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Protochlorophyllide oxidoreductase (POR) catalyses reduction of protochlorophyllide (Pchlide) to chlorophyllide, a light-dependent reaction of
chlorophyll biosynthesis. POR is also important in plant development as it
is the main constituent of prolamellar bodies in etioplast membranes. Prolamellar bodies are highly organised, paracrystalline structures comprising
aggregated oligomeric structures of POR–Pchlide–NADPH complexes.
How these oligomeric structures are formed and the role of Pchlide in
oligomerisation remains unclear. POR crystal structures highlight two peptide regions that form a ‘lid’ to the active site, and undergo conformational
change on binding Pchlide. Here, we show that Pchlide binding triggers
formation of large oligomers of POR using size exclusion chromatography.
A POR ‘octamer’ has been isolated and its structure investigated by cryoelectron microscopy at 7.7 Å resolution. This structure shows that oligomer
formation is most likely driven by the interaction of amino acid residues in
the highly conserved lid regions. Computational modelling indicates that
Pchlide binding stabilises exposure of hydrophobic surfaces formed by the
lid regions, which supports POR dimerisation and ultimately oligomer formation. Studies with variant PORs demonstrate that lid residues are
involved in substrate binding and photocatalysis. These highly conserved
lid regions therefore have a dual function. The lid residues position Pchlide
optimally to enable photocatalysis. Following Pchlide binding, they also
enable POR oligomerisation – a process that is reversed through subsequent photocatalysis in the early stages of chloroplast development.

Introduction
Photosynthesis harnesses sunlight and converts it to
chemical energy that drives most living processes on
Earth [1]. Chlorophylls are the main functional

pigments used in photosynthetic pathways [1,2]. Protochlorophyllide oxidoreductase (POR) catalyses the
reduction of protochlorophyllide (Pchlide) to
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light scattering; MPCl, mesoporphyrin IX dihydrochloride; Pchlide, protochlorophyllide; PLB, prolamellar bodies; POR, protochlorophyllide
oxidoreductase; SEC, size exclusion chromatography.

The FEBS Journal 288 (2021) 175–189 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

175

S. Zhang et al.

Protochlorophyllide oxidoreductase lid regions

chlorophyllide (Chlide), which is the penultimate reaction of chlorophyll biosynthesis [3,4]. Photosynthetic
organisms have developed two different strategies for
Pchlide reduction: one light-dependent and the other
light-independent [5–8]. In photosynthetic bacteria and
cyanobacteria, a light-independent nitrogenase-like
protochlorophyllide oxidoreductase (DPOR) catalyses
Pchlide reduction in an ATP-dependent manner
[7,9,10]. Light-dependent POR is found in cyanobacteria, algae and plants, and is one of only three natural
photoenzymes [11]. POR regulates plant development,
in particular the formation of prolamellar bodies
(PLBs) in plant etioplasts [12]. Conversion of these
PLBs into mature chloroplasts is also triggered by
light. PLBs contain both lipids and proteins, and 95%
of the total protein content is comprised of POR [13].
The paracrystalline nature of PLBs forms through
oligomerisation of the POR–Pchlide–NADPH ternary
complex [13,14]. Overexpression of light-dependent
POR leads to formation of PLB-like ultrastructures in
etiolated cyanobacterial cells [15]. In plants, PLBs
degrade following illumination and they transform
directly to flat slats. This is the natural pathway by
which etioplasts develop into mature chloroplasts [14].
Degradation of paracrystalline PLBs has been attributed to the photoreduction of Pchlide, which releases
the Chlide product from the POR ternary complex
[16]. Despite its importance to plant morphological
development, how Pchlide binding and photocatalysis
affects the oligomerisation/ dissociation at the molecular level is currently unknown.
Protochlorophyllide oxidoreductase transfers a
hydride equivalent – in a stepwise electron-H atom
transfer reaction – from NADPH to the C17 atom of
Pchlide in a step that is driven by light [17]. This is followed by proton transfer to the C18 position of Pchlide [18–22]. The stepwise ‘hydride’ transfer is
facilitated by interactions of the excited-state Pchlide
with active site residues (Fig. 1A) [18]. Although several residues important to photocatalysis are known
[23–25], a structural basis for POR photocatalysis has
emerged only recently. Crystal structures of cyanobacterial POR as the apo-enzyme and a NADPH-bound
complex are known [26,27]. A crystal structure of the
ternary complex is not yet available, which has been
attributed to the oligomerisation of POR when Pchlide
is bound. Oligomerisation has also been observed by
mass spectrometry and small-angle X-ray scattering
[28,29].
A structural model of the POR–Pchlide–NADPH
ternary complex has been reported and validated
experimentally [26]. This model has highlighted the
potential importance of hydrogen-bonding networks
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involving active site residues and Pchlide. It has also
provided some structural insights into POR photocatalysis. Two active site regions distal to the Pchlide
C17-C18 atoms have been identified. These incorporate
a peptide loop and helix that undergo major conformational change on binding of Pchlide. These so-called
‘lid’ regions (named here ‘lid1’ and ‘lid2’) line the
upper regions of – and form a predominantly
hydrophobic opening to – the enzyme active site
(Fig. 1B). These conformational changes could limit
the rate of photocatalysis by POR [30]. They might
also be responsible for nucleating POR oligomer formation [26]. Some have argued that oligomerisation of
POR ternary complexes could increase catalytic efficiency because neighbouring Pchlide molecules can
interact [29,31]. Following laser excitation, excitedstate energy transfer occurs between neighbouring Pchlide molecules in POR ternary complexes, which suggests a close association of the pigment molecules [32].
Here, we have investigated POR oligomer formation
and photocatalysis to gain molecular level understanding of the role of the lid1 and lid2 regions. We have
combined biochemical and biophysical approaches to
discover the function of the lid regions in photocatalysis and oligomerisation, including size exclusion chromatography (SEC), cryo-electron microscopy (cryoEM), cryo-trapping and time-resolved spectroscopy,
and computational analyses with wild-type and POR
variants. Our work highlights dual roles for these
regions, which has implications for both photocatalysis
and early stages of plant development.

