures were determined and refined to 1.8 A
resolution for iLOV and 1.7 A resolution for WT and C426A.
All exhibit the LOV/PAS fold comprising five antiparallel
B-strands (AB, BB, GB, HB, and IB) framed by four a-helices
(Ca, Dav, Ev, and Fa) (Fig. 1A). The edge of the FMN isoallox-
azine ring rests on the HB- and IB-strands, whereas the ring
itself is sandwiched between the Ea- and Fa-helices (Fig. 14).
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FIGURE 1. Overall structures for wild-type Arabidopsis phototropin 2
LOV2 (WT), its C426A derivative, and iLOV. A, WT structure presented as
ribbons (B-strands and a-helices are labeled). Residues mutated in iLOV are
shown as gray spheres. FMN is presented as a yellow ball-and-stick model with
red oxygen and blue nitrogen atoms. B, superposition of WT (blue), C426A
(orange), and iLOV (green) structures. The carbon « trace reveals that the loop
region between ABand BB (1), the B-hairpin between HB and I3 (2), as well as
the Ca and Da-helices (3) are shifted in iLOV.

The overall structure of iLOV exhibits noticeable differences
from those of WT and C426A, particularly within the flexible
loop extension (residues 476 —483) between Hf and 1B (Fig.
1B).iLOV contains the following substitutions, relative to WT:
C426A; S409G; F470L; S394T; 1452T; and M475V (3). The
M475V substitution in iLOV is located at the edge of the flexi-
ble HB/1B loop extension (Fig. 1B) and likely contributes to the
observed structural difference in this region. The S409G and
1452T mutations in iLOV also appear to introduce subtle struc-
tural changes associated respectively with Ca and Da and with
Gp and preceding Fa of the LOV scaffold (Fig. 1B).

Mapping crystallographic temperature factors (B values)
onto protein structures has proven useful for observing differ-
ences in mobility with functional implications (26). When B
values were mapped onto the WT structure (Fig. 24), we found
that core flexible regions (Ca, Da, and the adjacent B-hairpin)
matched regions of the archetypal LOV/PAS domain protein
PYP that showed increased flexibility during light-induced
signaling, as measured by enhanced hydrogen/deuterium
exchange mass spectrometry (9). B value mapping on the iLOV
structure (Fig. 2B) showed a similar pattern, but suggested
more order in the vicinity of the chromophore and less overall
flexibility.

The iLOV structure is more compact than its progenitors
(supplemental Table S2), consistent with enhanced rigidity.
The reduced molecular volume of iLOV does not appear to
result from crystal packing as the same property was observed
for different nonisomorphous crystals (form II; 1.2 A) (supple-
mental Tables S1 and S2). Thus, both iLOV crystal forms pro-
vide evidence for compaction relative to its progenitors. The
presence of two molecules per asymmetric unit in form II crys-
tals (supplemental Table S1) suggests that iLOV has the pro-
pensity to dimerize. However, iLOV was found to be mono-
meric by size exclusion chromatography (supplemental Fig.
S1).

iLOV Exhibits Altered Protein-Chromophore Interactions—
Given the overall changes evidenced in both iLOV structures,
we paid particular interest to structural differences that
impacted protein backbone and/or side chain interactions with
the FMN chromophore. Introduction of the C426A mutation
does not appear to alter the backbone position of Ea (Fig. 1B).
iLOV contains two additional changes within the vicinity of the
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o)Al blue < green <
20 35

