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SUMMARY

Photosynthetic organisms in nature often experience light fluctuations. While low light conditions limit the

energy uptake by algae, light absorption exceeding the maximal rate of photosynthesis may go along with

enhanced formation of potentially toxic reactive oxygen species. To preempt high light-induced photodam-

age, photosynthetic organisms evolved numerous photoprotective mechanisms. Among these, energy-

dependent fluorescence quenching (qE) provides a rapid mechanism to dissipate thermally the excessively

absorbed energy. Diatoms thrive in all aquatic environments and thus belong to the most important pri-

mary producers on earth. qE in diatoms is provided by a concerted action of Lhcx proteins and the xantho-

phyll cycle pigment diatoxanthin. While the exact Lhcx activation mechanism of diatom qE is unknown, two

lumen-exposed acidic amino acids within Lhcx proteins were proposed to function as regulatory switches

upon light-induced lumenal acidification. By introducing a modified Lhcx1 lacking these amino acids into a

Phaeodactylum tricornutum Lhcx1-null qE knockout line, we demonstrate that qE is unaffected by these

two amino acids. Based on sequence comparisons with Lhcx4, being incapable of providing qE, we perform

domain swap experiments of Lhcx4 with Lhcx1 and identify two peptide motifs involved in conferring qE.

Within one of these motifs, we identify a tryptophan residue with a major influence on qE establishment.

This tryptophan residue is located in close proximity to the diadinoxanthin/diatoxanthin-binding site based

on the recently revealed diatom Lhc crystal structure. Our findings provide a structural explanation for the

intimate link of Lhcx and diatoxanthin in providing qE in diatoms.
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INTRODUCTION

Unicellular algae can be exposed regularly to variable light

conditions. Vertical water mixing may passively move cells

from deep water and very low light to full sunlight at the

surface of the ocean within a time scale of a few minutes

(MacIntyre et al., 2000). Diatoms are highly abundant in

such harsh habitats, e.g., upwelling regions and estuaries,

and seem to have special adaptions towards fluctuating

light (Kooistra et al., 2007; Lepetit et al., 2017; Ruban et al.,

2004; Wagner et al., 2006, 2016), including a large vacuole

to regulate buoyancy and/or to store the highly available

nutrients that are usually present there (Behrenfeld et al.,

2021; Tozzi et al., 2004). As fluctuating light contains both

low and high light phases, the challenges for a photosyn-

thetic organism are illustrated for these two extremes:

under low light conditions, the available energy needs to

be harvested as efficiently as possible, i.e., by a relatively

large antenna size to enhance the probability of light

absorption, an efficient exciton transfer from the antenna

proteins to the photosystems, and a high proportion of lin-

ear electron transport (Behrenfeld and Milligan, 2012; Wil-

helm et al., 2014). Under high light conditions, energy is

present far more than needed, which is highly challenging

for the cell as well, because supersaturating light leads, via

absorption by chlorophyll a (Chla), to the formation of

potentially toxic reactive oxygen species (Asada, 1999,

2000; Nishiyama et al., 2006).

While photosynthetic cells can properly acclimate to long-

term low or high light periods-for instance, by adjusting the

size of antennae per photosystems-rapid changes in light con-

ditions, such as under fluctuating light, require more rapid

light acclimation mechanisms, particularly to protect cells

from supersaturating light conditions. Such mechanisms

comprise of alternative electron acceptors or cyclic electron

flows around photosystem I (PSI) (Miyake, 2010; Shikanai,

2007; Wilhelm and Selmar, 2011) and photosystem II (PSII)

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

1721

The Plant Journal (2021) 108, 1721–1734 doi: 10.1111/tpj.15539

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-131rxx3azag2j0

https://orcid.org/0000-0003-4734-8955
https://orcid.org/0000-0003-4734-8955
https://orcid.org/0000-0003-4734-8955
https://orcid.org/0000-0001-9980-9210
https://orcid.org/0000-0001-9980-9210
https://orcid.org/0000-0001-9980-9210
mailto:Jochen.Buck@uni-konstanz.de
mailto:Bernard.Lepetit@uni-konstanz.de
http://creativecommons.org/licenses/by-nc/4.0/


(Grouneva et al., 2009; Onno Feikema et al., 2006; Wagner

et al., 2016). Another common phenomenon is light induced

non-photochemical fluorescence quenching (NPQ), which is a

collective term for different mechanisms characterized by the

reduction of cellular Chla autofluorescence (Krause and

Jahns, 2004; Pinnola and Bassi, 2018; Ruban, 2016). The fast-

est NPQ subtype is energy-dependent fluorescence quench-

ing (qE), which is activated on a time scale of seconds to

minutes. qE regulates the dissipation of energy absorbed in

excess within the antenna of PSII, and thus leads to a reduc-

tion in functional PSII absorbance cross-section (Buck et al.,

2019; Genty et al., 1990; Gorbunov et al., 2001; Holzwarth

et al., 2009; Xu et al., 2018). qE is triggered by the pH gradient

(DpH) established between the thylakoid lumen and the

stroma during illumination (Goss and Lepetit, 2015; Krause

and Jahns, 2004).

The molecular players involved in qE vary between dif-

ferent organisms. Higher plants use the non-pigmented

light-harvesting complex (LHC) superfamily protein PsbS,

which contains four membrane spanning helices to sense

and trigger qE (Fan et al., 2015; Kiss et al., 2008; Li et al.,

2000). Interestingly, mosses contain and utilize PsbS too,

but simultaneously rely on the three-helix protein LhcSR to

trigger qE (Gerotto et al., 2012). In green algae, qE is carried

out by LhcSR proteins (Ballottari et al., 2016; Bonente et al.,

2011; Girolomoni et al., 2019; Peers et al., 2009; Roach and

Na, 2017). PsbS genes are also present in green algae but

their exact role is still unclear (Redekop et al., 2020; Tibiletti

et al., 2016). In stramenopiles, to which diatoms belong to,

qE depends on Lhcx proteins (Bailleul et al., 2010; Buck

et al., 2019; Ghazaryan et al., 2016; Park et al., 2019; Taddei

et al., 2016). LhcSR and Lhcx are highly related and are both

so-called light-induced 818 (LI818)-like proteins of the LHC

superfamily (Dittami et al., 2010), but in contrast to LhcSR

(Bonente et al., 2011), pigment binding by Lhcx proteins still

awaits experimental evidence (B€uchel, 2020).

qE in the green lineage is usually a direct reaction to

lumen acidification under supersaturating illumination.