Results
Substrate binding and POR oligomer formation
We used SEC to investigate the effects of Pchlide binding in POR oligomer formation. Both apo–POR and
the POR–NADPH binary complexes elute as monomers at approximately 17.3 mL in SEC [26]. In the
presence of Pchlide, however, oligomers of the POR
ternary complex are formed. This is evidenced by the
appearance of new peaks at smaller elution volumes
(between 8 and 15 mL), reflecting a number of different oligomer forms, ranging in size from ~ 200 kDa to
> 1 MDa (Fig. 2; Fig. S1a–c). By using multiple
absorbance detection wavelengths in the SEC experiments, POR-bound pigment was found to elute at
approximately 8 and 13 mL (Fig. 2D), consistent with
large oligomeric forms of the protein. Oligomers
formed either in the presence or absence of ambient
light, and also in the presence of the reaction product,
Chlide (Fig. 2A,B and Fig. S1d). Negative staining
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Fig. 1. Active site architecture of POR. (A) POR active site residues and their approximate proximity to the POR-catalysed reaction at the
C17–C18 position of Pchlide. Reduction occurs in multiple steps, including stepwise ‘hydride’ and subsequent proton transfer; rate
constants for H-transfer in wild-type POR are shown. Light excitation activates the C17-C18 double bond and leads to stepwise ‘hydride’
transfer (I kH−) from NADPH to C17 and proton transfer (II kH+) to C18. Polar (shown coloured blue) and hydrophobic (shown coloured red)
residues, as well as π-stacking interactions, are thought to assist Pchlide reduction. (B) POR structural changes observed on binding of
substrates through superposition of the binary (POR–NADPH; crystal structure, shown in black and white) and ternary
(POR–Pchlide–NADPH; model, coloured blue) complex forms. NADPH and Pchlide molecules are shown as sticks coloured by atom type (C:
green, N: blue, O: red).

transmission electron microscopy (TEM) images of
samples prior to SEC purification also contained a
mixture of very different oligomeric states, ranging
from long tube-like complexes to smaller particles
(Fig. 2E). TEM images of samples after SEC purification showed it was possible to produce a more homogeneous sample but still indicated a mixture of
oligomers of variable size (Fig. 2F). Oligomers are also
formed on binding the substrate analogue mesoporphyrin IX dihydrochloride (MPCl) (Fig. 2C), suggesting that the binding of porphyrin analogues, and not
Pchlide only, is sufficient to drive oligomer formation.
Long tube-like oligomers were observed in TEM
images of the POR–MPCl–NADPH complex. These
are distinct from TEM images of the globular oligomers formed with POR–Pchlide–NADPH (following
light illumination) or POR–Chlide–NADPH complexes. Combined, these data indicate that binding of
Pchlide, Chlide and analogue binding triggers POR
oligomerisation, and that a range of different aggregation states are formed rather than a unique multimeric
structure.
To understand the molecular basis of POR
oligomerisation, we isolated one of the oligomeric
states and analysed its structure by cryo-electron
microscopy (cryo-EM). High-resolution purification by
SEC–multi-angle light scattering (MALS) analysis was
used to improve the homogeneity of the sample, resulting in cryo-EM grids that were prepared with a

partially turned-over POR–Pchlide–NADPH ternary
complex (Fig. S2). Ternary complex samples were
imaged by cryo-TEM on a Titan Krios cryo-electron
microscope and 9882 movies were collected and processed in RELION [33]. Picked particles were ‘3D classified’ before being refined using 3D autorefine, resulting
in an oligomeric POR 3D structure at a resolution of
7.7 Å (Fig. 3 and Fig. S3). Sample heterogeneity
caused by different oligomeric states, and intra- and
interdomain flexibility from the dissociating Chlide
molecule likely contribute to the limitations in structure determination. The EM structure allowed seven
distinct densities to be resolved, arranged around a
hollow centre (Fig. 3A,B); six of these densities have a
similar shape and size that is consistent with a POR
monomer, whereas one has a more elongated shape
which could represent two POR molecules in closer
contact (Fig. 3A,B). To determine how the POR–Chlide–NADPH ternary complex is arranged in the
oligomer, an atomic model of POR was docked into
the density using the ‘fit in map’ tool in UCSF CHIMERA
(University of California, San Francisco, CA, USA) at
the same resolution as the cryo-EM structure. Eight
POR molecules could be docked into the density, with
the highest correlating position for each density in the
oligomer, except one, having the lid region facing
towards the centre (Fig. 3C,D). The density which
could accommodate two POR molecules had one of
the lid regions pointing outwards.
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Fig. 2. SEC analysis and TEM images of ternary complex samples. (A) POR-Pchlide-NADPH under ambient light. (B) POR–Chlide–NADPH.
(C) POR–MPCl–NADPH. (D) SEC analysis of POR–Pchlide–NADPH monitored at multiple detection wavelengths to detect the Pchlide and
protein concentration of the various peaks. (E) TEM image of POR–Pchlide–NADPH before SEC purification. (F) TEM image of the 200 kDa
(according to column calibration) fraction from SEC purification of POR–Pchlide–NADPH. Samples contained ~ 10 mg of protein, ~ 100 mg
of NADPH and ~ 100 mg of ligand (Pchlide, Chlide or MPCl). The samples were incubated overnight at room temperature in the dark and
exposed to ambient light when loaded on the SEC column. TEM grids were negatively stained by 5% uranyl acetate.

Lid regions and POR oligomer formation
Protein docking was used to investigate how the POR
oligomers may form upon Pchlide binding (Figs 4 and
5). The interaction of POR monomers was investigated
using the CLUSPRO 2.0 software [34], which scores the
most likely structures based on hydrophobic, electrostatic or Van der Waals (VdW) plus electrostatic interactions. A range of ternary complex dimers was
produced using each of the docking modes (Fig. 4).
For the ‘closed’ POR conformation, the strong similarity between the ‘balanced’ and ‘hydrophobic’ homodimer models suggest that hydrophobic interactions are
dominant (Fig. 4A). Only the balanced and hydrophobic-favoured models, all of which predominantly interact through the lid regions, can fit into the envelope of

178

the oligomeric structure obtained from the cryo-EM
data (Fig. 5D). It was suggested recently that the lid
regions change from highly flexible structures to more
rigid, stabilised forms upon Pchlide binding [26].
Hydrophobicity surface analysis suggests that in the
closed conformation, the lid regions form a large
hydrophobic patch (Fig. 5B), in addition to the
hydrophobic edge of the Pchlide molecule, consistent
with lid closure causing dimerisation through
hydrophobic interactions. As the lid regions adopt
multiple conformations in the absence of substrate
[26], we hypothesise that the hydrophobic surface on
the POR protein is also likely to undergo significant
transient changes in the apo-enzyme and that this prevents dimer formation. Although the high degree of
mobility of the lid regions is likely to be the main
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Fig. 3. POR ternary complex oligomerisation. (A) Density map resolved from cryo-EM data with discrete densities labelled 1-6. (B) The cryoEM density map rotated 180 degrees with respect panel (A) where the more elongated densities 7 and 8 are shown. (C) Eight copies of the
POR ternary complex model docked into the cryo-EM density. (D) Illustration of the transition from the flexible monomeric apo-form of the
enzyme to a more stable ternary complex structure [26], which then forms the POR octamer observed in the present work. The cryo-EM
map is fitted with the ternary complex model. Protein cartoon structures were drawn using open source PYMOL software (San Francisco, CA,
USA). Cryo-EM density and structures figures were made using UCSF CHIMERA.

