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Under high-light conditions, photoprotective mechanisms minimize the damaging effects of excess light. A primary
photoprotective mechanism is thermal dissipation of excess excitation energy within the light-harvesting complex of
photosystem Il (LHCII). Although roles for both carotenoids and specific polypeptides in thermal dissipation have been
reported, neither the site nor the mechanism of this process has been defined precisely. Here, we describe the physio-
logical and molecular characteristics of the Chlamydomonas reinhardtii npg5 mutant, a strain that exhibits little ther-
mal dissipation. This strain is normal for state transition, high light-induced violaxanthin deepoxidation, and low light
growth, but it is more sensitive to photoinhibition than the wild type. Furthermore, both pigment data and measure-
ments of photosynthesis suggest that the photosystem Il antenna in the npg5 mutant has one-third fewer light-harvest-
ing trimers than do wild-type cells. The npg5 mutant is null for a gene designated Lhcbm1, which encodes a light-har-
vesting polypeptide present in the trimers of the photosystem Il antennae. Based on sequence data, the Lhcbm1 gene
is 1 of 10 genes that encode the major LHCII polypeptides in Chlamydomonas. Amino acid alignments demonstrate
that these predicted polypeptides display a high degree of sequence identity but maintain specific differences in their
N-terminal regions. Both physiological and molecular characterization of the npg5 mutant suggest that most thermal
dissipation within LHCII of Chlamydomonas is dependent on the peripherally associated trimeric LHC polypeptides.

INTRODUCTION

In natural environments, photosynthetic organisms are ex-
posed to a range of fluctuating light intensities. At low light
intensities, an increase in photon flux density correlates with
increased photosynthetic carbon fixation. However, above a
certain threshold, carbon fixation becomes saturated and
photosynthesis is incapable of using all of the energy ab-
sorbed by the light-harvesting complexes (LHCs). Under
these conditions of excess light absorption, the chloroplast
lumen becomes highly acidic, the electron transport chain
becomes reduced, and excitation energy accumulates
within the light-harvesting complexes of photosystem Il
(LHCII). Excess excitation of LHCIl could result in an in-
crease in the half-life of singlet chlorophyll a in the pigment
bed and the consequent production of triplet chlorophyll a
and singlet oxygen.

If not detoxified immediately, singlet oxygen can cause
protein modification and lipid peroxidation. Furthermore,
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once initiated, lipid peroxidation becomes autocatalytic, re-
sulting in massive membrane photodestruction (Niyogi,
1999). Excess light also depletes the NADP* pool, causing
an increase in the rate of electron flow from the donor side
of photosystem | (PSI) to oxygen, generating superoxide
and hydrogen peroxide (Asada, 1999).

Plants respond to the absorption of excess light with a
suite of short-term and long-term photoprotective mecha-
nisms that minimize damage. Over the short term, carot-
enoids have photoprotective functions in detoxifying and
limiting the formation of singlet oxygen. The xanthophyll
lutein occupies the L1 and L2 sites of LHC polypeptides and
can quench ~80% of the triplet chlorophyll generated within
LHCII (Peterman et al., 1997). The remaining triplet chloro-
phyll can react with oxygen to generate singlet oxygen.

Singlet oxygen can be detoxified by lutein and neoxanthin
within LHCII or by zeaxanthin and a-tocopherol in the thyla-
koid membranes (Croce et al., 1999b; Havaux et al., 2000).
a-Tocopherol and zeaxanthin also disrupt autocatalytic mem-
brane lipid peroxidation (Niyogi, 1999). Superoxides gener-
ated on the acceptor side of PSI are detoxified by a series of
membrane-associated and stromal enzymes, including su-
peroxide dismutase and ascorbate peroxide (Asada, 1999).
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A first line of defense in photoprotection is the thermal
dissipation of excess excitation energy in LHCII. This pro-
cess decreases energy transfer to photosystem Il (PSll) and
reduces the formation of triplet chlorophyll in LHCII, dimin-
ishing the production of reactive oxygen species. Energy
dissipation within LHCIl or thermal dissipation results in
nonphotochemical quenching of chlorophyll fluorescence
(NPQ) that is reversed rapidly upon dissipation of the thyla-
koid membrane pH gradient (ApH) (Horton et al., 1996;
Niyogi, 1999). Other processes that cause NPQ are state
transitions and long-term inhibition of PSIl photochemistry.