FIGURE 2. Crystallographic temperature factors (B values) mapped onto
the structures of Arabidopsis phototropin 2 LOV2 (WT) (A) and iLOV (B)
suggest differences in relative flexibility, both within and between these
structures. Many factors can influence B values, including crystal size, x-ray
exposure time, radiation dose, and crystal mosaicity, which can vary with
cryo-protection protocols, yet the overall pattern of B values appears consist-
ent with the increased packing interactions in the flavin-binding cavity, sup-
porting decreased flexibility in iLOV relative to WT (also see supplemental Fig.
S6).
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FMN isoalloxazine ring: S394T and F470L. Ser-394 faces away
from the isoalloxazine ring (Fig. 3, A and B) and hydrogen-
bonds with Asn-401 in the structures of WT and C426A. In
iLOV, the methyl group of Thr-394 “crowds” this region adja-
cent to the isoalloxazine ring, thereby restricting the mobility of
the FMN (Fig. 3C). The F470L mutation, located on the oppo-
site side of the isoalloxazine ring, imparts further steric restric-
tions on the FMN (Fig. 3C). Notably, Leu-472 (which is not
mutated in iLOV) becomes reoriented or “flipped” toward the
isoalloxazine ring to accommodate contacts with the FMN and
Leu-470 (Fig. 3C).

Mutations in Leu-472 were introduced to further probe its
contribution to iLOV fluorescence. Substitution to smaller
valine reduced iLOV fluorescence in liquid cultures of E. coli to
a level comparable with C426A, whereas mutation to size-e-
quivalent isoleucine was without effect (Fig. 4A). Neither
replacement enhanced the photostability of iLOV over C426A
when irradiated with medium intensity blue light (0.06 W/cm?;
Fig. 4B), indicating that side chain rotation of Leu-472 contrib-
utes to the improved fluorescence of iLOV over C426A, but has
little impact on photostability.

Superposition of WT, C426A, and iLOV structures revealed
that the terminal phosphate and ribityl side chain of the FMN
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chromophore are shifted in iLOV away from the flanking
Fa-helix (Fig. 5A). The terminal phosphate of the FMN is typ-
ically anchored in LOV domains by conserved salt bridges. In
WT, Arg-427 at the Ea-helix links Asp-400 in the AB/B loop
to the FMN phosphate, which is tethered at the other side by
Arg-443 of the Fa-helix (Fig. 5B). Shifting of the FMN phos-
phate and ribityl tail in iLOV is coupled to side chain move-
ments of Arg-443 and Glu-440 in the Fa-helix that restrict the
phosphoribityl tail of the FMN (Fig. 5C). Together, these
changes tend to rigidify or reduce the dynamics of the
chromophore.

Enhancements in iLOV Photostability—Besides being
10-fold brighter than WT, iLOV also exhibits greater photo-
stability (3). With this in mind, we wished to test directed
evolution strategies to further fine-tune iLOV for photosta-
bility enhancements.

An in vivo screening method was developed in E. coli to assay
for improvements in iLOV photostability. When iLOV is
expressed in liquid culture, its fluorescence can be photo-
bleached (Fig. 54) by using a high intensity blue light source
(0.16 W/cm?). Consistent with our previous findings in tobacco
epidermal cells (3), iLOV fluorescence in E. coli is fully recov-
erable following photobleaching (Fig. 6A), with a half-maximal
recovery time of 75 s (Fig. 6B). Reversible photobleaching of
iLOV was also detected in E. coli colonies grown on agar
medium (Fig. 6C), providing a medium throughput means to
screen for variants with resistance to photobleaching.

Random mutagenesis was employed to generate a library of
iLOV-encoding sequences that were screened for photostabil-
ity improvements. Fourteen variants from the first round of
screening were selected and subjected to further analysis. Com-
parative in vivo photobleaching measurements in liquid cul-
tures confirmed that all variants selected showed improved
photostability when compared with iLOV (Fig. 6D). These vari-
ants were designated phiLOV1 (for photostable iLOV, round
1).