reason that dimerisation is disfavoured in the apo-enzyme, we have also explored how dimers might be
formed if a single, ‘open’ conformation of the lid was
possible. In this case, the initial dimerisation process
appears to be driven by a combination of interactions,
rather than predominantly by hydrophobic interactions. The dimers acquired through docking POR in
this conformation do not have the lid regions at the
dimer interface, and do not fit into the cryo-EM model
(Fig. 4B), suggesting that lid closure is required for the
observed oligomerisation.
The interaction of ternary complex dimers is necessary to generate larger oligomeric (more than three subunits) structures. It appears that other intramolecular
forces, such as VdW interactions, are important for the
interaction of POR dimers and are responsible for the
wide range of multimeric states that can be formed by
the ternary complex. For example, VdW-favoured
structures lead to a globular oligomer, similar to the
octameric structure observed in the cryo-EM studies
(Fig. 5C,D). In contrast, hydrophobic-favoured structures result in a chain-like oligomer (Fig. 4C), similar to
the tube-like structures observed in TEM data (Fig. 2
E). It is likely that multiple interaction pathways are

possible, leading to the wide range of multimeric forms
of the ternary complex that were observed in the experimental studies. The docking studies have identified a
plausible octameric model from the cryo-EM data
(Fig. 5A,D), although it is clear that the cryo-EM
model is one of many potential structures.
Lid regions and Pchlide binding
Given the inferred importance of the lid regions in oligomer assembly, we set out to investigate the extent of
sequence conservation in these regions of POR. It has
recently been shown that POR enzymes from
cyanobacteria can also form PLBs [15], which implies
that plant and cyanobacterial PORs must share common features that trigger the oligomerisation process.
A multiple sequence alignment of POR enzymes from
cyanobacteria through to plants was used to investigate whether these regions are conserved between
PORs of different organisms. Lid1 consists of a conserved GXXP motif at the N-terminal side of the loop,
but there are clear sequence differences in the rest of
the loop between cyanobacteria and plant PORs
(Fig. 6A). In plant PORs, lid1 is highly conserved with

The FEBS Journal 288 (2021) 175–189 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies

179

Protochlorophyllide oxidoreductase lid regions

S. Zhang et al.

Fig. 4. Structural models of POR oligomers. (A) Envelope of the top ten scored homodimer models of a closed-lid structure from CLUSPRO
2.0 software. (B) Envelope of the top 10 scored homodimer models of an open-lid structure. In (A) and (B), the monomer ‘receptor’ is
coloured blue with lid region coloured red and the ten most likely configurations of the possible monomer ‘ligands’ are coloured grey with
lid regions coloured green. (C) The chain-like octamer of POR complex obtained by protein docking with the hydrophobic interaction as the
driving force for the oligomerisation. The protein was coloured by different subunits, and the lid region was coloured red.

a common GNVPPKANL sequence motif. However,
in cyanobacterial PORs there is more variation, with
some (including Thermosynechococcus elongatus, studied here) containing two extra residues. The lid2 region
is highly conserved in all organisms. This region is
comprised mainly of hydrophobic residues with a
number of highly conserved Phe residues found in all
POR enzymes (Fig. 6). This suggests that the lid2
region provides hydrophobic residues that are important to the interaction of POR monomers. Several sitedirected variants were investigated to ascertain the
importance of the lid1 and lid2 regions to POR photocatalysis. Lid1 variants included K156N, I157V,
P158A, P158F and K156N/I157V. Binding and steadystate kinetic assays showed little change to overall
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reaction parameters, with only minor changes observed
in the Km values for NADPH and Pchlide (Table 1
and Figs S4 and S5). A ‘lid swap’ variant in which
lid1 residues in T. elongatus POR were replaced by
those found in plant PORs (lidP variant) had an elevated Km value for Pchlide (Table 2). A ~ 10-fold
increase in the Kd value for the POR–Pchlide complex
was also observed (Fig. S6), indicating a reduced affinity for Pchlide in the lidP variant. The highly conserved Phe residues of the lid2 region (Phe233, Phe237,
Phe240, Phe244 and Phe247) were also exchanged for
Tyr. With variants F240Y, F244Y and F247Y, there is
a major loss of catalytic activity and reduced binding
affinity for Pchlide, whereas with the F237Y variant
wild-type levels of activity are retained (Table 2 and
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Fig. 5. Comparison of POR oligomer models from cryo-EM and protein docking. (A) The globular octamer obtained from protein docking
with the POR ternary complex model. The octamer was obtained from docking the homodimer then adding a monomer or dimer at each
step. (B) The monomer protein surface is coloured from red to blue according to the amino acid hydrophobicity scale [35], with Pchlide as
red sticks. (C) Eight POR crystal structures (coloured by different subunits) fitted into the cryo-EM map. (D) POR octamer model using the
predicted dimer from protein docking (coloured by different subunits) fitted into the cryo-EM map. The ternary complex structures (open and
closed lid) were derived from a previous study [26]. Protein cartoon structures and hydrophobic surfaces were drawn using open source
PYMOL software. POR oligomer and cryo-EM density figures were made using UCSF CHIMERA.

Figs S6–S8). In the wild-type POR ternary complex,
the visible spectrum of Pchlide is red-shifted (by
~ 12 nm) compared to free Pchlide [21] (Fig. 7A). This
spectral shift is observed in F237Y, but not the
F240Y, F244Y and F247Y variants (Fig. 7A). This
implies different geometries for Pchilde binding in the
F240Y, F244Y and F247Y variants, consistent with
kinetic and binding data. The potential importance of
π-π stacking interactions between Phe233 and Pchlide
has been emphasised in models of the POR–Pchlide–NADPH complex [26]. We isolated five variants to
explore the importance of this interaction, F233A/H/
W/L/Y. All had reduced catalytic efficiency and
impaired Pchlide binding compared to the wild-type
POR (Table 1 and Figs S6–S8). The F233L and
F233Y variants were least affected, retaining around
40% of wild-type activity.
Lid regions and POR photochemistry
To investigate how lid residues/regions affect POR
light-activated H-transfer, we have used single

turnover laser photoexcitation measurements to measure the kinetics of these reactions in wild-type and
variant PORs. The rate of hydride transfer is unaffected in the lidP variant, but the subsequent proton
transfer rate is modestly increased by factor of 2
(Table 2 and Figs S9 and S10). In the lid2 region,
most variants have decreased reaction quantum yields;
this is not the case, however, for the conservative substitutions made in the F237Y and F240Y variants
(Tables 1 and 2 and Figs S11–S13). The impaired photochemistry/H-transfer reactions of many of the variant enzymes explains the poor levels of activity
measured in steady-state multiple turnover assays. This
is likely attributed to poor binding geometries of the
Pchlide in these variants, which are less compatible
with light-activated H-transfer (Fig. 7A). Variants
F233A and F233W had very low activity in steadystate turnover measurements. For these same variants,
it was not possible to accurately measure the khydride
and kproton rates because of very low quantum yields
(Table 1 and Figs S14–S17). Most other variants
retained hydride transfer rates that were similar to
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Fig. 6. Conservation of lid regions in POR proteins from different species. (A) Multiple sequence alignment from different species.
Conserved residues are shown in dark blue, the residues with homology level above 75% are shown in pink and residues with homology
level above 50% are shown in cyan. (B) Active site architecture of the T. elongatus POR ternary complex (25). The lid1 and lid2 regions are
shown in cyan. Lid region residues and the Pchlide and NADPH molecules are shown as sticks coloured by atom type (O: red, N: dark blue,
C: blue (protein residues), green (Pchlide), or yellow (NADPH). Protein structures and ligands were drawn using open source PYMOL
software.