Protonation of PsbS and/or LhcSR proteins leads to confor-

mational changes that result in energy dissipation within

the antennae of PSII (Fan et al., 2015; Li et al., 2000; Niyogi

et al., 2004; Niyogi and Truong, 2013; Ruban, 2016). Within

LhcSR, three conserved, lumenally exposed acidic amino

acid residues and a C-terminal hydrophilic tail containing a

couple of acidic amino acids are involved in this direct

response in Chlamydomonas reinhardtii (Ballottari et al.,

2016; Liguori et al., 2013). In addition, the conversion of

violaxanthin via antheraxanthin into zeaxanthin in the so-

called xanthophyll cycle can increase the extent of qE in

green lineages. This usually occurs on a slightly slower

timescale than the pH-induced LhcSR/PsbS mediated qE

and thus has been termed qZ (Nilkens et al., 2010). In

green algae, an involvement of the xanthophyll cycle in the

rapid photoprotection process is largely species dependent

(Goss and Lepetit, 2015; Niyogi et al., 1997; Quaas et al.,

2015; Sacharz et al., 2017).

In contrast to LhcSR, Lhcx proteins of diatoms lack a

protonatable C-terminus, but two of the three other proto-

natable amino acids are conserved in Lhcx1, Lhcx2, and

Lhcx3 in the pennate diatom Phaeodactylum tricornutum

(Bailleul et al., 2010; Taddei et al., 2016). Lhcx4, which

seems not to be involved in the qE process, contains only

one of the three protonatable amino acid residues (Buck

et al., 2019; Taddei et al., 2016). In line with this lack of a

protonatable C-terminus, acidification of the thylakoid

lumen alone is not sufficient to induce qE in most diatoms

studied so far. Instead, the establishment of qE strongly

depends on activity of the xanthophyll cycle (diadinoxan-

thin [Dd] cycle) (Blommaert et al., 2017; Croteau et al.,

2021; Goss et al., 2006; Lacour et al., 2019; Lavaud et al.,

2002b). Here, Dd is gradually de-epoxidized to diatoxanthin

(Dt) by the Dd de-epoxidase. The Dd de-epoxidase is trig-

gered by acidification of the thylakoid lumen upon strong

illumination (Hager and Stransky, 1970; Jakob et al., 2001).

In contrast, some centric diatoms seem to possess an addi-

tional, xanthophyll cycle-independent qE component

(Dong et al., 2015; Grouneva et al., 2008). The extent of qE

varies enormously between different diatom species, with

species thriving in stable light conditions, such as the open

ocean, having a much lower qE capacity than species of

coastal areas and the intertidal mudflats (Barnett et al.,

2015; Lavaud et al., 2007). Although the reasons for these

different qE capacities are not fully clarified yet, they likely

result from varying xanthophyll cycle activities and Lhcx

expression levels (Lacour et al., 2019; Laviale et al., 2016).

To investigate the relevance of the two lumenally

exposed acidic amino acids in Lhcx1/2/3 to establish qE, we

used an Lhcx1 knockout strain (x1KO) (Buck et al., 2019).

Lhcx1 is the only Lhcx isoform in P. tricornutum that is con-

stitutively expressed in relevant amounts under low light

growth conditions (Bailleul et al., 2010; Lepetit et al., 2017;

Taddei et al., 2018). Therefore, x1KO strains do not have a

qE capacity when cultivated at low light, despite a fully

functional xanthophyll cycle (Buck et al., 2019). We intro-

duced and expressed modified Lhcx proteins devoid of the

protonatable amino acids in this x1KO strain. Our results

show that the DpH is not directly involved in qE activation

via the interaction with protonatable amino acids of Lhcx.

We instead identified two other amino acid motifs within

the Lhcx protein, which we experimentally demonstrated to

be essential for qE. One specific tryptophan residue within

the second motif is mandatory for a high qE capacity. Based

on comparisons with the recently resolved X-ray structure

of the Lhcf4 protein of P. tricornutum (Wang et al., 2019),

this tryptophan might be involved in interaction with xan-

thophyll cycle pigments and thus provides a mechanistic

explanation for the intimate connection between Lhcx pro-

teins and Dt in conferring qE in diatoms.
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RESULTS

Testing the importance of Lhcx protonation for qE

We previously showed that Lhcx1, Lhcx2, and Lhcx3 alone,

but not Lhcx4, are able to provide qE together with a func-

tional xanthophyll cycle (Buck et al., 2019). The Lhcx1,

Lhcx2, and Lhcx3 proteins in P. tricornutum contain two

conserved acidic amino acids within two regions, which

are supposed to reach into the thylakoid lumen (Ballottari

et al., 2016; Taddei et al., 2016). In contrast, Lhcx4 contains

an asparagine (N) instead of the aspartic acid (D) at posi-

tion 98. Hypothetically, the lack of this conserved acidic

amino acid residue and thus the missing ability to sense

the lumen acidification might be responsible for the absent

ability of Lhcx4 to mediate qE (Taddei et al., 2016).

By site-directed mutagenesis of an Lhcx4 overexpression

construct, we investigated whether this amino acid is the

only important difference of Lhcx4 with the other Lhcx in

terms of conferring qE. This overexpression construct was

based on the Lhcx4 construct used by Buck et al. (2019)

and included the endogenous Lhcx1 promoter and termi-

nator, the Lhcx4 gene with introns and the blasticidin-S

resistance gene bsr (Buck et al., 2018). We exchanged the

codon for asparagine to aspartic acid at amino acid posi-

tion 98 (x4_N98D; Table S1) and transformed it into the

x1KO strain. For simplicity, summarizing information on all

strains used in this study can be found in Table S2.