phiLOV1.3 and phiLOV1.6 displayed notable blue shifts of
~10 nm in their fluorescence emission when compared with
iLOV (supplemental Fig. S2). Sequence analysis of phiLOV1
variants (supplemental Fig. S3) revealed several amino acid
changes that occurred at high frequency (supplemental Table
S3). These included mutations in Asn-425 and Glu-430, which
hydrogen-bond with the ribityl side of the FMN chromophore.
Point mutations of these residues were introduced into iLOV to
determine their individual impacts on photostability. Both
N425S and Q430R mutations improved iLOV photostability in
vivo (supplemental Fig. S4A4). However, when these mutations
were combined, a severe reduction in fluorescence was
observed (supplemental Fig. S4B) as a consequence of reduced
flavin binding (supplemental Fig. S4C). PhiLOV1 variants
showing >4-fold photostability enhancements (Fig. 6D) were
therefore selected as templates for a second round of mutagen-
esis and DNA shuffling in an attempt to further enhance
photostability.

Isolation of iLOV Variants with 10-Fold Enhancements in
Photostability—Screening after a second round of mutagenesis
on pooled phiLOV1 variants 1.1, 1.3, 1.6, 1.9, 1.12, 1.13, and
1.18 (Fig. 6D) produced further photostability enhancements.
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FIGURE 3. FMN-binding cavities of wild-type Arabidopsis phototropin 2 LOV2 (WT) (A) its C426A derivative (B) and iLOV (C). Main chains are shown as
ribbons. FMN is presented as a yellow ball-and-stick model with red oxygen and blue nitrogen atoms. Relevant side chains are indicated in gray as ball-and-stick
models. Residues mutated in C426A and iLOV are labeled red. Critical distances between the FMN chromophore and specific residues are highlighted with
dashed magenta lines. The S394T mutation in iLOV results in “crowding” of the chromophore environment at this region, whereas the side chain of Leu-472

undergoes “flipping” as a consequence of the F470L mutation.
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FIGURE 4. Impact of Leu-472 on iLOV fluorescence. A, in vivo fluorescence of E. coliliquid cultures expressing C426A, iLOV, or iLOV harboring L472V or L472L
mutations. B, fluorescence photobleaching of iLOV and respective mutants expressed in E. coliliquid culture. Fluorescence emission intensities were recorded
at 495 nm upon excitation with blue light (450 nm). Values represent the mean = S.D. (n = 3). Protein expression levels are shown in A.

These variants, designated phiLOV2, showed ~10-fold en-
hancements in photostability when compared with iLOV in
liquid culture (Fig. 7A). The improved photostable properties
were also clearly visible in E. coli grown on solid agar medium
(Fig. 7B).

Sequence analysis of phiLOV2 variants revealed multiple
substitutions throughout the domain (supplemental Fig. S5).
These mutations, however, had little impact on the level of in
vivo fluorescence of phiLOV2 variants when compared with
iLOV (Fig. 7C). Subtle differences were seen in the fluorescence
emission spectra for particular variants (phiLOV2.1; 2.9), sug-
gesting alterations within their chromophore-binding environ-
ment (Fig. 7D).

phiLOV2.1 was selected for codon optimization to deter-
mine whether its improved photostability could be detected in
mammalian cells. Although the transfection efficiency for phi-
LOV2.1 was slightly reduced when compared with that for
iLOV, both proteins exhibited robust fluorescence in BSC1
monkey kidney cells (Fig. 7E). However, iLOV fluorescence
decreased rapidly after repeated exposures, reaching a steady-
state level close to background. In contrast, phiLOV2.1 showed
a greater resistance to photobleaching (Fig. 7F), demonstrating
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that its photostable properties were extendable to mammalian
cells.

Structural Characterization of phiLOV2.1—Confirmation of
its enhanced photostability in mammalian cells prompted us to
determine the structure of phiLOV2.1. Consistent with provid-
ing optimal structural comparisons between iLOV and its pro-
genitors, we prepared crystals of phiLOV2.1 belonging to space
group P4,2,2 and then solved and refined its structure to 1.4 A
resolution (supplemental Table S1).

phiLOV2.1 contains six mutations when compared with
iLOV (supplemental Fig. S5; N390S, N401Y L422M, Q468R,
E471G, and D491V). Nonetheless, the overall structure of the
LOV/PAS fold is maintained in phiLOV2.1, as are FMN binding
features found in iLOV, including side chain rotation of Leu-
472 (Fig. 8A).