wild-type POR (Tables 1 and 2 and Figs S14–S17),
with the F233L and F233Y variants showing slowest
rates (approximately 2- and 80-fold slower, respectively, compared to wild-type) (Tables 1 and 2 and
Fig. S15). The proton transfer step was also slowed in
these variants (10- and 4-fold, respectively). Interestingly, in one variant (F233H) the rate of both hydride
and proton transfer was increased (3-fold) compared
to wild-type POR (Table 1).
Given that hydride and proton transfer rates were
affected to a major extent in the F233Y variant, we
used time-resolved and low-temperature spectroscopy
182

to investigate any potential changes to mechanism. It
is known that reaction intermediates in the POR catalytic cycle can be trapped at low temperatures [20,21].
The cryo-trapped intermediates observed for F233Y
are similar to those seen in for wild-type POR. These
intermediates have very similar temperature dependencies, suggesting that the reaction mechanisms of
F233Y and wild-type are the same (Fig. S18). Transient absorption data were collected across the ps to μs
timescale (Figs S19–S26). For nonreactive samples (in
which NADPH was replaced by NADP+), F233Y and
wild-type POR have similar
photochemistry.
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kcat values are apparent measured at 200 µM NADPH, varying Pchlide up to 30 µM.; bKm NADPH is an apparent value measured at 15 µM Pchlide, varying NADPH up to 100 µM.; cKm Pchlide is an apparent value measured at 200 µM NADPH, varying Pchlide up to 30 µM.
a

–
–
–
75.9  10.4
ND
ND
0.05  0.005
(7.0  0.7) ×10−3
2.9  0.3
7.5  1.8
1.3  0.1
0.2  0.01
0.5  0.02
–
–
–
36.6  7.8
2.0  0.2
7.9  4.8
0.4  0.01
0.027 
0.9
7.8
7.9
2.2
2.2
1.5
kcat (s−1)a
KmNADPH (μM)b
KmPchlide (μM)c
KdPchlide (μM)
khydride (×106 s−1)
kproton (×104 s−1)
Quantum yield μM
Chlide/Laser flash

0.002
 0.1
 1.4
 1.0
 0.3
 0.4
 0.1

0.035  0.002
2.9  0.4
15.1  1.6
–
2.4  0.3
2.5  0.1
1.4  0.1

0.037  0.002
2.9  0.4
10.7  1.5
–
2.2  0.3
1.5  0.1
1.3  0.1

0.022  0.001
2.2  0.2
16.6  1.9
–
2.4  0.2
2.7  0.1
1.5  0.1

0.037  0.004
3.3  0.4
13.5  3.3
–
2.1  0.3
2.9  0.5
1.4  0.1

0.013  0.002
0.8  0.2
18.1  5.1
–
2.4  0.5
2.5  0.2
0.9  0.2

–
–
–
106  40
2.3  0.1
ND
0.2  0.02

F233W
F233L
P158A
K156N/I157V
I157V
K156N
WT
Enzyme

Table 1. Steady-state kinetics parameters and relative quantum yield of T. elongatus POR lid regions variants.

P158F

F233A

F233H
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Rearrangement of solvent around excited-state Pchlide
is slowed slightly in F233Y, reflecting a change in Pchlide environment (Figs S21–S23). In the active
NADPH-bound ternary complex, the wild-type and
F233Y enzymes have similar excited-state species spectra (Fig. 7B,C, Figs S19 and S20). However, the
hydride transfer rate for F233Y variant is reduced
~ 40 times, and the proton transfer rate by ~ 2-fold
compared to wild-type. This correlates well with single
wavelength laser flash photolysis data (Table 2).

Discussion
In plants and seedlings, POR and Pchlide accumulate
as a ternary complex with NADPH and form large
multimeric complexes that make up the highly organised networks of the PLBs. Understanding the basis of
this oligomerisation process is important. Small-angle
X-ray scattering measurements have shown that Pchlide binding leads to a structural reorganisation in the
POR enzyme, which in turn induces an interaction of
POR monomers [28]. Here, we have confirmed that
Pchlide binding leads to oligomer assembly and
demonstrated that a range of different oligomeric
states are formed. Our docking studies show that the
initial dimerisation of the ternary complex is likely to
occur through the interaction of hydrophobic regions
of the protein, and possibly the hydrophobic edge of
the Pchlide molecule itself. The subsequent formation
of larger oligomers can proceed via a range of different intramolecular interactions that are responsible for
the variation in oligomeric structures observed experimentally. These multimeric structures are likely to be
formed in a similar manner in plant PORs. Here, Pchlide binding is believed to trigger coupling of POR
oligomerisation to higher molecular weight aggregate
formation [29,31,36,37].
We have shown that two lid regions located in the
distal region of the active site are important for
oligomerisation and photocatalysis. These lid regions
are inherently flexible and adopt multiple conformations in the absence of substrate [26,27]. This mobility
in the apo-enzyme likely disfavours interaction with lid
regions of other POR monomers. Dimer and oligomer
formation is therefore unfavourable. On binding Pchlide, however, these loops become more ordered. This
allows interaction between lid regions, and we suggest
this initiates the formation of POR oligomers. The lid2
region is highly conserved in all POR enzymes. It comprises a number of conserved hydrophobic phenylalanine residues that interact with the hydrophobic edge
of Pchlide [26]. Pchlide binding stabilises lid conformations that exposes a large hydrophobic surface
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Table 2. Steady-state kinetics parameters and relative quantum yield of T. elongatus POR lid region variants. lidP*: lid1 region residues of
T. elongatus POR changed from bacterial to plants (KIPIPAPPD to NVP-PKAN).
Enzyme
−1 a

WT

kcat (s )
KmNADPH (μM)b
KmPchlide (μM)c
KdPchlide (μM)
khydride (×106 s−1)
kproton (×104 s−1)
Quantum yield μM Chlide/Laser
flash