Western blots of three low light acclimated

x1KO+x4_N98D strains showed the expression of the

modified Lhcx4 protein, while there was no relevant

expression of any endogenous Lhcx isoform in the

mutants (Figure 1a). To estimate the influence of the N98D

mutation on qE, we monitored NPQ of the three

x1KO+x4_N98D strains during a 10-min exposure of super-

saturating light (1740 µmol m�2 sec�1) and 18 min of low

light recovery (Figure 1b). Here, no relevant differences

between the original x1KO and the x1KO+x4_N98D strains

were observed. In conclusion, the absence of one of the

two lumenal-exposed acidic amino acids in Lhcx4 is not

causing its lacking capacity to provide qE.

Lhcx4 might possess other or additional differences to

the other Lhcx isoforms preventing its capacity to provide

qE. Hence, to clarify specifically the importance of the

aspartic acid in the lumenal loop between helix B and helix

C in Lhcx, we focused on Lhcx1, the protein that provides

almost all qE capacity in low light grown cells. If the acidic

amino acids are essential for qE, their mutation in Lhcx1

should annihilate qE establishment.

We used a synthesized Lhcx1 gene without introns in

which the original TALEN-binding sites were exchanged by

synonymous codons, which prevents a possible re-binding

of the TALEN construct still present in the x1KO line

(Table S1). We modified the aspartic acid in position 95

(D95; corresponding to N98 in Lhcx4) to asparagine to dis-

able the protonation at this site (x1_D95N; Table S1),

cloned it downstream of the constitutive FcpA promoter in

the pPTbsr plasmid backbone, developed by Buck et al.

(2018), and transformed the construct in the x1KO strain.

Figure 1. Characterization of three low light acclimated Phaeodactylum tricornutum x1KO lines complemented with x4_N98D, in which the coding sequence for

asparagine in position 98 was changed to aspartate.

(a) Western blot of low light acclimated cells. After blotting, the upper part of the blot was incubated separately with a Rubisco antibody, while the lower part

was incubated with an Lhcx antibody. Positions of protein marker bands are shown on the left. Note that the antibody has the lowest affinity to Lhcx4 (Buck

et al., 2019), explaining the somewhat lower protein expression in the mutants despite the same promoter as for Lhcx1 in the wild type. Western blots have

been spliced for illustrative purposes. Uncropped western blots can be found in Figure S1.

(b) Non-photochemical fluorescence quenching (NPQ) measurements. Low light acclimated cells were concentrated to 10 mg L–1 chlorophyll a, exposed to

1740 µmol photons m�2 sec�1 for 10 min (white bar) and 18 min to low light for NPQ recovery (gray bar). N = 3–5 biological replicates. SD is indicated.

© 2021 The Authors.
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Three colonies (x1KO+x1_D95N_a/b/c) were characterized

via polymerase chain reaction (PCR) to prove the presence

of the constructs and transformation of the correct strain

(Figure 2). Owing to the introduced FcpA promoter in front

of the modified Lhcx1 gene, the primer combination

FcpA_Lhcx1-fw/rev (479 bp) binds only to the FcpA pro-

moter and Lhcx1 gene, which is a sequence combination

that is absent in the wild type. In the three complemented

mutants, the expected amplification product was detected,

while it was absent in wild type and x1KO cells (Figure 2a,

lower panel). To verify the introduction of the mutated

Lhcx1 gene into the x1KO background without any wild

type contamination, we performed PCR amplification with

the primer combination Lhcx1-WT-fw/rev, which cannot

provide an amplification product in the x1KO due to

TALEN-induced mutations in the original Lhcx1 gene and

in the modified Lhcx1 gene due to synonymous codon

usage. Indeed, the expected product with a size of 262 bp

was only detected in the wild type (Figure 2a, upper panel).

A third primer combination was used as a positive control

to amplify a small fragment of 102 bp within an unaffected

region of Lhcx1 (primers Lhcx1_all-fw/rev). As expected,

this combination provides one single band of identical size

in wild type, x1KO, and the three lines containing the mod-

ified Lhcx1.

Western blots proved the presence of x1_D95N in the

three newly created lines, with x1_D95N_a showing similar,

x1_D95N_b slightly higher, and x1KO+x1_D95N_c strongly

increased Lhcx1 protein expression compared with the wild

type (Figure 2b). Concomitantly, all three strains exhibited a

pronounced qE capacity, which was similar as in the wild

type for x1_D95N_a, slightly higher for x1_D95N_b, and

strongly increased for x1KO+x1_D95N_c (Figure 2c). Impor-

tantly, there were no major differences both in the total xan-

thophyll cycle pool size and in the de-epoxidation state after

10 min of HL compared with the wild type (Figure S2).

Instead, the elevated qE levels correlated with the Lhcx1

expression and were probably due to the higher strength of

the FcpA promoter compared with the endogenous Lhcx1

promoter, to positional effects on the integrated constructs,

and the number of plasmid integrations, as described

recently for another gene in P. tricornutum (Madhuri et al.,

2019). As described previously (Buck et al., 2019), the x1KO

shows only low NPQ levels that are not related to qE.

Figure 2. Characterization of three Phaeodactylum tricornutum x1KO lines complemented with x1_D95N, in which the coding sequence for aspartate in position

95 was changed to asparagine.

(a) Polymerase chain reaction products of the primer combination Lhcx1_Wt-fw/rev, which amplify a 347-bp fragment only in the wild type Lhcx1 gene. As con-

trols, the primer combination Lhcx1_all-fw/rev was used to amplify 102 bp at the 30-end of Lhcx1, which was still intact in all strains. The primer combination

FcpA_Lhcx1-fw/rev amplifies a 479 bp fragment, which includes the whole FcpA promoter and the first part of Lhcx1 with the modified codon for asparagine 95,

as well as the modified TALEN-binding sites (synonymous codon exchange).

(b) Western blot of low light acclimated cells. For details, see description in Figure 1. Uncropped western blots are provided in Figure S1.

