Yoot s A 4 b
" sy, % Progress in Biochemistry and Biophysics

ISSN 1000-3282,CN 11-2161/Q

é b 1 0
‘ BLUF TePixD Y8F 1 ¢ ( )
b - - T C
DOl 10.16476/j.pibb.2023.0095
0 * 2023-05-29
‘ i v ¢ " BLUF TePixD YS8F 1 . (
)J/OLT . b . https://doi.org/10.16476/j.pibb.2023.0095

0" b T° ot [ * A 3 EY
A b ToF ah e p A
e ) - p° " b ¥ aila A
ala a N ¥ p A 0 op & F
o] & e¥ I i ’ i = a ®
e b b "I uw' Dp "he a
¥ %o a W a " a a a y B A
u G 0 H W 0 " b k apb a p -
77 6 k A
¥ ' e LEéET e’ ® - E” - éeT
e “T% D Tt WD ep W Y ¥ <4
F Hled a a A weT e’ T ¥
%0 ¥ ~ ISSN 2096-4188 CN 11-6037/Z™ Y e



Published online  2023-05-29 19:51:33
URL https://kns.cnki.net/kems2/detail/11.2161.9.20230526.1541.001.html

http://www.pibb.ac.cn/cn/ch/common/create_pdf.aspx?file_no=20230095&flag=1

P' '} '] Progress in Biochemistry and Biophysics

Structure of the BLUF Protein TePixD Y8F Mutant’

HU Rui-XingY, ZHOU Ya-Lin?, LIN LinY, DING Bei?", LU Qing?™
(YBio-X Institutes, Key Laboratory for the Genetics of Developmental and Neuropsychiatric Disorders (Ministry of Education), Shanghai
Jiao Tong University, Shanghai 200230, China;
ACenter for Ultrafast Science and Technology, School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai

200240, China)

Abstract

Purpose: TePixD (TII0078) is a blue light-using flavin (BLUF) photoreceptor protein from
Thermosynechococcus elongatus BP-1. TePixD protein has a conserved Tyr8-GIn50-Met93 triad
around the FAD pocket to mediate the proton-coupled electron transfer (PCET) process. But the
detailed light response mechanism needs further study. We aimed to elucidate the structure and
biochemical properties of TePixD mutants at key light response sites to analyze the light response
process of TePixD.

Methods: We employed X-ray crystallography to resolve the crystal structure of the TePixD Y8F
mutant. The side chain of Tyr8 is involved in PCET while Phe8 in mutation loses the function due
to the loss of its hydroxyl group. We compared the structure of TePixD Y8F mutation to TePixD
wild type (WT) and its homology protein SyPixD Y8F. Using multi-angle light scattering (MALS),
we analyzed the oligomerization of multiple TePixD mutations (Y8F, Q50L, W91F, Y8F/W91F, and
Q50L/W91F), focusing specifically on mutational sites that are critical residues for the protein’s
photo response to dark and light conditions.

Results: We resolved the crystal structure of the TePixD Y8F mutant at a resolution of 2.54 A and
found that it shares a similar overall structure with the TePixD WT but exhibits significant
differences from the SyPixD Y8F structure. Biochemical analysis revealed differences in molecular
weight and elution profiles between the TePixD mutants and the WT under dark and light conditions,
indicating the perturbation on the light-induced conformational change by the mutants.
Conclusion: Our structure determination and biochemical analyses will add information to reveal
the light response mechanism of BLUF proteins.
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1 Introduction

Photoreceptor proteins contain several protein families that respond to specific light absorption
at limited wavelengths and intensities, then transduce the light signal downstream by conformational
transitions M. Following the identification of a new kind of photosensory domain in the protein
AppA (activation of photopigment and puc expression) in 19952, a family of photoreceptors termed
sensors of blue light using flavin (BLUF) was characterized ¥l BLUF domain is distributed in a
wide range of the proteobacteria and the cyanobacteria. Multiple members of BLUF family have
been identified through the use of Basic Local Alignment Search Tool (BLAST) searches in protein
and genome databases ™. BLUF is one of the four families of blue light photoreceptors, with Light
Oxygen \oltage (LOV), Cryptochrome (CRY), and photoactive yellow protein (PYP) 58, CRY,
LOV and BLUF all use flavins as chromophores, while their photocycles are various: in the
photolyase homology region (PHR) of CRY, stable flavin adenine dinucleotide (FAD) radical states
are generated; in LOV domain, flavin mononucleotide (FMN) forms a covalent bond with a
Cysteine residue; and in BLUF domain, the hydrogen bond network around FAD is rearranged 41,

