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The reduction of protochlorophyllide (Pchlide) to chlorophyllide
(Chlide) is the penultimate step of chlorophyll biosynthesis. In
oxygenic photosynthetic bacteria, algae, and plants, this reaction
can be catalyzed by the light-dependent Pchlide oxidoreductase
(LPOR), a member of the short-chain dehydrogenase superfamily
sharing a conserved Rossmann fold for NAD(P)H binding and the
catalytic activity. Whereas modeling and simulation approaches
have been used to study the catalytic mechanism of this light-driven
reaction, key details of the LPOR structure remain unclear. We
determined the crystal structures of LPOR from two cyanobacteria,
Synechocystis sp. PCC 6803 and Thermosynechococcus elongatus. Struc-
tural analysis defines the LPOR core fold, outlines the LPOR-NADPH
interaction network, identifies the residues forming the substrate cavity
and the proton-relay path, and reveals the role of the LPOR-specific
loop. These findings provide a basis for understanding the structure-
function relationships of the light-driven Pchlide reduction.
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OR catalyzes the stereoselective reduction of the C17 = C18
double bond of Pchlide to form Chlide, the penultimate step
of chlorophyll biosynthesis (1-3). There are two structurally un-
related PORs in photosynthetic organisms: the dark-operative
POR (DPOR; EC 1.3.7.7) and the LPOR (EC 1.3.1.33). DPOR
is a three-subunit enzyme complex, powered by ATP hydrolysis
and structurally homologous to nitrogenase (4, 5). LPOR is a
single protein with a molecular weight of approximately 40 kDa,
which requires light and NADPH for catalysis, and belongs to the
short-chain dehydrogenase (SDR) superfamily (6, 7). Anoxygenic
photosynthetic bacteria only have DPOR; cyanobacteria, algae,
and nonflowering plants contain both DPOR and LPOR; the
flowering higher plants only retain LPOR (8-11). Aside from its
role in chlorophyll biosynthesis, LPOR also protects the etiolated
and green plants by binding to the photosensitive Pchlide (12-14).
LPOR is one of the few naturally occurring photoenzymes (15). It
has served as a model enzyme for studying enzyme catalysis and
reaction dynamics (1, 16, 17). Extensive biochemical and biophysical
studies have been performed on LPOR from two cyanobacteria, S.
sp. PCC 6803 (18-26) and T. elongatus (27-35). The catalytic pro-
cess has been demonstrated to be initiated by the absorption of
light. The activated enzyme then enables hydride transfer from the
pro-S face of the nicotinamide ring of NADPH to the C17 position
of Pchlide, and a proton is transferred most likely from a conserved
Tyr residue at the active site to the C18 position.

The overall fold and the active site of LPOR have been predicted
based on sequence similarity between the LPOR and the SDR
superfamily member alcohol dehydrogenase (6, 7). Their common
features include the Rossmann fold with a conserved NAD(P)H
binding site, a typical active site tetrad, and a variable C-terminal
segment that defines substrate specificity (36, 37). LPORSs in plants
are classified as the SDR73C family, which are highly similar to
cyanobacterial LPORs (38, 39). Three-dimensional models have
been built for several LPORs based on their homology to the SDR
superfamily members with known structure. These models include the
Synechocystis LPOR (SyLPOR) (20), T. elongatus LPOR (TeLPOR)

www.pnas.org/cgi/doi/10.1073/pnas.1920244117

(34, 40), and LPOR from the higher plants Pisum sativum (41),
Hordeum vulgare (14), and Arabidopsis thaliana (42, 43). They
have helped in describing the catalytic mechanism of the light-
driven Pchlide reduction, but they lack details, such as the
boundary of secondary structure elements, the configuration of
the key residues, and the conformation of the C-terminal segment.
Hence, a well-defined LPOR structure is needed to delineate the
mechanism of this light- and NADPH-dependent reaction. Here,
we report the crystal structures of SyLPOR and TeLPOR, both in
complex with NADPH at respective resolutions of 2.2 and 2.4 A.
This paper provides a clear insight into the structure-function
relationships of this unusual enzyme. Very recently, Zhang et al.
have reported the structures of SyLPOR and 7eLLPOR and, thus,
proposed a ternary LPOR-NADPH-Pchlide complex model (44).
Here, we present two structures of SyLPOR and 7eLPOR, which
suggest different scenarios than those of Zhang et al. (44).