(c) Non-photochemical fluorescence quenching (NPQ) measurements of the x1KO+x1_D95N lines (blue) compared with wild type (black) and x1KO (red). For

details, see description in Figure 1. N = 3–5 biological replicates. SD is indicated.

© 2021 The Authors.
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Importantly, the qE capacities provided by introduction of

an Lhcx1 protein lacking aspartate D95 closely resemble the

qE levels obtained by introducing a wild type Lhcx1 gene

under control of the same FcpA promoter (Buck et al.,

2019). This result demonstrates that the aspartic acid in

position 95 is not needed to provide qE by Lhcx1.

These modified Lhcx1 proteins still contain a second glu-

tamic acid (E) in position 205, which was also proposed to

be involved in pH sensing (Taddei et al., 2016). Therefore,

we additionally mutated the x1_D95N construct to encode

for an Lhcx1 with a glutamine in position 205

(x1_D95N_E205Q; Table S1). After transformation, we veri-

fied successful integration by similar genetic characterization

as for the x1_D95N construct (Figure 3a). Measurements of

the NPQ capacities in the x1KO+x1_D95N_E205Q lines

revealed pronounced qE levels that were higher than in the

wild type and similar as in the x1_D95N strains (Figure 3b).

This proves that Lhcx1 is able to mediate qE independently

of the presence of the two lumenal-exposed acidic amino

acids.

Site-directed mutagenesis of two Lhcx motifs

We then aligned the four Lhcx protein sequences of P. tri-

cornutum and searched for major differences between

Lhcx1/2/3 and Lhcx4 proteins. As the second of the three

membrane spanning helices (helix C) contains the highest

variance between different LHCs (Green, 2007), we paid spe-

cial attention to this region and the connecting lumenal loop

(region between helix B and helix C; Figure S3). Indeed, two

peptide domains in this region are very distinct in Lhcx1/

Lhcx2/Lhcx3 compared with Lhcx4 (Figure 4). In each of

these motifs, only three of the 11 amino acids are conserved

in Lhcx4 compared with Lhcx1, which might cause the dif-

ferences in qE capacity. We swapped these two motifs sepa-

rately in Lhcx1 with the ones of Lhcx4 at the respective

positions (constructs x1_motif-1 and x1_motif-2; Table S1)

and transformed these constructs individually in the x1KO

strain. By genetic analyses, we confirmed their successful

integration in the x1KO line for three mutant strains for each

of the two constructs (Figure 5a). All these mutants

expressed the swapped constructs (Figure 5b). Hence, both

mutated proteins are successfully expressed despite a

rather large exchange of 11 amino acids.

Two of the obtained strains with the modified motif 1

recovered some qE capacity (x1KO+x1_motif-1_a/c), while

another one did not (x1KO+x1_motif-1_b) (Figure 5c). This

was probably an effect of a relatively low expression of the

construct in x1KO+x1_motif-1_b (Figure 5b). However, as

the introduced genes are regulated by the FcpA promoter

and as x1_motif-1_a exhibited a high protein expression of

the construct, we had expected a much larger qE capacity,

similarly to the strains with an Lhcx protein under control

of the same promoter (Buck et al., 2019), or to the strains

with the two mutated acidic amino acids (Figure 3b, in Fig-

ure 5c indicated for comparison). Hence, this motif may be

important, but not the only domain to fulfill some function

in qE establishment.

Indeed, the three strains that express the x1_motif-2 pro-

tein show no relevant differences in qE compared with the

x1KO, despite a strong expression of the construct

Figure 3. Characterization of three Phaeodactylum tricornutum x1KO lines complemented with x1_D95N_E205Q.

In the x1_D95N_E205Q construct, the coding sequence for aspartate at position 95 was changed to asparagine, and glutamic acid at position 205 was changed

to glutamine. This modified Lhcx1 gene is under control of an FcpA promoter.

(a) Genetic characterization. For details, see description in Figure 2.

(b) Non-photochemical fluorescence quenching (NPQ) measurements of three x1KO+x1_D95N_E205Q mutants compared with wild type and x1KO cells. For

details, see description in Figure 1. N = 3–5 biological replicates. SD is indicated.

© 2021 The Authors.
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indicated by western blot (Figure 5b and Figure 5c). Com-

pared with the wild type, no relevant differences both in

the total xanthophyll cycle pool and in the de-epoxidation

state were observed (Figure S2). This suggests that motif 2

of the Lhcx1/2/3 proteins is highly essential for Lhcx pro-

teins to provide qE.

Role of tryptophan within motif 2 for qE

Based on the crystal structure of P. tricornutum Lhcf4

(Wang et al., 2019) showing the highest homology to

Lhcx1 within the PDB library (Yang and Zhang, 2015;

Zhang et al., 2017), we modeled the Lhcx1 sequence on

this structure using I-TASSER. Interestingly, the crystal

structure shows a single Dd bound close to helix C. The

epoxy group of this Dd molecule is located right beside a

tryptophan residue (W133 in Lhcx1), probably interacting

with this pigment (Figure 6b). This tryptophan residue is

part of motif 2 and is absent in Lhcx4 (Figure 4).

To investigate the function of W133, we mutated the

original Lhcx1 at this position to a methionine as in Lhcx4

(x1_W133M; Table S1). After transformation of the con-

struct to the x1KO mutant, we analyzed three transformed

lines. All of them showed integration of the construct as

well as strong expression of x1_W133M (Figure 7).

All of the three lines recovered some qE capacity, in con-

trast to whole motif 2 mutation (Figure 7c). However,

despite their stronger expression due to the FcpA pro-

moter, these modified Lhcx proteins did not confer a simi-

larly high qE level as in the wild type. We also measured

the xanthophyll cycle activity in these strains to exclude

any secondary effects as a potential reason for the low qE

capacity (Figure S2). Again, the de-epoxidation state after

10 min of high light was comparable with the wild type as

well as other strains. This result proves that the W133 resi-

due alone has a pronounced impact on qE capacity.

DISCUSSION

Recently, we demonstrated that Lhcx4 in P. tricornutum

(strain Pt4) is not involved in the qE process, which is in

contrast to the other three Lhcx proteins (Buck et al., 2019).