The BLUF domain is a conserved protein structure approximately 100 residues long,
characterized by a Bafpapp fold, which revealed by several high-resolution X-ray crystallographic
and NMR data sets 2 131, BLUF domain proteins contain two categories: ‘Group ’ proteins (or
‘long’ proteins), containing multi-domains and appearing to be homodimers; ‘Group ’ proteins (or
‘short’ proteins), composed of a BLUF domain plus 30-70 additional residues. Among the
conserved residues, those near the FAD pocket are particularly important, with Tyr8, GIn50, and
Met93 being crucial for the light-driven PCET process 4 131, Although various models have been
proposed to explain the dynamic light-induced processes, the details need further studies. The
crystal structure represents a static snapshot, and the packing of crystal or molecular heterogeneity
in solution can be challenging to capture the dynamic light-response procedures accurately 1. To
reveal the dynamic mechanisms and chemical properties, computational molecular physics (CMP)
is blooming, comprehensive applying quantum mechanics (QM) and molecular mechanics (MM)
to describe molecular dynamics (MD) details and explain experimental data 1. However, the
accuracy and convergence of the calculated properties depend on the accuracy of the input structural
data [*8. In this case, experimental structural data remains crucial for providing the basis for
mechanism modeling and validating the computed models.

TePixD is a ‘short” BLUF protein derived from Thermosynechococcus elongatus BP-1,
consisting of 143 residues M. The crystal structure of TePixD was determined as a decamer
assembly, where five monomers array in a ring to form a pentamer, and two pentamers are positioned
face-to-face to form a decamer *2. In our study, we crystallized several mutations of TePixD, and
solved the high-resolution crystal structure of TePixD Y8F. The structure of a similar mutation, Y8F
in SyPixD (Synechocystis positive phototaxis factor, 43% sequence identity with TePixD) was
reported to be locked at a pseudo-light state 21, Through the comparison of the crystal structures of
TePixD Y8F with TePixD WT and SyPixD Y8F, along with biochemical characterization of TePixD
mutations under dark and light conditions, we were able to capture the light-induced conformational
change of BLUF domain involving Tyr8. Our research provides new insights into the molecular
dynamics of the light response of BLUF proteins.
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2 Methods

2.1 Constructs and Protein Expression

The coding sequence of TePixD (WP_011055933.1, residues 1-143) was PCR-amplified from
Thermosynechococcus elongatus PixD and cloned into the pET28a vector. Protein was expressed in
Escherichia coli BL21(DE3) cells. The TePixD constructs were transformed into Escherichia coli
BL21(DE3) cells and cultured in LB medium at 37 . IPTG (0.2 mmol/L) was added to induce
protein expression when ODggo Of the culture was 0.6, then cells were cultured at 16 ~ for 16 hours.
The His-tagged proteins were purified using a Ni®*-nitrilotriacetic acid agarose column and
subsequent size-exclusion chromatography. Proteins were shaken with 1 mg FMN/1 L cells for 1
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solved structure of the BLUF family *2. While the dynamic process of TePixD response to the blue
light has been extensively studied, with multiple proposed models in several papers 14 17:21:221 the
detailed electron transfer chain is still up in the air. We aligned the BLUF domains from various
BLUF proteins (Figure 1A). These BLUF domains have mutual secondary structures, and the
residues involved in electron transfer and flavin-binding (Tyr8, GIn50, Arg65, Trp91 and Met93)
are conserved. To gain further insight, we set out to characterize the involvement of these key
residues of BLUF proteins by biochemical analysis and structural determination with
crystallography.

Here we designed several mutations of TePixD at critical points of electron transport and aimed to
get the crystal structure of mutations. We expressed the mutated TePixD proteins (Y8F, Q50A, Q50L,
WO1F, Y8F/W91F and Q50L/W91F) in Escherichia coli BL21(DES3) strain and tagged them with a
His-tag, followed by purification using Ni-chelating affinity chromatography and size exclusion
chromatography (SEC). The crystal of mutations grew under dark conditions at 24  temperature.
After several rounds of optimization, we finally obtained ideal crystals of TePixD Y8F. We solved
the structure of TePixD Y8F at 2.54 A resolution through X-ray diffraction (Figure 1B, Table 1).

Table 1 Data collection and refinement statistics (PDB 1D: 8198)

Y8F*
Wavelength 0.91973 A
Resolution range 35.88 - 2.54 (2.631 - 2.54)
Space group P1211
Unit cell 82.273 162.042 135.873 90 92.598 90
Unique reflections 115153 (11345)
Multiplicity 6.2 (5.9)
Completeness (%0) 98.39 (97.61)
Mean I/sigma(l) 8.9 (2.6)
Wilson B-factor 48.81
R-merge 0.124 (0.617)
R-meas 0.150 (0.749)
R-pim 0.082 (0.420)
CC1/2 0.992 (0.788)
Reflections used in refinement 115095 (11343)
Reflections used for R-free 5750 (521)
R-work 0.2072 (0.2688)
R-free 0.2590 (0.3386)
Number of non-hydrogen atoms 23005
macromolecules 22385
ligands 620
solvent 0
Protein residues 2813
RMS (bonds) 0.011
RMS (angles) 1.29