0.027 
0.9
7.8
8.0
2.2
2.2
1.5

0.002
 0.1
 1.4
 1.0
 0.3
 0.4
 0.1

lidP*

F233Y

F237Y

F240Y

F244Y

F247Y

0.028  0.02
0.8  0.2
99.8  78.0
63.7  14.5
2.2  0.1
4.9  0.4
1.6  0.1

0.013  0.001
1.0  0.1
8.1  1.5
–
0.04  0.01
0.5  0.3
0.8  0.02

0.030  0.001
2.5  0.6
6.9  0.7
–
2.2  0.1
1.6  0.03
1.3  0.1

–
–
–
154  76.0
2.2  0.2
0.9  0.1
1.6  0.1

–
–
–
94.7  39.1
2.0  0.3
ND
0.26  0.01

–
–
–
49.2  4.6
ND
ND
0.31  0.01

kcat values are apparent measured at 200 µM NADPH, varying Pchlide up to 30 µM.; bKm NADPH is an apparent value measured at 15 µM
Pchlide, varying NADPH up to 100 µM.; cKm Pchlide is an apparent value measured at 200 µM NADPH, varying Pchlide up to 30 µM.
a

associated with the lid region. Hydrophobic interactions between different POR monomers can then initiate oligomerisation. This oligomerisation model is in
broad agreement with a small-angle X-ray scattering
study of the POR ternary complex, which showed that
structural changes on binding Pchlide induce dimerisation [28]. However, in the absence of crystal structures,
the authors presented a model of the structural change
involving rigidification of a C-terminal extension of
the protein. A recent crystal structure of POR suggests
that the lid regions formed an interface between two
POR monomers, although it is not clear if this was an
artefact of the crystallisation process [27]. The studies
described here support the idea that Pchlide binding
leads to a more rigid protein. Stabilisation of the lid
regions then exposes a hydrophobic surface, which
becomes a nucleating point for dimer formation.
Modifications of the lid regions also affect Pchlide
binding and photocatalysis. Poor binding is observed
in selected variants. Altered binding also correlates
with changes in the absorption maximum of bound
Pchlide and photochemistry, that is decreases in the
quantum yield of the reaction. We infer that the lid
regions are key to setting up optimal binding geometries for photoactivation and subsequent catalytic
steps. Substitution of Phe233 by a Tyr leads to a
~ 50% reduction in the quantum yield. We infer therefore that π–π stacking of Phe233 and Pchlide is an
important interaction in setting up the electronic configuration of Pchlide for photoexcitation. Effects of
these localised structural changes on rates of hydride
and proton transfer are relatively modest.
To conclude, our work points to a dual role for the
conserved lid regions in all POR enzymes. We have
shown that Pchlide binding initiates oligomer assembly
and have provided plausible models based on cryo-EM
and modelling studies for involvement of the lid
regions in nucleating higher order assembly. The lid
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regions are also crucial to setting up an optimal binding configuration for Pchlide that presents the substrate optimally for photoactivation and for
subsequent reduction of the C17-C18 double bond.
The distal region of the active site therefore has a dual
function, with major implications not only for POR
photocatalysis but also early stage plant development.

Experimental procedures
Site-directed mutagenesis of T. elongatus POR
All chemicals were obtained from Sigma-Aldrich (St.
Louis, MI, USA). The genes for the T. elongatus POR
variants were made using PCR. The wild-type (WT)
T. elongatus POR gene with a 4× His tag in a pET21a
vector was used as template. All primers were designed
using the online QuikChange Primer Design program
and are shown in Table S1. PCR reactions were performed according to conditions in Table S2. PCR products were purified (gel extraction; Qiagen, Hilden,
Germany), incubated with Dpn I (New England Biolabs
Inc., Ipswich, MA, USA) and transformed into Escherichia coli NEB5α. Transformed cells were selected on
Luria-Bertani (LB) agar plates (ampicillin 100 μgmL−1)
and incubated overnight at 37 °C. Single colonies were
selected, and grown in LB medium (ampicillin
50 μgmL−1) and plasmid purified (miniprep kit Qiagen,
Hilden, Germany). Mutations were confirmed by DNA
sequencing (Eurofins Genomics, Ebersberg, Germany).
Expression and purification of T. elongatus POR
proteins
Recombinant protein samples were prepared from
transformed E. coli BL21(DE3) grown at 25 °C overnight in 2 L Erlenmeyer flasks with 500 mL auto
induction LB medium (Formedium, Hunstanton,
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mercaptoethanol, 150 mM NaCl, 20 mM HEPES, pH
7.5] and lysed by sonication (30 × 15 s). After centrifugation (44 800 g; 30 min; 4 °C) the supernatant was
loaded onto a 5-mL HisTrap HF column and washed
with different concentrations of imidazole in the washing buffer [0.1% (v/v) 2-mercaptoethanol, 150 mM
NaCl, 20 mM HEPES, pH 7.5]. POR protein was
eluted using elution buffer [250 mM imidazole, 0.1 %
(v/v) 2-mercaptoethanol, 150 mM NaCl, 20 mM
HEPES, pH 7.5] and concentrated in a Vivaspin concentrator (Generon Ltd, Slough, UK). Imidazole was
removed by desalting (emp Biotech GmbH, Berlin,
Germany). Protein concentration was determined by
absorbance at 280 nm (extinction coefficient of
35.41 mM−1cm−1; Protparam tool on the Expasy web
server) and shown to be pure by SDS/PAGE.
Sample preparation for negative-stain
transmission electron microscopy
Purified POR complex (3 µL) was applied to carboncoated 300 mesh copper grids (Agar Scientific Ltd,
Essex, UK), which had been glow discharged for 30 s
at 25 mA before being stained with 5% uranyl acetate.
Grids were imaged using a FEI Tecnai Biotwin transmission electron microscope (Hillsboro, OR, USA)
operating at an accelerating voltage of 120 keV with a
Gatan Orius SC1000 CCD camera (Pleasanton, CA,
USA). Images were recorded with a 1-s exposure.
Protein and protein docking

Fig. 7. Spectroscopy measurements of the POR ternary complex.
(A) The absorbance spectra of Pchlide, and the wild-type and variant
ternary complexes. The absorbance spectra of the ternary complex
of selected POR variants were shown to compare the spectra shift
with the wild-type. For ease of identification, the spectra are offset
from each other. (B, C) Species associated difference spectra (SADS)
resulting from a global analysis of the time-resolved visible data.
Wild-type (B) and F233Y variant (C) POR-NADPH-Pchlide ternary
complex sample collected from 45 ns to 200 µs after excitation at
450 nm.