There could be several reasons for this, such as

mistargeting or a very different secondary protein struc-

ture. Plastid localized but nuclear encoded proteins such as

Lhcx need a specific bipartite presequence to be targeted

to the chloroplast (Gruber et al., 2007). Lhcx4, like the other

three Lhcx proteins, contains such a presequence, accord-

ing to the bioinformatics prediction tool ASAFIND (Gruber

et al., 2015). In addition, Lhcx4 is predicted to have three

major membrane spanning helices, having a similar dis-

tance to each other as in Lhcx1 and the more distantly

related Lhcf4 and Lhcr1 proteins (Figure S3). Finally, when

placed under the control of the Lhcx1 promoter, we

observed a strong expression of Lhcx4 (Buck et al., 2019).

This is in contrast to C. reinhardtii, where amino acid swap

experiments with several LhcSR proteins yielded no pro-

tein expression, in line with lowered qE capacity (Ballottari

et al., 2016). Thus, the lacking influence of Lhcx4 on qE is

not due to a lack of protein expression or to mistargeting.

Instead, we speculated that peptide motifs may be respon-

sible for qE activity by Lhcx1/2/3, which are absent in Lhcx4

and Lhcf, the classical light harvesting proteins in diatoms.

By comparing sequence features of Lhcx1/2/3 with Lhcx4,

we identified some structural differences that hypotheti-

cally could be responsible for qE, and tested this experi-

mentally in a x1KO strain that does not have qE capacity

when grown under low light conditions (Buck et al., 2019).

Relationship between the DpH and Lhcx proteins

The qE models for diatoms, established in the last decade,

suggested a qE component that is triggered via direct pro-

tonation, independent of the xanthophyll cycle (Chukhut-

sina et al., 2014; Miloslavina et al., 2009). In this case, a

direct activation of Lhcx proteins could provoke at least

some of the qE response. This assumption was mainly

based on the similarities between diatom Lhcx and the

well-studied LhcSR proteins in green algae (Taddei et al.,

2016), where LhcSR acidic amino acids sense the DpH
directly, leading to qE activation (Ballottari et al., 2016;

Bonente et al., 2011). Two of three qE-essential lumenal-

exposed acidic amino acids of LhcSR are present in Lhcx1/

2/3, while only one is present in Lhcx4. However, in our

experiments, the mutation of this asparagine residue in

Figure 4. Extract of an alignment of the four Lhcx protein sequences of Phaeodactylum tricornutum.

Numbers indicate the positions of the respective amino acids in the respective proteins. Blue rectangles indicate the two motifs differing between Lhcx1/2/3 ver-

sus Lhcx4.
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Lhcx4 to the aspartic acid conserved in the other isoforms

(x4_N98D) did not establish a qE functional form of Lhcx4

(Figure 1).

In addition, exchange of the two lumen-exposed D95

and E205 to non-acidic residues did not alter the activity of

Lhcx1 (Figures 2 and 3). This confirms several previous

studies highlighting that in most diatoms the DpH is only

necessary for regulating the xanthophyll cycle, but not for

triggering qE directly (Blommaert et al., 2017; Goss et al.,

2006; Lavaud et al., 2002a; Olaizola et al., 1994). This is in

sharp contrast to the situation in C. reinhardtii, where the

xanthophyll cycle is hardly involved in qE, but the DpH
itself triggers qE by protonating LhcSR (Ballottari et al.,

2016; Peers et al., 2009; Quaas et al., 2015). However, in the

centric diatom Cyclotella meneghiniana, there is a qE com-

ponent, which rather responds directly to the DpH than to

the xanthophyll cycle (Grouneva et al., 2008). At present, it

remains unknown whether lumenal-exposed acidic amino

acids are present within one of the unknown Lhcx proteins

in C. meneghiniana that may trigger the induction of qE as

in C. reinhardtii.

Essential motifs and amino acids in Lhcx proteins

Consequently, other parts of Lhcx proteins must be impor-

tant for qE. Exchange of the identified motif 1 in Lhcx1 to

the respective sequence of Lhcx4 demonstrated only a

minor influence on qE (Figures 5 and 6). At present, we

cannot conclude whether motif 1 is important for the

establishment of qE or whether the minor decrease

induced by the Lhcx4 motif is rather due to a more general

change in protein folding, negatively affecting its capacity

to induce qE.

Figure 5. Characterization of three Phaeodactylum

tricornutum x1KO lines complemented with

x1_motif-1 or x1_motif-2.

In the x1_motif-1 and x1_motif-2 constructs, the

coding sequences for amino acids in positions 88–
98 (motif 1) or 123–133 (motif 2) were exchanged in

Lhcx1 with the respective sequences of Lhcx4. All

constructs were expressed under the control of an

FcpA promoter.

(a) Genetic characterization. For details, see descrip-

tion in Figure 2. Gels have been spliced for illustra-

tive purposes (*x1_motif-2_d was not characterized

in further experiments).

(b) Western blots of low light acclimated cells. For

details, see description in Figure 1. Western blots

have been spliced for illustrative purposes.

Uncropped western blots are provided in Figure S1.

(c) Non-photochemical fluorescence quenching

(NPQ) capacity of three x1KO+x1_motif-1 and three

x1KO+x1_motif-2 strains compared with the wild

type and x1KO strain. For comparison with a strain

with a fully functional qE capacity, obtained by

introducing the Lhcx1 gene under control of the

same FcpA promoter, the x1_D95N_E205Q_c strain

(cf. Figure 3) is depicted in green. For details, see

description Figure 1. N = 3–5 biological replicates.

SD is indicated.
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Motif 2 is located at helix C and this motif proved to be

highly essential for qE establishment. Binding of any pig-

ments by Lhcx has not been shown yet, in contrast to

green-algal LhcSR, which bind xanthophylls as well as Chl

(Ballottari et al., 2016; Bonente et al., 2011; Pinnola, 2019).