State transitions occur after a shift to high light and are
caused by the occupancy of the quinone binding site of the
cytochrome bgf complex by plastoquinol (Zito et al., 1999)
and the subsequent movement of the peripheral LHCIl an-
tenna (Lhcllb) to PSI (Bassi et al., 1988; Vallon et al., 1991).
The mechanism of inhibition of PSII photochemistry is not
well understood, although there is evidence that a stable
quenching center associated with the accumulation of zea-
xanthin is involved (Farber et al., 1997; Verhoeven et al.,
1998; Gilmore and Ball, 2000). The accumulation of photo-
damaged reaction centers also is responsible for part of the
inhibition of PSII photochemistry (Horton et al., 1996).

Several investigators have demonstrated that zeaxanthin
and lutein play critical roles in thermal dissipation. A strong
correlation between thermal dissipation and zeaxanthin
accumulation has been observed in a variety of plants
(Demmig-Adams et al.,, 1996). Under light-limited condi-
tions, the epoxidation of zeaxanthin results in the forma-
tion of violaxanthin, with antheraxanthin as an intermediate.
Upon exposure of plants to excess excitation energy, the
thylakoid lumen becomes acidic; this acidification activates
violaxanthin deepoxidase and leads to the formation of
zeaxanthin.

Mutants defective in violaxanthin deepoxidation in
Chlamydomonas reinhardtii (npq1) and Arabidopsis (npq7)
exhibit diminished levels of NPQ (Niyogi et al., 1997a, 1998).
In wild-type Chlamydomonas, there is an initial rapid in-
crease in NPQ (representing ~70% of the total) and a sec-
ond slower phase (representing ~30%) after exposure of
cells to high light; only the second phase is lacking in the
Chlamydomonas npq7 mutant (Niyogi et al., 1997a). By
contrast, the Arabidopsis npq7 mutant exhibits a decrease
in reversible NPQ of ~80% relative to wild-type plants
(Niyogi et al., 1998). The Chlamydomonas /or1 and Arabi-
dopsis /lut2 mutants, both of which are unable to synthesize
lutein, also exhibit defects in thermal dissipation (Niyogi et
al., 1997b; Pogson et al., 1998). Specifically, zeaxanthin-
independent thermal dissipation is absent.

The npq1 lor1 and npq1 lut2 double mutants of Chlamy-
domonas and Arabidopsis exhibit essentially no thermal dis-
sipation (Niyogi et al., 1997b, 2001). Lutein might affect ther-
mal dissipation directly and/or indirectly by causing a
change in LHCII structure and composition (Niyogi et al.,
1997b, 2001). Finally, in a mutant of Arabidopsis that accu-
mulates zeaxanthin constitutively and is unable to make an-

theraxanthin and violaxanthin (npg2), the development of
NPQ is more rapid than in wild-type cells, although the ex-
tent of NPQ remains unchanged (Niyogi et al., 1998).

Recent research has focused on whether the role of zea-
xanthin in thermal dissipation is direct, with zeaxanthin
quenching singlet chlorophyll (Gilmore et al., 1996a), or indi-
rect, with zeaxanthin serving as an allosteric regulator of
thermal dissipation (Horton et al., 1991, 2000). In the indirect
model, the planar structure of zeaxanthin promotes a con-
formational change in Lhcllb (possibly aggregation) that fa-
vors quenching by altering chlorophyll-chlorophyll interac-
tions (Phillip et al., 1996). In the direct model, the energy in
singlet chlorophyll is transferred to and then dissipated ther-
mally by zeaxanthin.

Recent measurements of the singlet excited energy states
of zeaxanthin and violaxanthin suggest that both molecules
are theoretically capable of accepting energy from singlet
chlorophyll (Polivka et al., 1999; Frank et al., 2000). How-
ever, in vivo, the capacity for direct energy transfer is de-
pendent on the proximity of the xanthophyll to the chloro-
phyll molecule and their respective orientations.

The actual site of thermal dissipation within LHCII and the
polypeptides critical for this process are just beginning to be
elucidated. The light-harvesting components associated
with PSII are the core light-harvesting polypeptides (CP43
and CP47) and LHCII, which consists of both the mono-
meric or minor LHCII polypeptides (CP26, CP29, and CP24)
and the peripheral trimers (Lhcllb), which constitute the bulk
of the complex. Both the trimers (Horton et al., 1991) and
the monomers (Bassi et al., 1993) have been hypothesized
to play a role in thermal dissipation.