Results

Overall Structure of SyLPOR and TeLPOR. The recombinant SyLPOR
and TeLPOR were generated (S Appendix, Table S1) and purified
(81 Appendix, Fig. S1). We obtained crystals of both SyLPOR and
TeLPOR in their NADPH-bound form, but our attempt to crys-
tallize the apo form was unsuccessful. The structures of NADPH-
bound SyLPOR and TeLPOR were determined and refined to
crystallographic R,,./Rpe. factors of 0.179/0.207 and 0.181/0.221
(81 Appendix, Table S2). Their secondary structure elements (S/
Appendix, Fig. S2) were defined by the dictionary of the secondary
structure of proteins algorithm (45). Here, we use the SyLPOR
structure to present the characteristics of LPOR, whose central
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fB-sheet consists of eight p-strands on the order of 3-2-1-4-5-6-7-8
with B8 antiparallel to the rest (Fig. 14). Each side of the p-sheet is
flanked by three a-helices, which are aA, aB, and oH on one side,
and oC, oD, and oF on the other side. The slightly distorted aD
has been named as aD1 and aD2 but is described as a continuous
helix. The B-sheet and its six flanking a-helices constitute the
apa-core. The cofactor NADPH is located at the carboxy ends of
B2-p1-p4-pS-po. A 45-residue region (Gly144-Lys188) connects 5
and oF. Within this region, residues Glu169-Glu172 form a short
four-residue helix («E); residues Asn149-Ile157 in chain A and
residues Ser150-Lys156 in chain B are not observed in the elec-
tron density. It is noteworthy that this region harbors a 33-residue
insertion (Gly154-Lys186 in SyLPOR) that is unique for LPORs
when compared with other SDR superfamily members and is
suggested to participate in Pchlide binding (7, 20, 26, 34, 41, 43,
46). While a major portion of this insertion lies outside the
apa-core, the amino-terminal portion (although partially unob-
served) is in the vicinity of the NADPH nicotinamide ring to
where the substrate Pchlide is proposed to bind.

The amino acid sequence of TeLPOR shares 75.2% identity with
that of SyLPOR, and these two structures are highly conserved (Fig.
1B and SI Appendix, Fig. S2). The apa-core of TeLPOR is almost
identical to that of the SyLPOR with a root mean square deviation
of 0.58 A over 269 aligned Co atoms. The major structural differ-
ence of the two LPORs lies at oG, the helix that protrudes away
from the core (Fig. 1B). The TeLPOR oG is formed by Pro238-
Lys250 and is preceded by a 3¢ helix (Pro231-1.232-Phe233); the
SYLPOR oG is formed by Arg234-Ile243 and is followed by a 3y,
helix (Lys249-Asn250-Val251). This structural difference does not
arise from the amino acid discrepancy as this region is highly
conserved among LPORs (SI Appendix, Fig. S2).

LPORs contain four conserved cysteines (Cys-1-4). In SyLPOR
and TeLPOR, they correspond to Cys38, Cys89, Cys199, and
Cys226. Cys-1 and Cys-2 locate at the ends of p2 and p4, re-
spectively, and Cys-3 locates within oF. Cys-4 is in the loop between
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6 and aG (named as 1.6/G) and has been predicted to be involved
in Pchlide binding (14, 19, 32).

NADPH-Binding Site. Both structures clearly define the LPOR-
NADPH interactions (Fig. 2 4 and B). Abundant intermolecular
polar interactions among NADPH, the protein, and nine sur-
rounding water molecules are observed that may stabilize the
cofactor (Fig. 2 and SI Appendix, Table S3). The side chains of
Tyr193 and Lys197, the backbone atoms of Val227, Asn90, and a
water molecule (W1), interact with the nucleotide group at the
nicotinamide end of NADPH. The backbone oxygen of Gly13, the
hydroxyl group of Ser15, and the backbone NH of Ala92 interact
with the ribose at the adenine end. Arg38 in L2/B, Lys42 in aB,
and three water molecules (W5, W6, and W7) interact with the
monophosphate group at the O2’ position of the adenine ribose.
The hydroxyl group of Thr230 and Ser16, the backbone NH of
Vall8, together with three water molecules (W2, W3, and W4)
interact with the pyrophosphate group. The side chain of Asp63
and two water molecules (W8 and WY) interact with the adenine
group. The SDR active site motif YxxxK (YKDSK in LPOR),
which is located on a long helix (aF), participates in the proper
coordination of NADPH and possibly in the Pchlide binding. The
Tyr193-Lys197 pair interacts with the ribose moiety at the nico-
tinamide end. Arg38 and Lys42 in both SyLPOR and TeLPOR
participate in the coordination of the monophosphate group.
The only noticeable difference between the NADPH-binding
sites of SyLPOR and TeLPOR is the interaction with the phos-
phate groups. In SyLPOR, a water molecule (W4) interacts with
both the pyrophosphate and the monophosphate groups; in
TeLLPOR, a conserved Arg234 occupies the W4 site. The W5
water is absent in TeLPOR. This difference can be attributed to
the discrepancy of aG. In SyLPOR, Arg234 locates within aG
(Arg234-Ile243) and is distant from NADPH; in TeLPOR, it
locates within L6/G, the loop preceding oG (Pro238-Lys250)
and directly interacts with NADPH. The structural difference
suggests that aG and adjacent residues (including Cys-4) mediate
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Ribbon representation of the overall structures of SyLPOR and TeLPOR. (A) Two side views of SyLPOR. The secondary structure elements are colored in