The crowding effect in iLOV as a consequence of the S394T
mutation (Fig. 3C) is similarly preserved in phiLOV2.1 despite
the N401Y mutation (Fig. 84). Introduction of a tyrosine ring at
position 401 (Fig. 84) causes the side chain of Phe-485 to move
closer and more parallel to the ring of Pro-474 (Fig. 8B). As a
result, the aromatic side chains of Tyr-401 and Phe-485 in phi-
LOV2.1 cap the hydrophobic end of the FMN isoalloxazine ring
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FIGURE 5. FMN movement in iLOV when compared with wild-type Ara-
bidopsis phototropin 2 LOV2 (WT) and its C426A derivative. Relevant
side chains are indicated in gray as ball-and-stick models. Critical distances
between residues and the FMN chromophore are highlighted with dashed
red lines. A, superposition of the FMN of iLOV (green), WT (pale blue), and
C426A (orange) reveals that the isoalloxazine ring is tilted and undergoes
some “rotation” when compared with that of WT and C426A. In addition,
the phosphoribityl tail of iLOV appears to “swing” and is shifted within the
LOV scaffold. B and C, when compared with WT (B), the terminal phos-
phate of the FMN in iLOV (C) is tightly packed by two salt bridges that
comprise two highly conserved arginine residues, Arg-427 and Arg-443,
respectively.
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and further sequester it from solvent. In addition Val-392, Ile-
446, Leu-472, and the methyl group of Thr-394 provide an
enriched hydrophobic environment surrounding the isoalloxa-
zine ring. The fluorophore is more constrained in phiLOV2.1
and iLOV than in their progenitors, consistent with decreased
B values suggesting enhanced rigidity (supplemental Fig. S6). In
contrast to iLOV, positions of Arg-397 and Asp-477 are altered
to gain a hydrogen bond that bridges the edge of the FMN-
binding cleft (Fig. 8B).

All phiLOV?2 variants contain the N390S mutation near the
N terminus of the domain (supplemental Fig. S5). In phi-
LOV2.1, the side chain of S390 introduces a hydrogen bond
with neighboring GIn-489 (Fig. 8C), which anchors the FMN at
the O4 position in iLOV and its predecessors (Fig. 3). Conse-
quently, interactions between GIn-489 and the FMN chro-
mophore are altered in phiLOV2.1 by impacting the chemi-
cal environment surrounding the hydrophilic side of FMN
isoalloxazine ring.

DISCUSSION

FPs based on flavin-binding LOV domains represent attrac-
tive candidates as fluorescent reporters because of their small
size and innate ability to acquire their ubiquitous organic cofac-
tor from the cellular environment. Indeed, their utility as fluo-
rescent biomarkers has already been demonstrated (3-5).
Hence, characterization of these flavin-based FPs at the bio-
physical and structural level to better understand their fluores-
cent properties is invaluable for extending their utility. The
comparative structural and mutational analyses presented here
provide a molecular basis for the improved photochemical
properties of iLOV and its new photostable derivative phiLOV.

Thr-394 and Leu-470 directly pack against the chromophore
(Fig. 3C). Leu-472 contributes to iLOV fluorescence (Fig. 4A4)
and flips its side chain to pack more closely with the FMN chro-
mophore and Leu-470 (Fig. 3C). Repositioning of a conserved
salt bridge between Arg-443 and the FMN phosphate also
increases interactions between the protein scaffold and the
FMN ribityl side chain (Fig. 5). We therefore propose that these
added restrictions limit the dynamics of the FMN chro-
mophore in iLOV and phiLOV and thus its ability to dissipate
energy arising from light excitation.