A number of investigators have suggested that lumen acidifi-
cation facilitates the protonation of glutamates of the CP26
and CP29 polypeptides, thereby eliciting conformational
changes that promote thermal dissipation (Walters et al., 1996;
Bassi et al., 1997; Pesaresi et al., 1997). However, although
CP26 and CP29 bind xanthophylls that undergo deepoxida-
tion, the majority of the xanthophylls are bound to trimeric
LHCII (Lhcllb) (Verhoeven et al., 1999). Furthermore, in experi-
ments with vascular plants, the efficiency of xanthophyll deep-
oxidation in the trimeric LHCII (Lhcllb) was observed to be ap-
proximately equivalent to that in CP26 and greater than that in
CP29 (Farber et al., 1997; Ruban et al., 1999).

Analyses of thermal dissipation in chlorophyll b—deficient
mutants in barley, which accumulate fewer LHCII trimers,
have been used to support the idea that thermal dissipation
is associated with the minor LHCII polypeptides (Andrews et
al., 1995; Gilmore et al., 1996b). However, some chlorophyll
b—-deficient strains exhibit reduced thermal dissipation
(Hartel et al., 1996; Gilmore et al., 2000), accumulate less of
several of the LHCII and LHCI polypeptides (Bossmann et
al., 1997), and exhibit defects in thylakoid structure (Knoetzel
and Simpson, 1991). The pleiotropic nature of these mu-
tants complicate conclusions regarding the role of LHCII tri-
mers in thermal dissipation.

Furthermore, in recent experiments, the ability of intermit-



tent light—-grown plants transferred to continuous light to
perform NPQ was correlated with increasing levels of chlo-
rophyll b and trimeric LHCII (Lhcllb), suggesting a role for
the trimers in thermal dissipation (Chow et al., 2000). Finally,
Arabidopsis plants harboring antisense constructs for Lhcbh4
(which encodes CP26) and Lhcb5 (which encodes CP29)
exhibited only minor changes in chlorophyll fluorescence.
The kinetics and capacity of NPQ development were essen-
tially unaltered, and the authors concluded that the minor
LHCII polypeptides (CP26 and CP29) are not sites of ther-
mal dissipation (Andersson et al., 2001).

One polypeptide shown to be critical for thermal dissipa-
tion is PsbS, a PSll-associated polypeptide that is a member
of the LHC superfamily of proteins. Arabidopsis plants null for
psbS exhibited no thermal dissipation when exposed to high
light, although the mutation had no effect on photosynthetic
parameters in low light, LHCII polypeptide accumulation, or
violaxanthin deepoxidation kinetics (Li et al., 2000). Recent
site-directed mutagenesis experiments suggest that PsbS is
protonated in high light and that this protonation is essential
for its function (Li et al., 2002). Although the exact location of
PsbS within the photosynthetic apparatus is not known, there
is evidence that it is not tightly associated with the LHCII-PSII
supercomplex, which contains the PSII core polypeptides
(including D1, D2, CP47, and CP43), CP26, CP29, and one
LHCII trimer (Boekema et al., 2000; Nield et al., 2000a,
2000b).

PsbS may interact with the more peripherally associated
LHCII trimer pool (Harrer et al., 1998; Nield et al., 2000a). Pro-
tonation of PsbS in high light might stimulate conformational
changes in LHCII that promote thermal dissipation. Alterna-
tively, thermal dissipation might occur in a PsbS-containing
complex that efficiently gathers and eliminates excitation en-
ergy harvested by LHCIL. Interestingly, PsbS has not yet been
identified in Chlamydomonas; no gene with high sequence
identity or similarity to PsbS from vascular plants is repre-
sented in the Chlamydomonas cDNA database.

To identify the components important for thermal dissipa-
tion, we have characterized npg5, a Chlamydomonas npq
mutant isolated originally in a screen based on video imag-
ing of chlorophyll fluorescence (Niyogi et al., 1997a). Molec-
ular and physiological analyses of this mutant suggest a role
for LHCII trimers in thermal dissipation.

RESULTS

npqg5 Is Defective Specifically in Thermal Dissipation

The induction kinetics and extent of NPQ in wild-type cells
and the npg5 mutant were examined by measurements of
modulated fluorescence. The data presented in Figure 1
demonstrate that npg5 is defective in thermal dissipation.
After 10 min of high light (350 wmol-m~2-s~1; 3.5 times the
light intensity used for growth), the level of NPQ in the npg5
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mutant was 45% of that measured for wild-type cells. Fur-
thermore, 85% of the NPQ that developed in wild-type cells
in high light was reversed by a 5-min exposure to low-flu-
ence far-red light, but only 50% was reversed in the npg5
strain (Figure 1B).