Norfolk, UK, glucose/lactose ratio 1 : 4) containing
50 μgmL−1 ampicillin. After harvesting, cells were
resuspended [25 mM imidazole, 0.1 % (v/v) 2-

Protein-protein docking was carried out with the CLUSPRO 2.0 application (available online at https://clus
pro.bu.edu/home.php) [34,38,39]. Homodimers were
assessed using the four scoring methods mentioned,
and then, larger oligomeric structures were docked in
order to build an octamer model as shown in Fig. 5A.
The starting monomer for the octamer model was the
TePOR ternary complex structure from previous study
[26]. The homodimers of both the closed and open lid
structure derived from the ternary complex were analysed to identify the importance of the lid region and
its conformation for binding preference.
Sample preparation and data processing for
cryo-electron microscopy
A 3 µL sample of purified TePOR at a concentration
of ~ 0.25 mgmL−1 was adsorbed onto 300 mesh copper R2/2 holey carbon grids (Quantifoil, Essex, UK),
which had been glow discharged for 30 s at 25 mA.
The grids were blotted for between 2 and 6 s at 90%
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humidity at 4 °C before plunge freezing in liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific, Waltham, MA, USA). Grids were stored under
liquid nitrogen and screened for optimal ice on a Titan
Krios electron microscope (Thermo Fisher Scientific)
at the Astbury Biostructure Laboratory, University of
Leeds. Grids with optimal ice were imaged at the UK
national electron bio-imaging centre (eBIC) on a Titan
Krios operating at an accelerating voltage 300 keV,
through a Gatan energy filter and equipped with a K3
direct electron detector, using SERIALEM software [40].
9882 Movies comprising 40 frames with a total dose of
40 e − Å−2 were collected in counting mode at a nominal magnification of 81 000× which gave a corresponding pixel size of 1.078 Å.
Movies were motion corrected and dose weighted
using MOTIONCORR2 [41]. Motion corrected images were
imported into Warp [42] where 935 838 particles were
picked using the Warp box net. Patch-based CTF estimation in Warp was used to calculate local CTF values
for the particles. An initial model was created in RELION
3.1 [33] and was refined using an initial data set of
100 000 particles, and this initial model was then used
as a starting structure for a 3D classification of the full
data set. The best 3D class was then selected which contained 340 024 particles and these particles were then
used for a final 3D refinement. The resolution of the
final model was calculated in RELION 3.1 using the Fourier shell correlation (FSC) of the two half maps from the
final refinement and taken at the 0.143 cut off.
Steady-state kinetic assays
All samples for steady-state kinetic measurements were
prepared under low-intensity green light. Substrate or
product concentrations in the reaction buffer
[0.5–100 μM NADPH, 1–30 μM Pchlide, 0.1% Triton X100, 0.1% (v/v) 2-mercaptoethanol, 150 mM NaCl,
20 mM HEPES, pH 7.5] were determined using the following extinction coefficients in aqueous solution:
NADPH, 6.22 mM−1cm−1 at 340 nm; Pchlide,
24.95 mM−1cm−1 at 630 nm; and Chlide, 69.95 mM−1cm−1 at 670 nm. Steady-state activity measurements
were carried out at 40 °C using a Cary 50 spectrophotometer (Varian Inc) to measure the initial rates of
Chlide formation of 0.1 µM POR over a range of Pchlide
or NADPH concentrations. A 625 nm high power LED
(Thorlabs Inc., Newton, NJ, USA) was used to provide
continuous illumination (around 100 µmol photonsm−2s−1) during the reaction assay. The apparent
Km and Vmax values were obtained by fitting the initial
rates of Chlide synthesis against the concentration of
substrate
(Pchlide
or
NADPH)
to
the
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Michaelis–Menten equation. The apparent kcat values
were calculated based on the reaction with close to saturated NADPH (200 µM) and varying Pchlide (up to
30 µM).
Pchlide binding assays
The spectral shift in the Pchilde absorption on formation of the POR ternary complex was used to follow
Pchlide binding [21]. Binding was measured by following the red shift in absorbance at 642 nm. Binding
assays comprised 0.5 μM Pchlide, 100 μM NADPH and
0.5–100 μM POR. Apparent Kd values were obtained
by fitting the absorbance ratio changes (ΔA = A642 nm/
A630 nm) against the concentration of POR using the
equation (Ao is the initial ratio of the absorbance at
A642 nm/A630 nm):
ΔA ¼

ΔA max ½POR
þ Ao :
Kd þ ½POR

Low-temperature absorbance spectroscopy
Low-temperature absorbance spectra were measured in
reaction buffer with 44% glycerol, 20% sucrose and
0.1% Genapol in a Cary 50 spectrophotometer (Varian Inc., Palo Alto, CA, USA). 1 mL of samples containing 10 μM Pchlide, 250 μM NADPH and 50 μM
POR was incubated at the corresponding temperature
using an Optistat DN liquid nitrogen cryostat (Oxford
Instruments Inc., Abingdon, UK). The POR reaction
was initiated by the same LED light used in the activity measurements. For each temperature point, the
sample was illuminated for 10 min, or for the dark
steps, the sample was illuminated at 190 K for 10 min,
and then incubated in the dark at the corresponding
temperature for 10 min. All absorbance spectra were
recorded at 77 K by using a Cary 50 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Laser flash photolysis
A Nd:YAG laser and OPO system (Surelite, Continuum) was used to generate a 450 nm, 5 ns duration,
laser pulse (~ 25 mJ). Upon excitation of the sample,
absorbance changes at 696 nm were monitored by an
LKS-60 flash photolysis instrument (Applied Photophysics Ltd., Leatherhead, UK). Rate constants were
acquired by fitting the data to a single or double exponential function, as appropriate. Each measurement was
repeated 5 times to obtain an average rate. The laser
flash photolysis sample contained 15 μM Pchlide, 250 μM
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NADPH, 0.1 % Triton X-100, 0.1 % (v/v) 2-mercaptoethanol, 150 mM NaCl and 20 mM HEPES, pH 7.5. A
circulating water bath (Fisher-brand, Leicestershire,
UK) was used to maintain the temperature at 25 °C.

Acknowledgements
This work was funded by the Engineering and Physical
Sciences Research Council (EPSRC) award EP/
S030336/1. Time-resolved visible measurements were
performed at the Ultrafast Biophysics Facility, Manchester Institute of Biotechnology, as funded by BBSRC
Alert14 Award BB/M011658/1. Screening of EM grids
was performed at the Astbury Biostructure Laboratory
on the FEI Titan Krios microscopes, which were
funded by the University of Leeds and Wellcome Trust
(108466/Z/15/Z). Cryo-EM data were collected at the
UK national electron bio-imaging centre (eBIC),
funded by the Wellcome Trust, MRC and BBSRC,
through the Manchester Block Allocation (proposal
bi22724-14). We thank Dr Richard Collins in the
FBMH EM Facility for assistance with EM data collection. ARFG is supported by BBSRC grant BB/
S015779/1.

Conflicts of interest
The authors declare no conflict of interest.

Author contributions
NSS, DJH and CB initiated and coordinated the project. SZ, NSS, DJH and CB designed experiments,
analysed data and wrote the manuscript with contributions from other authors. SZ characterised all POR
variants and prepared samples for electron microscopy. ARFG prepared cryo-EM sample grids, collected and processed cryo-EM data. AT, SH and LOJ
performed and analysed protein docking studies.
SJOH and DJH performed laser photoexcitation measurements. TAJran the MALS-SEC purification of the
cryo-EM samples. All authors discussed the results
and commented on the manuscript.