However, as Lhcx proteins are strongly related to LhcSR

proteins, a pigment binding by Lhcx proteins is highly

likely. In the crystal structure of the more distantly related

Lhcf4 protein of P. tricornutum, a single binding site for Dd

was annotated (Wang et al., 2019). Interestingly, this pig-

ment is bound within the region that is essential for qE in

Lhcx proteins. Exchanging a single amino acid in this

region, W133, reduced qE capacity remarkably. Based on

the model of Lhcx1 superimposed on Lhcf4 (Figure 6),

W133 reaches directly into the proposed Dd/Dt binding

pocket, closely located to the ionone ring of Dd, which con-

tains the epoxy group. W133 is lacking in the Lhcf4 protein

as well as in all other Lhcf proteins (Figure S4). Moreover,

when we aligned Lhcx protein sequences of P. tricornutum

with those of the diatoms C. meneghiniana and Thalas-

siosira pseudonana, we also identified this tryptophan resi-

due in Lhcx1 of C. meneghinana (essential for qE;

Ghazaryan et al., 2016), and Lhcx1/2, Lhcx4, and Lhcx6 of

T. pseudonana (Figure S5). The latter proteins are all

Figure 6. Lhcx1 model compared with the Lhcf4

crystal structure.

(a) Lhcx1 modeled on the Lhcf4 crystal structure.

The two acidic amino acids D95 and E205 are high-

lighted in yellow, amino acids 88–98 (motif 1) in

blue, amino acids 123–133 (motif 2) in magenta. In

close distance to the epoxy group of Dd, W133 is

indicated with a red arrow. In addition, the pig-

ments diadinoxanthin (orange) and Chl 405 (dark

green) are shown.

(b) Crystal structure of Lhcf4. In the corresponding

position of W133 in Lhcx1, Lhcf4 has a valine (high-

lighted in magenta).

Figure 7. Characterization of three Phaeodactylum tricornutum x1KO lines complemented with x1_W133M.

(a) Genetic characterization. For details, see description in Figure 2. Gels have been spliced for illustrative purposes.

(b) Western blots of low light acclimated cells. For details, see description in Figure 1. Western blots have been spliced for illustrative purposes. Uncropped

western blots are provided in Figure S1.

(c) Non-photochemical fluorescence quenching (NPQ) measurements. For details, see description in Figure 5. N = 3–5 biological replicates. SD is indicated.
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upregulated under high light stress, which correlates with

a higher qE capacity (Zhu and Green, 2010), suggesting

that they fulfill a similar role as Lhcx1, Lhcx2, and Lhcx3 in

P. tricornutum.

Lhcx might switch the peripheral antenna into a

dissipative conformational state

The Dt molecule, which putatively binds at motif 2, might

directly participate in quenching absorbed energy. However,

the nature of the actual quenching pigment in diatoms is

currently unknown. In plants, different Chla/carotenoid or

Chla/Chla interactions are thought to be responsible for

quenching energy (Ahn et al., 2008; Avenson et al., 2008;

Bennett et al., 2019; de la Cruz Valbuena et al., 2019;

Miloslavina et al., 2008; M€uller et al., 2010; Pinnola et al.,

2015; Wahadoszamen et al., 2012). In the Lhcx possessing,

heterokont microalga Nannochloropsis oceanica, Chla/zeax-

anthin interactions are involved in the qE process and the

authors speculate that the quenching may occur in Lhcx1

(Park et al., 2019). Results for C. reinhardtii also suggest that

LhcSR is the sensor and the site of qE in green algae (Bone-

nte et al., 2011; de la Cruz Valbuena et al., 2019). Here, as

for N. oceanica, a Chl/carotenoid interaction is proposed to

be involved in the actual quenching process (Bonente et al.,

2011; de la Cruz Valbuena et al., 2019). If such a mechanism

also occurs in diatoms, Chl 405 in Lhcx1 is the Chl closest to

the single Dd molecule. Translated from the Lhcf4 structure

(Wang et al., 2019), particularly A123 and Q126, both

included in motif 2 of Lhcx1 but absent in Lhcx4, are pro-

posed to bind Chl 405. Thereby, Q126 directly interacts with

its porphyrin ring and the central magnesium ion. However,

albeit originally annotated as a Chla in Lhcf4 based on stoi-

chiometric reasons (Wang et al., 2019), the electron density

was too weak to allow this attribution unambiguously

(B€uchel, 2020). Moreover, the corresponding Chl in the

antennae of the diatom Chaetoceros gracilis is rather a Chlc

(Pi et al., 2019), which, if also true for P. tricornutum, would

make the involvement of this Chl in a direct quenching

mechanism very unlikely. As long as no X-ray structure of

the Lhcx1 protein is available, an assignment of this

pigment-binding site to Chla or Chlc is impossible.

As there are many carotenoid-binding sites in the related

LhcSR of C. reinhardtii (Ballottari et al., 2016; Bonente

et al., 2011), we need to stress that other Dd/Dt molecules

and hence other Chl molecules closely located to these car-

otenoids could also be involved in the direct quenching

process. Even if at this region a Dt/Chla quenching pair

could be established, it is difficult to conceive how this

could lead to the substantial amount of quenching

observed in diatoms, as the Lhcx proteins would need to

harvest and dissipate the energy from the outer antennae

before they reach the photosystems.

Instead, it is also possible that the actual quenching pro-

cess occurs in proteins other than Lhcx. In plants, PsbS

enables the qE process by switching the outer antennae in

a dissipative state where the quenching itself occurs in Lhc

proteins (Ahn et al., 2008; Betterle et al., 2009; Gerotto

et al., 2012, 2015; Wilk et al., 2013). Similarly, Lhcx could

only be the trigger for qE, with the putative Dd/Dt binding

motif 2 in helix C being one of the essential components of

the system, while quenching itself would occur in the Lhcf

proteins via Chl-Chl or Chl–carotenoid interactions. In line

with this, quenching in diatom fucoxanthin–Chl proteins

can be induced in vitro without the presence of Lhcx pro-

teins (Elnour et al., 2018). Moreover, despite possessing a

fully operational xanthophyll cycle and expressing high

amounts of Lhcx, P. tricornutum mutants with a truncated

peripheral Lhcf antenna exhibit a strongly decreased NPQ

capacity (Nymark et al., 2019).