blue except the antiparallel g8 in yellow. The loop region is in gray. The LPOR-specific insertion is colored in black. The NADPH-binding sequence is colored in
green. Four cysteine residues are shown in sphere mode. The cofactor NADPH is shown in stick-and-ball mode. (B) Front view of SyLPOR (Left), TeLPOR (Right),
and their superimposition (Middle). The secondary structure elements of TeLPOR are colored in deep green except p8 in magenta; the NADPH-binding se-
quence is colored in cyan. The a-helices are labeled alphabetically, and the p-strands are labeled numerically.
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Fig. 2. The NADPH-binding site. (A and B) NADPH interactions with (A) SyLPOR and (B) TeLPOR. The protein backbone is traced with thin lines. Residues
directly interacting with NADPH are shown as sticks. The water molecules are shown as red spheres. The consensus sequence GASSGV/LG conserved for all
LPORs is shown as thick lines. The color scheme is the same as in Fig. 1. The 2F, — F. maps are shown in gray mesh contoured at 1.0c. The polar interactions are
indicated by black dashed lines. (C) Detailed diagram showing NADPH interactions with SyLPOR/TeLPOR and water molecules. The residues that interact with
NADPH by backbone atoms are shown in gray boxes, and the residues that interact with NADPH by their side-chain atoms are shown in white boxes. Water
molecules are presented as light-blue circles. The black dashed lines indicate the interactions present in both SyLPOR and TeLPOR, the blue dashed lines
indicate interactions only in SyLPOR, and the green dashed lines and green boxes indicate interactions only in TeLPOR.

the NADPH binding and catalysis process. The backbone NH of
Leu232 interacts with the NADPH pyrophosphate group in
TeLPOR. The side chain of Leu232 extends to the cavity near
the nicotinamide end of NADPH, forming a hydrophobic surface
together with its succeeding residues (Fig. 3).

The LPOR-Specific Insertion Participates in Substrate Binding. The for-
mation of the LPOR-NADPH-Pchlide complex is the initiation step
of the light-driven catalysis. Although we did not obtain the Pchlide-
bound structures, the two NADPH-bound structures provide clues
about the Pchlide-binding site (Fig. 3). Near the nicotinamide end, a
clam-shaped cavity is formed by the residues conserved in LPORs
(SI Appendix, Fig. S2). Seven residues, Leu232, Phe233, His236,
Tyr237, Phe240, Phe243, and Phe246, constitute one shell of the
clam (Fig. 3 A and B); Vall46 in the L5/E loop together with the
following nine to 13 missing residues (from 147 to 151 to 156 to 162)
constitute the other shell; Tyr223 at the end of p6 forms the joint.
The aforementioned residues are mostly hydrophobic or aromatic
except His236 whose side-chain imidazole could interact with the
Pchlide Mg** ion. This possible substrate-binding site is away from
the afa-core and shields the NADPH nicotinamide ring. The two
sides of the clam-shaped cavity are quite dynamic, especially the side
with missing residues (Fig. 3 D and E), and the clam joint Tyr223 is
stably positioned.