References
1 Milgrom LR & Warren MJ. (1997) The Colours of
Life: An Introduction to the Chemistry of Porphyrins
and Related Compounds. Oxford: Oxford University
Press.
2 Senge M, Ryan A, Letchford K, MacGowan S &
Mielke T (2014) Chlorophylls, symmetry, chirality, and
photosynthesis. Symmetry 6, 781–843.

Protochlorophyllide oxidoreductase lid regions

3 Von Wettstein D, Gough S & Kannangara CG (1995)
Chlorophyll biosynthesis. Plant Cell 7, 1039–1057.
4 Griffiths WT (1974) Protochlorophyll and
protochlorophyllide as precursors for chlorophyll
synthesis in vitro. FEBS Lett 49, 196–200.
5 Apel K, Santel HJ, Redlinger TE & Falk H (1980) The
protochlorophyllide holochrome of barley (Hordeum
vulgare L.). Isolation and characterization of the
NADPH:protochlorophyllide oxidoreductase. Eur J
Biochem 111, 251–258.
6 Wilks HM & Timko MP (1995) A light-dependent
complementation system for analysis of NADPH:
protochlorophyllide oxidoreductase: identification and
mutagenesis of two conserved residues that are essential
for enzyme activity. Proc Natl Acad Sci USA 92,
724–728.
7 Brocker MJ, Schomburg S, Heinz DW, Jahn D,
Schubert WD & Moser J (2010) Crystal structure of the
nitrogenase-like dark operative protochlorophyllide
oxidoreductase catalytic complex (ChlN/ChlB)2. J Biol
Chem 285, 27336–27345.
8 Brocker MJ, Watzlich D, Saggu M, Lendzian F, Moser
J & Jahn D (2010) Biosynthesis of (bacterio)
chlorophylls: ATP-dependent transient subunit
interaction and electron transfer of dark operative
protochlorophyllide oxidoreductase. J Biol Chem 285,
8268–8277.
9 Moser J, Lange C, Krausze J, Rebelein J, Schubert
WD, Ribbe MW, Heinz DW & Jahn D (2013) Structure
of ADP-aluminium fluoride-stabilized
protochlorophyllide oxidoreductase complex. Proc Natl
Acad Sci USA 110, 2094–2098.
10 Muraki N, Nomata J, Ebata K, Mizoguchi T, Shiba T,
Tamiaki H, Kurisu G & Fujita Y (2010) X-ray crystal
structure of the light-independent protochlorophyllide
reductase. Nature 465, 110–114.
11 Bjorn LO (2018) Photoenzymes and related topics: an
update. Photochem Photobiol 94, 459–465.
12 Selstam E, Brain AP & Williams WP (2011) The
relationship between different spectral forms of the
protochlorophyllide oxidoreductase complex and the
structural organisation of prolamellar bodies isolated
from Zea mays. Photosynth Res 108, 47–59.
13 Grzyb JM, Solymosi K, Strzalka K & MysliwaKurdziel B (2013) Visualization and characterization of
prolamellar bodies with atomic force microscopy. J
Plant Physiol 170, 1217–1227.
14 Kowalewska L, Mazur R, Suski S, Garstka M &
Mostowska A (2016) Three-dimensional visualization of
the tubular-lamellar transformation of the internal
plastid membrane network during runner bean
chloroplast biogenesis. Plant Cell 28, 875–891.
15 Yamamoto H, Kojima-Ando H, Ohki K & Fujita Y
(2020) Formation of prolamellar-body-like
ultrastructures in etiolated cyanobacterial cells

The FEBS Journal 288 (2021) 175–189 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies

187

Protochlorophyllide oxidoreductase lid regions

16

17

18

19

20

21

22

23

24

25

26

188

overexpressing light-dependent protochlorophyllide
oxidoreductase in Leptolyngbya boryana. J Gen Appl
Microbiol 66, 129–139.
Gabruk M & Mysliwa-Kurdziel B (2015) Lightdependent protochlorophyllide oxidoreductase:
phylogeny, regulation, and catalytic properties.
Biochemistry 54, 5255–5262.
Archipowa N, Kutta RJ, Heyes DJ & Scrutton NS
(2018) Stepwise hydride transfer in a biological system:
insights into the reaction mechanism of the lightdependent protochlorophyllide oxidoreductase. Angew
Chem 57, 2682–2686.
Heyes DJ, Hardman SJ, Hedison TM, Hoeven R,
Greetham GM, Towrie M & Scrutton NS (2015)
Excited-state charge separation in the photochemical
mechanism of the light-driven enzyme
protochlorophyllide oxidoreductase. Angew Chem 54,
1512–1515.
Scrutton NS, Groot ML & Heyes DJ (2012) Excited
state dynamics and catalytic mechanism of the lightdriven enzyme protochlorophyllide oxidoreductase.
Phys Chem Chem Phys 14, 8818–8824.
Heyes DJ, Ruban AV & Hunter CN (2003)
Protochlorophyllide oxidoreductase: “Dark” reactions
of a light-driven enzyme. Biochemistry 42, 523–528.
Heyes DJ, Ruban AV, Wilks HM & Hunter CN (2002)
Enzymology below 200 K: the kinetics and
thermodynamics of the photochemistry catalyzed by
protochlorophyllide oxidoreductase. Proc Natl Acad Sci
USA 99, 11145–11150.
Begley TP & Young H (1989) Protochlorophyllide
reductase. 1. Determination of the regiochemistry and
the stereochemistry of the reduction of
protochlorophyllide to chlorophyllide. J Am Chem Soc
111, 3095–3096.
Menon BR, Hardman SJ, Scrutton NS & Heyes DJ
(2016) Multiple active site residues are important for
photochemical efficiency in the light-activated enzyme
protochlorophyllide oxidoreductase (POR). J
Photochem Photobiol B 161, 236–243.
Menon BR, Davison PA, Hunter CN, Scrutton NS &
Heyes DJ (2010) Mutagenesis alters the catalytic
mechanism of the light-driven enzyme
protochlorophyllide oxidoreductase. J Biol Chem 285,
2113–2119.
Menon BR, Waltho JP, Scrutton NS & Heyes DJ
(2009) Cryogenic and laser photoexcitation studies
identify multiple roles for active site residues in the
light-driven enzyme protochlorophyllide oxidoreductase.
J Biol Chem 284, 18160–18166.
Zhang S, Heyes DJ, Feng L, Sun W, Johannissen LO,
Liu H, Levy CW, Li X, Yang J, Yu X et al. (2019)
Structural basis for enzymatic photocatalysis in
chlorophyll biosynthesis. Nature 574, 722–725.