Ser-394 (Thr-394 in iLOV) is conserved in the LOV1 and
LOV2 domains of plant phototropins (27). In contrast to the
predominant light-sensing role of LOV2 (28), LOV1 shows
minimal structural alterations upon photoexcitation (29, 30)
and is proposed to mediate receptor dimerization (31, 32). In
our structures, Ser-394 forms a hydrogen bond with Asn-401,
directing the Ser hydroxyl away from the FMN ring. In the
crystal structure of Arabidopsis phototropin 2 LOV1 (31), the
corresponding serine (Ser-138) cannot form this hydrogen
bond because the asparagine partner is replaced by cysteine
(Cys-145) (supplemental Fig. S7). Instead, the serine hydroxyl is
oriented toward the isoalloxazine ring, potentially forming
tighter contacts with the FMN chromophore (supplemental
Fig. S7). Within this region, Thr-394 in iLOV and phiLOV
appears to incorporate the structural properties of both LOV1
and LOV2 by forming contacts with the isoalloxazine ring while
maintaining a hydrogen bond with Asn-401 (Fig. 3C).
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FIGURE 6. Photobleaching of iLOV and screening for improved photostability. A, fluorescence emission spectra of iLOV in liquid cultures of E. coli before
photobleaching, after bleaching, and after recovery after 5 min. Spectra were recorded by using an excitation wavelength of 450 nm. B, recovery kinetics for
iLOV fluorescence in E. coli after photobleaching. Recovery fits to a first exponential and indicates a half-maximal recovery time of 75 s. C, iLOV fluorescence in
E. coli colonies before photobleaching, after bleaching (dashed area), and after recovery after 5 min. D, fluorescence photobleaching of iLOV mutants isolated
after one round of mutagenesis and screening for improved photostability. The dashed line represents the cut-off whereby mutant sequences exhibiting
greater than 4-fold improvements in photostability were used for a second round of mutagenesis. Fluorescence emission intensities were recorded at 495 nm
upon excitation with blue light (450 nm). Values represent the mean = S.D. (n = 3).

The protein environment on the opposite side of the
isoalloxazine ring in iLOV (Fig. 3C) also resembles that in
LOV1 (supplemental Fig. S7) because of the F470L mutation.
Acquisition of LOV1-like residues in iLOV is not unexpected as
both LOV1 and LOV2 sequences were included in the DNA
shuffling procedure (3). As a consequence of the F470L muta-
tion, light-induced structural changes in LOV2 are markedly
reduced and become minimal like those associated with LOV1
(33). In this regard, directed evolution appears to have targeted
regions of the LOV core that are important for LOV2 signal
transmission (30, 34), but are dispensable for fluorescent
reporter function.

Although iLOV exhibited reduced photobleaching in vivo
when compared with its predecessors (3), we showed that it
was still amenable to improvements by our photostability
selection method (Fig. 6). Consistent with previous studies,
photobleaching in vivo is reversible and likely correlates with
the formation of a nonfluorescent neutral semiquinone spe-
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cies (3). High light intensities induce the formation of a neu-
tral flavin semiquinone in LOV domains in which the pho-
toactive cysteine has been mutated (35, 36). Flavin
semiquinone formation has been proposed to involve intra-
protein electron transfer between a conserved tryptophan
residue within the LOV domain and the FMN chromophore
(35). However, mutation of the corresponding tryptophan
residue in iLOV (Trp-467) to arginine, a mutation identified
in phiLOV1.6 (supplemental Fig. S3), had no impact on flu-
orescence photobleaching in liquid cultures of E. coli (sup-
plemental Fig. S4A), indicating the presence of an alternative
electron donor pathway.