Ramachandran favored (%) 97.37
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Ramachandran allowed (%0) 2.60
Ramachandran outliers (%) 0.04
Rotamer outliers (%) 3.24
15.31

Clashscore

Average B
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(D) Flavin pocket of TePixD Y8F. FMN is showed in stick diagram and colored in yellow. Key residues are showed by sticks, and hydrogen
bonds are marked by dotted lines. The FMN-omitted F,-F. map is contoured at 20. Residues K27, N31, N32, Q50, R65 and D69 form

hydrogen bonds with FMN.

3.2 Structural Comparison of TePixD WT and Y8F

After obtaining the high-resolution crystal structure of TePixD Y8F, we compared it with TePixD
WT (PDB ID: 1XO0P, resolution: 2.00 A) to identify any potential structural shifts (Figure 2A). The
structural comparison showed WT and Y8F have similar overall structures. Then we analyzed the
detailed structure of residues involved in the electron transfer network. Specifically, we focused on
the Tyr8-GIn50-Met93 triad in TePixD WT and the corresponding residues in Y8F (Figure 2B). In
comparison to WT, Y8F has no hydrogen bond between Phe8 and GIn50 due to Tyr to Phe mutation,
resulting in the partial flexibility of the acylamino of GIn50. The distances between GIn50 (N&/Og)
and Met93 (Sy) in individual Y8F chains indicate distance range from 3.3 to 4.5 A, which is longer
than the range of 3.1 to 3.5 A observed in TePixD WT. This increase in distance suggests that the
Tyr to Phe mutation impairs the hydrogen bond between GIn50 and Met93.

Next, we aligned the Trp91 residues in WT and Y8F, which is a potential key residue in signal
transduction (Figure 2B). Recent research has shown that both Trpi, and Meti, structures are stable
candidates for the dark-adapted state or light-induced state, but the dark-to-light differences are
more likely related to keto—enol tautomerization of GIn instead of Trpi, and Meti, differences [7). In
SyPixD and TePixD, Trp91 are only found in the ‘out’ conformation by X-ray crystallography,
spectrum and macroscopic phototactic response assay ?%1. According to structural alignment, Trp91
of TePixD Y8F is also on the ‘out’ conformation, although partly flexible, in accordance with
TePixD WT. We also analyzed Arg65 residues in Y8F (Figure 2C). In WT, Arg65 is in close
proximity to FMN and forms a hydrogen bond between Arg65 (N{) and FMN (Op). In most
monomers of a Y8F decamer, Arg65 are in hydrogen bond distance with FMN, except two Arg65
side chains in a decamer have longer distances with FMN (3.4 A and >7 A) unable to form hydrogen
bonds.
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Fig.2 Structural Comparison of TePixD WT, TePixD Y8F and SyPixD Y8F
(A) Overall comparison of TePixD WT (PDB ID: 1XO0P) (gray) and Y8F (cyan). The crystal structures of WT and Y8F have high similarity

(RMSD=0.402).

(B) Key residues (F8, Q50, M93 and W91) on each chain of Y8F (cyan) comparison. WT side chains show in gray. FMNs of Y8F are
showed in stick diagram and colored in yellow. The comparison shows that the side chains of Q50 in Y8F are partly flexible because of the
absence of the hydrogen bond between Y8 and Q50. The side chains of W91 in Y8F are on the ‘out’ site that has no hydrogen bond with
other molecules.

(C) Key residue (R65) on each chain of Y8F comparison shows that most of R65 side chains have hydrogen bond interaction with FMN,
but two R65 side chains in a decamer have longer distances with FMN that are hard for hydrogen bond generation (3.4 A and >7 A). FMNs
of Y8F are showed in stick diagram and colored in yellow.

(D) Overall comparison of SyPixD Y8F (PDB ID: 3MZI) (magenta) and TePixD Y8F (cyan). SyPixD Y8F forms a hexamer assembly,
different to the TePixD Y8F decamer (RMSD=2.333).

(E) Key residues (F8, Q50, M93 and W91) on each chain of SyPixD Y8F (magenta) and TePixD Y8F (cyan) comparison. FMNSs of SyPixD
Y8F are showed in stick diagram and colored in orange, and FMNs of TePixD Y8F are showed in stick diagram and colored in yellow.