In this respect, it is noteworthy that the Dd molecule is

located directly at the monomer–monomer interface of the

Lhcf4 dimer (Wang et al., 2019), so its conversion to Dt

may have fundamental consequences for oligomerization

states and/or interaction with other Lhc proteins at this

site. While so far nothing is known about oligomerization

states of Lhcx proteins in vivo, there is strong evidence in

plants that high light induces monomerization of PsbS,

being dimeric in the dark. Association of this monomeric

PsbS with classical light harvesting proteins is leading to a

dissipative state (Bergantino et al., 2003; Correa-Galvis

et al., 2016a,b; Sacharz et al., 2017; Wilk et al., 2013). In C.

reinhardtii, relying on LhcSR-based qE, first experiments

indicated dimeric LhcSR forms both in the dark and in the

light. However, in vitro experiments on recombinant LhcSR

in C. reinhardtii demonstrated that monomeric forms are

also active in qE (Bonente et al., 2011). In view of these

findings and based on our results, we propose that rather

than the formation of homodimers, the conversion of Dd

to Dt could be important to form Lhcx heterodimers or -

trimers or even higher oligomeric complexes with other

antenna proteins (Lhcfs) to allow conformational changes

within the antenna proteins. This could induce the pro-

posed functional uncoupling of antennae complexes from

PSII to establish qE in diatoms (Buck et al., 2019; Gio-

vagnetti and Ruban, 2017; Miloslavina et al., 2009; Xu

et al., 2018). Indeed, in C. meneghiniana, oligomeric com-

plexes consisting of Lhcf and Lhcx have been isolated

(Gundermann et al., 2019), but as yet their dynamics under

qE conditions are unknown. The presumably different ori-

entation of the Dd/Dt molecule in Lhcx compared with

Lhcf, due to the exposed headgroup of W133, might play a

decisive role for this process.

Conclusion

We showed that two previously proposed amino acids in

Lhcx (D95 and E205 in Lhcx1) are not necessary for qE in P.

tricornutum. Instead, we identified a peptide motif located

in the membrane spanning helix C of Lhcx1 and within this
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motif specifically a tryptophan residue to be mandatory for

qE induction. As this motif and the tryptophan putatively

coordinate Dd/Dt binding in vivo, it provides structural sup-

port for the intimate link between presence of Lhcx and

conversion of Dd into Dt for induction of qE in diatoms. In

principle, a binding of Dt and a Chla molecule at this motif

in close distance could be possible, enabling a direct

quenching pair, but data support for this theory is still

weak. Instead, the discovered motif is located at a site

where the related Lhcf proteins interact to form dimers.

We therefore hypothesize that Lhcx proteins, depending

on the presence of Dd or Dt, can modulate an interaction

with themselves or Lhcf proteins via this motif, which

eventually results in switching on/off qE by disconnecting

or reconnecting the peripheral antenna to PSII. Future

experiments revealing the crystal structure of Lhcx but also

the interaction partners of Lhcx and other photosynthetic

proteins within the diatom thylakoid membrane will be

required to unravel further mechanistic details of the Lhcx-

mediated qE mechanism in diatoms.

EXPERIMENTAL PROCEDURES

Cultivation of Phaeodactylum tricornutum

Phaeodactylum tricornutum (Pt4; UTEX646) strains were cultured
in autoclaved Provasoli’s enriched F/2 medium Guillard (1975),
prepared from 16.6 g L�1 Tropic Marine Classic artificial sea salt
(Dr. Biener, Wartenberg, Germany) under approximately
40 µmol photons m�2 sec�1 white light illumination in a 16 h
light, 8 h darkness cycle at 20°C. All experiments were performed
with P. tricornutum cultures in their exponential phase and were
frequently diluted with fresh medium to avoid expression of the
other three Lhcx isoforms due to any kind of nutrient limitations.

Protein modeling

To model the Lhcx 3D structure, we used the four-step composite-
alignment online tool “I-TASSER” (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) (Yang and Zhang, 2015; Zhang et al., 2017).
The Pt1 Lhcx1 gene sequence (JGI ID: 27278) was translated to its
amino acid sequence, shortened by the putative plastid targeting
sequence based on the Lhcf4 model and modeled by using the Lhcf4
crystal structure as a template (RCSB PDB ID: 6A2WA) (Wang et al.,
2019). According to I-TASSER, 6A2WA is the crystal structure with
the highest structural homology within the current PDB database
(TM-Score = 0.829; Cov = 0.933). For visualization, the tool “PyMOL”
(DeLano Scientific LLC, San Francisco, CA, USA) was used.

Protein sequence comparison and prediction of

localization

Protein sequences were compared by using the alignment tool of
the software GENEIOUS R9.1.8, with the alignment type “global
alignment with free end gaps” and the cost matrix “Blosum 62.”
Signal peptide prediction was performed with ASAFIND (Gruber
et al., 2015) and SIGNALP 3.0 (Dyrløv Bendtsen et al., 2004). Transit
peptide cutting prediction was based on TARGETP 2.0 (Almagro
Armenteros et al., 2019), identified protein peptides in Lepetit
et al. (2010), and the Lhcf4 protein structure recently revealed by
Wang et al. (2019).

PCR

PCR modifications, deletion PCRs, and amplifications of inserts
were performed with the proof-reading DNA polymerase KapaHifi
(Roche, Basel, Switzerland), according to the manufacturer’s
instructions. PCR products were purified from agarose gels via
Geneclean Turbo (Millipore, Burlington, MA, USA).