The addition of the proton uncoupler nigericin to cells ex-
posed to light for 10 min reversed 70% of the NPQ that de-
veloped in wild-type cells but only 10% of the NPQ that de-
veloped in the mutant strain (Figure 1C), supporting the
conclusion that npg5 is defective specifically in the thermal
dissipation component of NPQ. Finally, Figure 1D shows the
levels of NPQ attained after exposing both mutant and wild-
type cells to different light intensities. The npg5 mutant
strain showed reduced NPQ at all intensities. It should be
mentioned that the fluorescence maximum used for the de-
termination of NPQ in both the wild-type and mutant strains
was a “true” fluorescence maximum as determined by fast
fluorescence induction (Kautsky curves) (data not shown).

Because violaxanthin deepoxidation plays an important role
in thermal dissipation, the levels of xanthophylls were quanti-
fied after exposure of cells to high light (1100 pmol-m=2-s~1)
for 1 to 15 min. Wild-type cells and the npg5 strain showed no
differences in the kinetics or extent of violaxanthin deepoxida-
tion during exposure to high light (Figure 2). These results sug-
gest that the kinetics of pH gradient generation in high light
and the magnitude of this gradient are similar in wild-type cells
and the npg5 strain. However, we cannot be certain that xan-
thophylls formed in the mutant strain are incorporated prop-
erly into the thylakoid membranes.

npg5 Is Capable of a State Transition

Because a state transition also can contribute to NPQ, the
ability of the npg5 strain to perform state transitions was ex-
amined. Changes in maximum fluorescence were measured
after the transition of cells from state 1 to state 2. Cells were
maintained in state 1 by illumination with far-red light, which
preferentially excites PSI and causes oxidation of the plasto-
quinone pool. A transition to state 2 was induced by placing
cultures in the dark and adding Glc plus Gic oxidase to scav-
enge molecular oxygen (Bulté and Wollman, 1990). The tran-
sition to state 2 caused a 17% decrease in maximal fluores-
cence for both wild-type cells and the npg5 mutant (17.8% =+
0.4% for the wild type and 17.4% =+ 0.7% for npg5 [n = 4)),
suggesting that state transition is similar in the two strains.

We also used 77K fluorescence emission analyses to
evaluate state transitions. The ratio of fluorescence emitted
at 680 nm to that emitted at 710 nm (F680/F710) reflects the
ratio of antenna chlorophyll functionally associated with PSII
relative to PSI. Measurements were performed on three
samples: (1) treated with far-red light for 10 min; (2) treated
with far-red light and then high light (350 wmol-m~2-s~") for
10 min; and (3) treated with far-red light, high light, and then
10 min of far-red light.

As shown in Figure 3 and summarized in Table 1, the
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Figure 1. Modulated Fluorescence and NPQ in Wild-Type and npg5 Mutant Cells.

(A) Chlorophyll fluorescence during induction and relaxation of NPQ.
(B) NPQ calculated from fluorescence as (F,, — F')/Fr'.

(C) Relaxation of NPQ by the addition of nigericin.

(D) Light intensity dependence of NPQ.

The curves for wild-type cells and the npg5 mutant are shown in black and gray, respectively. The data shown in (B) to (D) are average values of
experiments obtained with four separately grown wild-type and mutant cultures. The wild-type cultures were at cell concentrations between 1.6 X
10% and 1.8 X 108 cells/mL [2.8 to 3.2 pg chlorophyll (a + b)/mL], and the mutant cultures were at cell concentrations between 1.7 X 106 and 1.9
X 108 cells/mL [2.4 to 2.7 ug chlorophyll (a + b)/mL]. For (A) and (B), white bars above the graphs indicate illumination with 350 wmol-m=2-s~1,
and black bars indicate illumination with ~1 pmol-m=2-s~1 far-red light (690 to 710 nm). For (C), the arrowhead at top indicates the time at which
nigericin was added. For (D), the level of NPQ attained after 10 min at each light intensity is shown. For (B) to (D), SE values are <3%; represen-

tative traces are shown in (A).