The 33-residue insertion (Glyl54-Lys186 in SyLPOR and
TeLLPOR) is unique in LPORs and was suggested to participate
in the Pchlide binding (7, 20, 26, 34, 41, 43, 46). In the current
structures, the amino end of this insertion overlaps with the missing
fragment (Asn149-Ile157 in chain A, Ser150-Lys156 in chain B for
SyLPOR, Thr147-Pro160 in chain A, and Lys151-Pro162 in chain
B for TeL.POR). The missing fragment is adjacent to the nicotin-
amide ring and on one side of the clam-shaped pocket, implying
that it is related to the Pchlide-binding/Chlide-releasing process.
The majority of this LPOR-specific insertion, corresponding to
residues around 163-186, is structurally stable. It folds with the
apoa-core mainly by hydrophobic interaction (Fig. 3 C and F). The
insertion residues Phel71, Phel75, Metl81, Ile182, and an
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adjacent residue Phel87, fold inward and contact with the
apa-core residues Prol0land Trp103 (in SyLPOR), or Tyr103 (in
TeLPOR), Tyr108, Vall12, Leull7, and Leu318.

Dimerization and Structural Comparison. The size exclusion chro-
matography (SEC) profile revealed that SyLPOR and TeLPOR
exist as monomers in solution (S Appendix, Fig. S1). In crystal,
they form homodimers, respectively (Fig. 4). The dimerization
interfaces clearly differ from each other. For SyLPOR, the di-
meric interface consists of L4/D, L5/E, and primarily aG (Fig.
4A). The predominant interactions are van der Waals contacts
between two aGs and between oG and neighboring loops. For
TeLLPOR, the dimeric interface mainly consists of aB and LB/3
with a small contribution from oG (Fig. 4B). None of the four
conserved cysteines are involved in dimerization.

Recently, Zhang et al. has reported the structures of the
NADPH-bound SyLPOR, apo-7eLPOR, and NADPH-bound
TeLLPOR (44). A comparison reveals that their overall structures
are highly similar to those described here (Fig. 4D). The NADPH-
bound SyLPOR structures are nearly the same, but the region
between p6 and oH (and, hence, «G) was missing in the apo- and
NADPH-bound TeLPOR structures reported previously (44). The
TeLPOR oG displays a conformation alternative to that found
in SyLPOR.

Discussion

As a specialized SDR, LPOR catalyzes the light-dependent re-
duction of Pchlide. Its catalytic mechanism has been investigated
on the micro- to picosecond timescales (1, 16, 24, 26, 33, 35, 47).
The process can be briefly described as: The photoactivated
Pchlide receives a hydride from the electron donor NADPH at
C17 of the C17 = C18 double bond, then a proton is transferred
through a conserved tyrosine (Tyr193 in SyLPOR and 7eLPOR)
to C18, resulting in two chiral centers at C17 and C18. However,
the proton-relay path to this tyrosine is not clear. A key feature
of the SDR superfamily is its catalytic tetrad Ser-Asn-Tyr-Lys by
which a proton-relay path is formed with a water molecule bound
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Phe243

Fig. 3. The substrate-binding site and the LPOR-specific insertion. (A) The substrate cavity of SyLPOR. The two polypeptide chains in an asymmetric unit are
superimposed and colored blue and cyan. For clarity, only one NADPH molecule is shown (yellow stick). The side chains of residues possibly participating in
Pchlide binding are shown as sticks. The LPOR-specific insertion of one chain is colored black. The missing fragment is depicted as dashed lines. (B) The
substrate cavity of TeLPOR. The polypeptide chains are colored deep green and green, and only one NADPH is shown (magenta). Other representations are
same as in A. (C) The majority of the LPOR-specific insertion is folded with the afa-core. The core-insertion interacting residues are shown as sticks. SyLPOR
and TeLPOR, respectively, are colored blue and deep green except that the insertion sequence in SyLPOR is colored black. (D-F) Representation of the
flexibility of A, B, and C. The backbone is shown as tubes whose radius corresponds to the temperature factor of the Ca-atoms.

to the tetrad Asn (37). The polar side chain of the tetrad Ser in
classical SDRs usually stabilizes the hydroxy/keto group of the
substrates, but this does not apply to the double-bond reduction
of Pchlide catalyzed by LPOR. In the structures of SyLPOR and
TeLPOR, there is a well-positioned water molecule that interacts
with the e-amino group of Lys197 and the backbone oxygens of
Asnll5 and Ala91 (Fig. 54 and SI Appendix, Fig. S3). Both
Asnl115 and Ala91 are conserved in LPORSs (S Appendix, Fig. S2),
suggesting their side chains are required for their correct folding
and, thus, to form the water-stable network by their backbone
atoms. This water molecule, together with the Tyr193-Lys197 pair
and the 2'-hydroxy group of NADPH, constitute a possible proton-
relay path in which Lys197 extracts a proton from the solvent (Fig.
5B). The extracted proton is then transferred to Tyr193 and ulti-
mately to C18 of Pchlide. Recently, systematic analyses of hydride
and proton transfer dynamics in LPORs from cyanobacteria, algae,
embryophytes, and angiosperms (47-49) have shown that hydride/
proton transfer in eukaryotic LPORs is faster than those in pro-
karyotic LPORs, suggesting an optimized active site architecture in
eukaryotic LPORs following endosymbiosis. Further structure-
based phylogenetic analysis is expected to uncover the molecular
basis for the high efficiency observed in eukaryotic LPORs.