PCRs for screening of P. tricornutum mutants were performed
on genomic DNA by using HiDi DNA polymerase (MyPols, Kon-
stanz, Germany), according to the manufacturer’s protocol. Geno-
mic DNA was isolated using the kit “1-step DNA isolation Kit for
Tissue and Cells” (Nexttec, Leverkusen, Germany) by using 10–
15 ml of P. tricornutum culture. Buck et al. (2019) previously
established a screening method in which three primer combina-
tions are applied to discriminate unambiguously wild type, x1KO,
and complemented lines. The primers FcpA_Lhcx1-fw/rev amplify
a 479-bp sequence on the transition of the FcpA promoter and the
synthetic Lhcx1 gene, a combination only present in transformed
colonies and not in wild type. Primers Lhcx1_all-fw/rev amplify a
fragment of 102 bp at the end of Lhcx1, present in wild type,
x1KO, and complemented mutants, which served as control. The
primers Lhcx1_wt-fw/rev amplify 347 bp of Lhcx1 only in wild
type, as gene rearrangements avoid the amplification in the x1KO
and the primer binding DNA sequence in complemented cells is
synonymously codon exchanged. Primer sequences are listed in
Table S2.

Construction of complementation plasmids

The initial plasmids, which include the gene for either Lhcx1 (syn-
thetic gene without introns and synonymous codons in the TALEN
binding-site; FcpA promoter) or Lhcx4 (natural gene with introns;
native Lhcx1 promoter) were previously created by Buck et al.
(2019) and are based on the pPTbsr plasmid carrying a blasticidin-
S resistance (Buck et al., 2018, 2019). The plasmids were modified
via site-directed mutagenesis. For the construction of x4_N98D
(primers M01 and M02), x1_D95N (primers M03 and M04),
x1_W133M (primers M05 and M06), and x1_E205Q (primers M07
and M08) as well as x1_88-98 (primers M09 and M10) and x1_123-
133 (primers M11 and M12), overlapping or non-overlapping site-
directed mutagenesis was performed. Template DNA was
digested by DpnI (Thermo Fisher, Waltham, MA, USA) and PCR
products were ligated by T4 ligase (Thermo Fisher).

The ligated constructs were transformed to Escherichia coli XL1
Blue via electroporation. Single colonies were used for plasmid
extraction (QIAprep spin Miniprep; Qiagen, Hilden, Germany). The
correct sequence was verified by sequencing (Microsynth AG, Bal-
gach, Switzerland). All sequences and modifications on DNA and
amino acid level can be found in Table S1.

Transformation and selection of Phaeodactylum

tricornutum

Phaeodactylum tricornutum x1KO cells were transformed biolisti-
cally according to Kroth (2007). The selection was performed on F/
2 plates with reduced salt content (8.3 g L�1 salt), containing
4 µg ml�1 blasticidin-S (Gibco, Thermo Fisher) and 1.2% Bacto
Agar (Becton Dickinson, Franklin Lakes, NJ, USA).

Western blots

For western blots, cells were resuspended in a buffer containing
50 mM Tris-HCl pH 6.8, 2% (w/v) sodium dodecyl sulfate and 19
protease inhibitor (cOmplete; Roche) and were homogenized in a
Savant Fastprep FP120 homogenizer (Thermo Fisher) by added
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glass beads. Supernatants containing 1 µg Chla were diluted to a
total volume of 20 and 5 µl of Pierce Lane Marker reducing sample
buffer (Thermo Fisher) were added. Proteins were separated on
14% lithium dodecyl sulfate–polyacrylamide gels and blotted semi-
dry (Trans-Blot Turbo; Bio-Rad, Hercules, CA, USA) on nitrocellu-
lose membranes (Amersham Protran; GE Healthcare, Bucking-
hamshire, UK). The membranes were incubated with anti-Rubisco
(AS03 037; Agrisera, V€ann€as, Sweden) or anti-Lhcx (raised by Buck
et al. (2019); Agrisera), respectively, in concentrations of 1:10 000
overnight at 8°C. A horseradish peroxidase coupled secondary anti-
body (goat antirabbit IgG; AS09 602; Agrisera) was applied in
1:10 000 dilution (Lhcx) or 1:20 000 dilution (Rubisco). The signals
were detected by an Odyssey FC (LI-COR, Lincoln, NE, USA) with
Roti-Lumin Plus (Carl Roth, Karlsruhe, Germany) as substrate.

Fluorescence measurements

For the determination of NPQ capacities, a Dual-PAM-100 (Walz,
Effeltrich, Germany) was used. For comparability, the different
mutant lines were adjusted to a concentration of 10 µg ml�1 Chla.
NaHCO3 at 4 mM was added to avoid CO2 limitation. The Chla con-
centrations were measured following the protocol described by
Lepetit et al. (2013). Before the actual measurements, the concen-
trated cultures were incubated in low light for at least 20 min.

Kinetic NPQ measurements were performed by inducing NPQ
for approximately 10 min at 1740 µmol photons m�2 sec�1

(900 µmol photons m�2 sec�1 red actinic light and 840 µmol pho-
tons m�2 sec�1 blue actinic light) and an 18-min low light
(40 µmol photons m�2 sec�1) recovery phase, which provides
information about the relaxation kinetics. For experiments with
red actinic light only, 900 µmol photons m�2 sec�1 were applied
to induce qE and 21 µmol photons m�2 sec�1 during the recovery
phase. Red light flashes of an intensity of 8000 µmol pho-
tons m�2 sec�1 were applied every 30 sec to determine fluores-
cence with closed photosystems (Fm/Fm

0). The calculation of NPQ
was done as Fm/Fm

0 � 1 using the fluorescence value at the first
saturating light flash in the light as initial Fm.

Analysis of pigment composition

Cells were harvested on 1.2 µm filters (Isopore; Millipore, Burling-
ton, MA, USA). Pigments were extracted and separated via high-
performance liquid chromatography according to Jakob et al.
(1999) in a solution containing 81% methanol/9% 0.2 M ammonium
acetate/10% ethyl acetate (vol/vol/vol). The pigments were sepa-
rated using a calibrated high-performance liquid chromatography
system (LaChrom Elite; Hitachi, Chiyoda, Japan) on a Nucleosil
120-5 C18 column (Macherey-Nagel, D€uren, Germany) by applying
a linear gradient with two eluents (90% methanol/10% 0.5 M ammo-
nium acetate, vol/vol; 90% methanol/10% ethyl acetate, vol/vol).
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