F680/F710 ratio for both wild-type and npg5 cells de-
creased by ~20% after high-light treatment and recovered
by >70% in far-red light. Recovery did not occur in the
presence of 100 mM NaF, which inhibits a state 2-to-state 1
transition by inhibiting the LHCIlI phosphatase (data not
shown). These results demonstrate that the npg5 mutant is
capable of a high light-induced state transition. However,
the F680/F710 ratios in both state 1 and state 2 were ~20%
lower in the npg5 mutant than in the wild-type strain, sug-
gesting that the mutant has either a smaller PSII antenna or
a lower PSII/PSI ratio.

Pigment Analysis Is Consistent with Fewer LHCII Trimers

The results of quantification of chlorophyll and carotenoid
levels in the wild-type and npg5 mutant strains are consis-

tent with reduced LHCII trimer accumulation in the mutant
strain. As shown in Table 2, the npg5 mutant had a higher
chlorophyll a/b ratio than wild-type cells. Because LHCII tri-
mers have a lower chlorophyll a/b ratio than LHCI, CP26, or
CP29 (Green and Durnford, 1996; Bassi et al., 1997), an in-
crease in this ratio is consistent with fewer LHCII trimers rel-
ative to the rest of the photosynthetic apparatus. The 34%
decrease in the absolute amount of neoxanthin and loroxan-
thin per cell in the mutant strain also is consistent with a sig-
nificant reduction in LHCII trimer abundance, because
>90% of thylakoid-bound neoxanthin is associated with
these trimers (Croce et al., 1999a).

Furthermore, the npg5 mutant contained 27% less chlo-
rophyll b per cell than the wild-type strain; in wild-type cells,
~80% of the chlorophyll b per cell was associated with the
LHCII trimers. These data, along with the 77K fluorescence
data and the photosynthetic parameters discussed below,



suggest that the npg5 mutant has approximately one-third
fewer LHCII trimers than wild-type cells. In wild-type cells,
the LHCII trimers account for 50% of the chlorophyll associ-
ated with PSIl, whereas the minor LHC polypeptides ac-
count for 15%, and CP43 and CP47 of the PSII core ac-
count for 35%. Thus, the reduction in LHCII trimers would
result in a reduction in PSII antenna chlorophyll by ~20%, in
agreement with the decreased F680/F710 ratio observed in
the mutant strain.

Photosynthetic Parameters and Growth

Photosynthesis was monitored as the level of oxygen evolu-
tion and by modulated fluorescence. As shown in Table 3,
photosynthetic efficiency, as estimated by variable PSII fluo-
rescence/maximum PSII fluorescence ratio (F,/F,,) was simi-
lar in wild-type and npg5 mutant cells. Oxygen evolution
measurements demonstrated that on a per cell basis, nei-
ther the maximum photosynthetic rate (measured at >200
pmol-m~2-s=1) nor photosynthetic efficiency (measured be-
tween 0 and 50 pmol-m~2-s~1) was significantly different in
npg5 and wild-type cells. However, the SE values generated
for these measurements were between 5 and 20%; there-
fore, the mutant and wild-type strains could differ in photo-
synthetic efficiency by up to 25%.

If reported on a per chlorophyll basis, maximum photo-
synthetic rate was significantly greater for the npg5 mutant
than for wild-type cells, suggesting that the mutant contains
more PSII reaction centers per chlorophyll (i.e., a smaller an-
tenna). Similarly, a higher maximum photosynthetic rate per
chlorophyll was noted for other mutant strains having
smaller LHCII antennae (Polle et al., 2001). Data presented
in Table 3 show that photoautotrophic growth rates were
not significantly different between mutant and wild-type
cells under moderate light. The doubling time of photoau-
totrophically grown cultures in moderate light was ~13.5 h
for both wild-type and npg5 mutant cells.

Photoinhibition Is Greater in npg5

Because thermal dissipation reduces the half-life of singlet
excited chlorophyll and decreases the amount of excitation
energy transferred to the reaction center under high-light
conditions, the mutant strain was expected to be more sen-
sitive to photoinhibition than wild-type cells. We monitored
photoinhibition (defined as a decrease in F,/F,) in both the
wild-type and mutant strains after 10 and 20 min of expo-
sure to 1100 pmol-m~2-s~1 in the presence of lincomycin
(which prevents protein synthesis in the chloroplast, which
is essential for the repair of PSII reaction centers).