Under the conditions used in our analysis (~0.1-0.2
W/cm?), enhancements in FP photostability usually qualita-
tively predict improved performance under conditions typical
for laser scanning microscopy (37). Spectral shifts in fluores-
cence emission of up to 10 nm were detected during the selection
method for phiLOV1.3 and phiLOV1.6 (supplemental Fig. S2).
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repeated scanning was monitored as described under “Experimental Procedures.”

Both these variants contain the Q489L substitution (supple-
mental Fig. S3) shown previously to account for this spectral
property (30, 34). However, spectral shifting beyond this range
is unlikely as fluorescence emission of the protein is dictated by
the FMN chromophore.

Structural characterization of phiLOV2.1 revealed the
potential for further modifications within the LOV/PAS fold
that can positively impact the fluorescent properties of this
domain (Fig. 8). The structures presented here are relevant to
the newly engineered singlet oxygen generator known as mini-
SOG, which was also derived from the LOV2 domain of Arabi-
dopsis phototropin 2 (5). Four of the five mutation sites in mini-
SOG are virtually identical to the mutations present in iLOV

22302 JOURNAL OF BIOLOGICAL CHEMISTRY

Values represent the mean = S.E. (n = 2 foriLOV, n = 3 for phiLOV2.1).

(supplemental Fig. S8: S394T, S409G, C426G, and F470L in
miniSOG when compared with S394T, S409G, C426A, and
F470L in iLOV). The fifth mutation in miniSOG, N390S, is
present in all phiLOV2 variants (supplemental Fig. S5). The
N390S mutation, as well as the N401Y mutation found in phi-
LOV2.1, had a significant impact on iLOV photostability in vivo
(supplemental Fig. S4A4). Ser-390 tethers the neighboring
FMNr-interacting side chain of GIn-489, which in WT rotates
180° following photoexcitation to propagate structural changes
at the B-sheet surface important for signaling (30, 34, 38). In
phiLOV2.1 and miniSOG (5), Ser-390 restricts GIn-489, thus
providing additional, indirect anchoring and rigidifying of the
FMN chromophore.

VOLUME 287 +NUMBER 26+JUNE 22, 2012


http://www.jbc.org/cgi/content/full/M111.318881/DC1
http://www.jbc.org/cgi/content/full/M111.318881/DC1
http://www.jbc.org/cgi/content/full/M111.318881/DC1
http://www.jbc.org/cgi/content/full/M111.318881/DC1
http://www.jbc.org/cgi/content/full/M111.318881/DC1

P474 %

Structural Tuning for Improved Photostability of LOV

28 o

‘gain of
nteraction’

C: FMN '

‘switching | 5 <
interaction’” @\ - o

K389 53 ' \
; Q489 ‘

’30 N390S

FIGURE 8. Structural evolution of phiLOV2.1. Superposition of the FMN-binding cavity of iLOV (green) and phiLOV2.1 (pale blue) is shown. FMN is presented
as a yellow ball-and-stick model for iLOV and orange for phiLOV2.1. Relevant side chains are indicated as ball-and-stick models. A, phiLOV2.1 maintains iLOV-like
FMN binding properties including the flipping of Leu-472 and crowding of the immediate FMN environment by Thr-394. B, the N401Y substitution in phiLOV2.1
(labeled red) influences the chromophore binding environment at the hydrophobic side of the FMN isoalloxazine ring. Arg-397 in phiLOV2.1 is oriented to
bridge the edge of the FMN-binding cleft by “gaining interaction” and hydrogen-bonding with Asp-477. C, the N390S mutation in phiLOV2.1 (labeled red)
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Further optimization of the selection method used here and
for other FPs (37) could yield additional improvements in pho-
tostability. In this regard, our work highlights a structural
framework and new amino acid targets suitable for saturation
mutagenesis. Notably, LOV domains are widespread through-
out nature and are found in organisms adapted to a diverse
range of habitats (39). These represent as yet untapped sources
of sequence diversity that could be used to further enhance the
properties of genetically encoded LOV FPs for specific cell and
biological applications.
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