The four LPOR-conserved cysteines locate around the active
site (Figs. 1 and 4). Cys-1, Cys-2, and Cys-3 (corresponding to
Cys38, Cys89, and Cys199 in SyLPOR and TeLPOR) are more
distant than Cys-4 (Cys226 in SyLPOR and 7eLPOR) from the
NADPH nicotinamide ring. Cys-4 possibly participates in substrate
binding and/or catalysis (Figs. 3 and 4C). An alanine mutation of
Cys-4 severely impaired the enzymatic activity (14). Time-resolved
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absorption and emission spectroscopies indicate that a serine mu-
tant of Cys-4 could bind Pchlide by a 180° turn, thus, the hydride
from NADPH is transferred to C18 instead of C17 as in the wild
type (32, 35).

The difference between the SyLPOR and the TeLPOR homo-
dimers suggests that dimerization is not conserved for cyanobac-
teria LPORs (Fig. 4). In contrast, plant LPORs were found to
form oligomers (14, 46, 50, 51). Two regions (residues 85-88 and
240-270 of A. thaliana PORA) were indicated to participate in
oligomerization (50). The first region includes the amino end of
SyLPOR and TeLLPOR; the second region includes the LPOR-
specific insertion (SI Appendix, Fig. S2). The insertion sequences
are less conserved than the well-defined secondary structural el-
ements. It is possible that plant LPORs have evolved species-
specific motifs within this region that mediate oligomerization.

Zhang et al. proposed a ternary LPOR-NADPH-Pchlide com-
plex model by docking and molecular-dynamic simulations (44). In
the simulated binding process, oG remains relatively stable. The
alternative conformation of aG in our structures (Figs. 1B, 3 B and
E, and 4D) suggests different scenarios where large conformational
changes could accompany Pchlide binding. In addition, the LPOR~
NADPH-Pchlide model showed that the propionic acid group of
Pchlide was stabilized by Lys197 (44). However, this essential lysine
is covered by NADPH (Fig. 2). It is possible that the conserved
basic residues Arg234, Arg241/Lys242, and Lys249 between $6 and
oH (SI Appendix, Fig. S2) provide a candidate partner for the
propionic acid group during Pchlide binding, and His236 interacts
with the Pchlide Mg®* ion. The involvement of the conserved
histidine has been proposed previously (20, 43) but was suggested

Dong et al.
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Fig. 4. Dimerization and structural comparison. (A) The SyLPOR dimer, (B) the TeLPOR dimer, and (C) their superimpositions with one monomer fixed in
position. The gray box in the dashed lines indicates the dimeric interface. (D) Structural comparison of SyLPOR (Upper) and TeLPOR (Lower). SyLPOR chains A
and B (Protein Data Bank [accession no. 6R48]) are in orange and light orange; the apo-TeLPOR (Protein Data Bank [accession no. 6RNV]) and NADPH-bound
TeLPOR (Protein Data Bank [accession no. 6RNW]) structures are in pink and magenta. The gray sphere indicates the alternative conformation of aG not

observed previously (44).

to be unlikely as the His236-to-Ala mutant of 7eL.POR retained
the Pchlide-binding ability (34). It should be pointed out that, in
TeLPOR, the residue preceding His236 is also a histidine (S Ap-
pendix, Fig. S2), which may substitute the conserved one in the
His236-to-Ala mutant. The molecular details for formation of the
ternary complex need further experimentation, especially structural
characterization on the Pchlide-bound LPOR.