S. Zhang et al.

27 Dong CS, Zhang WL, Wang Q, Li YS, Wang X,
Zhang M & Liu L (2020) Crystal structures of
cyanobacterial light-dependent protochlorophyllide
oxidoreductase. Proc Natl Acad Sci USA 117,
8455–8461.
28 Schneidewind J, Krause F, Bocola M, Stadler AM,
Davari MD, Schwaneberg U, Jaeger KE & Krauss U
(2019) Consensus model of a cyanobacterial lightdependent protochlorophyllide oxidoreductase in its
pigment-free apo-form and photoactive ternary
complex. Commun Biol 2, 351.
29 Gabruk M, Nowakowska Z, Skupien-Rabian B,
Kedracka-Krok S, Mysliwa-Kurdziel B & Kruk J
(2016) Insight into the oligomeric structure of PORA
from A. thaliana. Biochim Biophys Acta 1864,
1757–1764.
30 Heyes DJ, Menon BR, Sakuma M & Scrutton NS
(2008) Conformational events during ternary enzymesubstrate complex formation are rate limiting in the
catalytic cycle of the light-driven enzyme
protochlorophyllide oxidoreductase. Biochemistry 47,
10991–10998.
31 Gabruk M, Stecka A, Strzalka W, Kruk J, Strzalka K
& Mysliwa-Kurdziel B (2015) Photoactive
protochlorophyllide-enzyme complexes reconstituted
with PORA, PORB and PORC proteins of A. thaliana:
fluorescence and catalytic properties. PLoS One 10,
e0116990.
32 Heyes DJ, Hardman SJ, Mansell D, Gardiner JM &
Scrutton NS (2012) Mechanistic reappraisal of early
stage photochemistry in the light-driven enzyme
protochlorophyllide oxidoreductase. PLoS One 7,
e45642.
33 Kimanius D, Forsberg BO, Scheres SHW & Lindahl E
(2016) Accelerated cryo-EM structure determination
with parallelisation using GPUs in RELION-2. eLife 5,
e18722.
34 Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D,
Yueh C, Beglov D & Vajda S (2017) The ClusPro web
server for protein-protein docking. Nat Protoc 12,
255–278.
35 Eisenberg D, Schwarz E, Komaromy M & Wall R
(1984) Analysis of membrane and surface protein
sequences with the hydrophobic moment plot. J Mol
Biol 179, 125–142.
36 Yuan M, Zhang DW, Zhang ZW, Chen YE, Yuan S,
Guo YR & Lin HH (2012) Assembly of NADPH:
protochlorophyllide oxidoreductase complex is needed
for effective greening of barley seedlings. J Plant
Physiol 169, 1311–1316.
37 Hoeven R, Hardman SJ, Heyes DJ & Scrutton NS
(2016) Cross-species analysis of protein dynamics
associated with hydride and proton transfer in the
catalytic cycle of the light-driven enzyme

The FEBS Journal 288 (2021) 175–189 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies

S. Zhang et al.

38

39

40

41

42

protochlorophyllide oxidoreductase. Biochemistry 55,
903–913.
Kozakov D, Beglov D, Bohnuud T, Mottarella SE, Xia
B, Hall DR & Vajda S (2013) How good is automated
protein docking? Proteins 81, 2159–2166.
Vajda S, Yueh C, Beglov D, Bohnuud T, Mottarella
SE, Xia B, Hall DR & Kozakov D (2017) New
additions to the ClusPro server motivated by CAPRI.
Proteins 85, 435–444.
Mastronarde DN (2005) Automated electron
microscope tomography using robust prediction of
specimen movements. J Struct Biol 152, 36–51.
Zheng SQ, Palovcak E, Armache J-P, Verba KA,
Cheng Y & Agard DA (2017) MotionCor2: anisotropic
correction of beam-induced motion for improved cryoelectron microscopy. Nat Methods 14, 331–332.
Tegunov D & Cramer P (2019) Real-time cryo-electron
microscopy data preprocessing with Warp. Nat Methods
16, 1146–1152.

Supporting information
Additional supporting information may be found
online in the Supporting Information section at the end
of the article.
Fig. S1. SEC results for the POR ternary complex.
Fig. S2. Absorbance spectra of POR ternary complex
sample after SEC-MALS analysis.
Fig. S3. The Fourier shell correlation (FSC) of the
cryo-TEM POR oligomer structure.
Fig. S4. Steady-state activity of wild type and lid1
variants of T. elongatus POR.
Fig. S5. Steady-state activity of wild type and lid1
variants of T. elongatus POR.
Fig. S6. Pchlide binding affinity of T. elongatus POR
variants.
Fig. S7. Steady-state activity of wild type and lid2
variants of T. elongatus POR.
Fig. S8. Steady-state activity of wild type and lid2
variants of T. elongatus POR.
Fig. S9. Kinetic transients of hydride transfer for variants of T. elongatus POR in lid1.
Fig. S10. Kinetic transients of proton transfer for wild
type and variants of T. elongatus POR in lid1.

Protochlorophyllide oxidoreductase lid regions

Fig. S11. Absorbance spectra of ternary complex samples of T. elongatus POR lid2 variants after increasing
number of laser pulses.
Fig. S12. Absorbance spectra of T. elongatus POR
ternary complex samples of Phe233 variants after
increasing number of laser pulses.
Fig. S13. Relative quantum yield (Φ) calculation of T.
elongatus POR variants.
Fig. S14. Kinetic transients of hydride transfer for wild
type and variants of T. elongatus POR in lid2 region.
Fig. S15. Kinetic transients of hydride transfer for
Phe233 variants of T. elongatus POR.
Fig. S16. Kinetic transients of proton transfer for wild
type and variants of T. elongatus POR in lid2 region.
Fig. S17. Kinetic transients of proton transfer for
Phe233 variants of T. elongatus POR.
Fig. S18. Cryogenic absorbance measurements of T.
elongatus POR F233Y variant.
Fig. S19. Time-resolved visible spectroscopy data for
TePOR WT ternary complex sample.
Fig. S20. Time-resolved visible spectroscopy data for
TePOR F233Y variant ternary complex sample.
Fig. S21. Species associated difference spectra (SADS)
resulting from a global analysis of the time-resolved
visible data. Data was collected from ps to μs for Pchlide only sample after excitation at 450 nm.
Fig. S22. Species associated difference spectra (SADS)
resulting from a global analysis of the time-resolved
visible data. Data was collected from ps to μs for wild
type non-reactive ternary complex sample after excitation at 450 nm.
Fig. S23. Species associated difference spectra (SADS)
resulting from a global analysis of the time-resolved
visible data. Data was collected from ps to μs for
TePOR F233Y variant non-reactive ternary complex
sample after excitation at 450 nm.
Fig. S24. Time-resolved visible spectroscopy data for
Pchlide only sample.
Fig. S25. Time-resolved visible spectroscopy data for
TePOR wild type ternary complex sample.
Fig. S26. Time-resolved visible spectroscopy data for
TePOR F233Y variant ternary complex sample.
Table S1. Primer list.
Table S2. PCR reaction conditions.

The FEBS Journal 288 (2021) 175–189 ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies

189