(F) Key residues (R65) on each chain of SyPixD Y8F (magenta) and TePixD Y8F (cyan) comparison. FMNs of SyPixD Y8F are showed in
stick diagram and colored in orange, and FMNs of TePixD Y8F are showed in stick diagram and colored in yellow. In SyPixD Y8F, Three

R65 side chains in a hexamer have longer distances with FMN that are hard for hydrogen bond generation (3.5 A, 3.8 Aand 4.2 A).
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3.3 Structural Comparison of TePixD Y8F and SyPixD Y8F

Then we compared TePixD Y8F to SyPixD Y8F (PDB ID: 3MZI, resolution: 2.30 A) in order to
identify the differences between these two molecules. Previous research has shown that both TePixD
WT and SyPixD WT form the decamer assembly, but the crystal unit of SyPixD Y8F is the hexamer
with subunits arranged in a double half circle. The structural comparison reveals some difference
between SyPixD Y8F and TePixD Y8F (Figure 2D), especially in the C-terminal region of the BLUF
domain, including B5, a3, 04 and the loops between them. We analyzed the detailed structure of
residues related to el
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Fig.3 Oligomerization of mutations in dark and light conditions
(A) Multi angle light-scattering (MALS) assay showing that TePixD WT can form decamers in solution both in dark and light conditions.
The molecular weights (Mw) of TePixD WT are ~188.0 kDa in dark and ~194.6 kDa in light. The elution curve of WT in light shifts to
right, and the peak is broader than that in dark.
(B) TePixD Y8F decamers in solution in dark and light conditions. The molecular weights (Mw) of TePixD Y8F are ~190.3 kDa in dark
and ~194.9 kDa in light, with elution peaks at approximate positions.
(C) TePixD WT and mutations (Y8F, Q50L, W91F, Y8F/W91F and Q50L/W91F) in the dark condition. The values of Mw are in Table S1.
They all form decamers, while the elution peaks are nearly stable.
(D) TePixD WT and mutations (Y8F, Q50L, W91F, Y8F/W91F and Q50L/W91F) in the light condition. The values of Mw are in Table S1.

They all form decamers, while the elution peaks have shifts larger than in dark.

4 Discussion

Here we report the crystal structure of TePixD Y8F, a key residue mutation in a BLUF protein. As
a kind of photoreceptor, the BLUF protein family has been known for over twenty years [, and has
been shown to be involved in various metabolic pathways in response to light. TePixD is a short
BLUF protein and was the first in BLUF protein to have its crystal structure solved in 2005 [*?1, In
TePixD, Tyr8 is a key residue that provides electrons and protons for flavin (FAD or FMN) during
proton-coupled electron transfer, and the Y8F mutation loses the function 24 21,

Our overall structure of TePixD Y8F is similar to that of TePixD WT, forming the decamer assembly
with only slight differences. Interestingly, previous research reported SyPixD is also the decamer
assembly, but the SyPixD Y8F molecule is a hexamer that consists of two trimers in the semi-circle
201 Specifically, the GIn50 side chain become partly flexible due to the loss of the hydroxyl group
in the Y8F mutation, and the hydrogen bond between GIn50 and Trp93 is impaired due to the
increased distance between their side chains. Meanwhile, the hydrogen bond between Argé5 and
FMN shows slight variation.
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In the molecular weight tests of the mutations in both dark and light conditions, we observed slight
shifts in the elution peaks, indicating the perturbation on the light-induced conformational change,
and the protein oligomerization was not significantly affected by the mutations. Previous studies
have also reported that TePixD and SyPixD form decamers both in dark and light conditions.
However, under high pressure (above 60 MPa) in light, they dissociate into dimers 26 271,
Oligomerization of the proteins is also known to be dependent on the concentration of protein in the
solution. At high concentrations, such as those in crystal formation solutions, decamers are the
dominant species, while at low concentrations, they can form pentamers 21,

5 Conclusion

We conducted several experiments to investigate the effects of mutations of key residues in
photocycle on the structure and function of a BLUF protein, TePixD.

By crystallizing and determining the crystal structure of TePixD Y8F at a resolution of 2.54 A, we
were able to capture the intermediate state of the photocycle. Detailed analysis indicated that the
assemble mode of TePixD Y8F mutant was much different to that of SyPixD Y8F mutant. We also
clarified the subtle differences of several key residues related to light-induced PCET, including Phe8,
GIn50, Trp91, Met93 and Arg65.

To further understand the impact of these mutations on the conformational changes induced by light,
we performed multi-angle light-scattering (MALS) measurements on TePixD mutations under both
dark and light conditions. We found the perturbation on the light-induced conformational change by
the Y8F mutation, along with other mutations (Q50L, W91F, Y8F/W91F and Q50L/W91F).
Interestingly, we observed differences in the changes of molecular weights among these mutations,
suggesting that the Q50L mutation may specifically influence the conformational response of
TePixD decamers to light.

By combining our structural determination and biochemical analyses, we have contributed valuable
information towards elucidating the light response mechanism of BLUF proteins.

6 Data availability

The atomic coordinates of the TePixD Y8F decamer is deposited to the Protein Data Bank under the
accession code 8198.
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