Methods

Protein Expression and Purification. The s/r0506 gene encoding SyLPOR and
the t/r0575 gene encoding TeLPOR were condon optimized for Escherichia
coli and commercially synthesized (Sango Biotech, Shanghai, China). The
synthesized s/ir0506 and tlr0575 sequences delivered in pUC57 vector were
PCR amplified and inserted into the Novagen expression vectors pET-28(+)
and pET-22b(+), respectively (S/ Appendix, Table S1). The expression product
for SyLPOR contains an N-terminal Hise-tag, and the product for TeLPOR
contains a C-terminal Hisg-tag. The transformed E. coli BL21(DE3) cells har-
boring each vector were grown at 37 °C until optical density at 600 nm

Asn115

%

.
3.333.29%
Y

2.93/2.66 4

reached ~0.6. Expression of the recombinant protein was induced with
0.4 mM isopropyl p-p-thiogalactopyranoside, and the cells were grown at
16 °C for 18 h before harvested by centrifugation.

The same procedure was used for purification of SyLPOR and TeLPOR.
The cell pellets were resuspended in buffer A (0.5 M NaCl, 20 mM MES,
pH 6.0), lysed by sonication, and cleared by centrifugation. The aqueous su-
pernatant of cell lysate was incubated with buffer A-equilibrated nickel
nitrilotriacetic acid resin (QIAGEN, Shanghai, China) for 1 h at 4 °C, and the
recombinant protein was eluted with 200 mM imidazole. Further purification
was performed by SEC on a HiLoad Superdex 75 pg column (GE Healthcare,
Shanghai, China), which was preequilibrated and eluted with buffer A sup-
plemented with 1 mM (ethylenedinitrilo)tetraacetic acid (EDTA). The purity of
recombinant SyLPOR and TeLPOR was monitored by sodium dodecyl sulfate
polyacrylamide gel electrophoresis.

Crystallization and Diffraction. Crystallization was performed using the vapor
diffusion method in a sitting drop consisting of 1 pL protein sample (in buffer
A supplemented with 1 mM EDTA) and 1 pL reservoir solution. Purified
SyLPOR was concentrated by ultrafiltration to 12 mg mL™". The SyLPOR

Lys197

Tyr193

NADPH

o

Fig. 5. Proposed proton-relay path. (A) The hydrogen bond network bridging the Tyr193 nO and a solvent water molecule within the SyLPOR and TeLPOR
structures. The well-positioned water, shown in the red sphere, is fixed by the backbone oxygens of Ala91 and Asn115, and the e-amino group of Lys197. The
hydrogen bonds are shown in dashed lines and the bond lengths (A) are in blue for SyLPOR and dark green for TeLPOR. (B) A proposed proton-relay path
following the hydride transfer from NADPH to C17. The photon energy (hv) is represented by a yellow thunderbolt.
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crystals grew within 1 wk at 16 °C using the reservoir solution of 3 mM
NADPH, 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
pH 7.5, and 1.5 M lithium sulfate. Purified TeLPOR was concentrated to
10 mg mL~". The TeLPOR crystals grew within 1 wk at 4 °C using the reservoir
solution of 6 mM NADPH, 0.1 M Hepes, pH 7.5, 20% (wt/vol) PEG 4,000, 10%
(wt/vol) isopropanol, and 0.05% (vol/vol) n-octyl-p-p-glucoside. Attempts to
crystalize the Pchlide-bound complex were unsuccessful. For data collection,
the crystals were cryoprotected with 20% (vol/vol) glycerol and flash cooled
in liquid nitrogen. The X-ray diffraction data sets were collected at the
Shanghai Synchrotron Radiation Facility beamlines BL17U1 and BL18U1 and
processed with the program package HKL-3000 (52). The X-ray data collec-
tion and refinement statistics are listed in S/ Appendix, Table S2.

Structure Determination and Refinement. The SyLPOR structure was solved by
the automatic molecular replacement pipeline MoRDa (53) with the
coordinates of a putative oxidoreductase from Mycobacterium para-
tuberculosis (27% sequence identity; Protein Data Bank [accession no.
3RD5]) (54) as the search model. The initial model was then automatically
built by the PHENIX AutoBuild program (55). The iterative model
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adjustment and refinement were performed using Coot (56) and the phe-
nix.refine program (57), respectively. The quality of the final model was
checked with MolProbity (58). A similar procedure was used for the TeLPOR
structure determination except that the initial model was built from the SyL-
POR structure. All protein structure figures were prepared using the program
PyMOL (Schrédinger, LLC).

Data Availability. The coordinates and the structure factors of SyLPOR-
NADPH and TeLPOR-NADPH have been deposited to the RCSB Protein
Data Bank (accession nos. 6L1G and 6L1H).
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