To eliminate the effects of thermal dissipation and state
transition on F/F,, cells were exposed to low-fluence far-
red light for 4 min before fluorescence measurements. As
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Deepoxidation state (DPS) was calculated as (zeaxanthin + anther-
axanthin)/(zeaxanthin + antheraxanthin + violaxanthin). The wild-
type culture used was at a concentration of 1.65 X 10° cells/mL
[2.82 g chlorophyll (@ + b)/mL], and the npg5 mutant culture was at
1.7 X 106 cells/mL [2.48 p.g chlorophyll (@ + b)/mL].

shown in Figure 4, upon exposure of the cells to 1100
pmol-m~2-s~1, the loss of PSIl activity was significantly
faster in the npg5 strain than in the wild-type strain. Photo-
synthetic efficiency decreased, with half-times of 14 and 12
min for wild-type and npg5 mutant cells, respectively.

npqg5 Has an Insertion in a Major LHCII Gene

The npg5 mutant was generated using insertional mutagen-
esis (Niyogi et al., 1997a). The parental strain, CC-425, a
mutant at the ARG7 locus (which encodes argininosucci-
nate lyase, an enzyme essential for Arg biosynthesis), was
transformed with the linearized plasmid pJD67, which con-
tains a wild-type ARG7 gene and pBluescript KS+ vector
(Davies et al., 1994; Purton and Rochaix, 1994). Transfor-
mants were selected on medium devoid of Arg, grown pho-
toautotrophically to ensure photosynthetic competence,
and screened by video imaging of chlorophyll fluorescence
(Niyogi et al., 1997a). Because exogenously introduced DNA
integrates into the nuclear genome of Chlamydomonas by
nonhomologous recombination, mutations generated often
were the result of the integration of pJD67 DNA into the ge-
nome (the lesions are tagged with insert DNA).

To determine whether the mutant phenotype cosegre-
gated with the introduced wild-type ARG7 gene in the npg5
mutant strain, a mating-type-plus-npg5 strain was crossed
to a mating-type-minus-arg7 strain. All of the 280 progeny
tested exhibited cosegregation of the npg5 phenotype (as-
sayed by video imaging) and Arg-independent growth, sug-
gesting that the NPQ defect in npg5 was generated by the
insertion of pdJD67. DNA gel blot hybridizations using ge-
nomic DNA from the npg5 mutant strain demonstrated that
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Figure 3. 77K Fluorescence Emission Spectra of Wild-Type and npg5 Mutant Cells Treated with Far-Red Light, Far-Red Light followed by High-

Light, or Far-Red Light, High Light, and Then Far-Red Light.

(A) Wild type (WT).
(B) npg5.

Samples were excited at 435 nm, and fluorescence emission was measured between 650 and 750 nm. The wild-type culture used was at a con-
centration of 1.75 X 108 cells/mL [2.95 g chlorophyll (a + b)/mL], and the npg5 mutant culture was at 1.83 X 108 cells/mL [2.55 pg chlorophyll
(@ + b)/mL]. Spectra were measured two times and yielded essentially identical data, and data from one of the two replicates is shown. FR, far-
red light; HL, far-red light followed by high light; Rec, far-red light, high light, and then far-red light.

the mutant has a single insertion of pJD67 and that the bac-
terial origin of replication from pBluescript was lost during
insertion (data not shown).

Chlamydomonas genomic DNA flanking the pJD67 inser-
tion was isolated by screening a genomic library generated
from npg5 DNA with sequences from pBluescript and ARG7
(see Methods). Flanking DNA was sequenced and used to
isolate both wild-type genomic and cDNA clones. Insertion
of pdD67 in npg5 was in a novel gene with strong sequence
identity to genes encoding the major LHCII polypeptides of
vascular plants that constitute the LHCII trimers. The gene
was designated Lhcbm1 (Lhc for light-harvesting complex,
b as by convention for PSll-associated LHC polypeptides,
m for major, and 7 because it is the Lhcb gene that was
most highly represented in the nonnormalized cDNA sam-
pling of the Kazusa EST database).

Recent biochemical evidence in which Chlamydomonas
LHCII trimers and monomers were resolved by PAGE con-
firmed that all of Lhcbm1 is present in the trimers (D. Elrad and
A.R. Grossman, unpublished data). Figure 5 depicts the
Lhcbm1 locus in the wild-type and npg5 mutant strains. The
wild-type Lhcbm1 gene contains five exons and four introns. In
npq5, pJD67 was inserted into the first exon, generating a 320-
nucleotide deletion. Full-length cDNA clones are 999 nucle-
otides long with a coding region of 768 nucleotides. The pre-
dicted 256-amino acid precursor polypeptide contains an
N-terminal domain characteristic of thylakoid transit peptides.
Cleavage would generate a mature protein of 226 amino acids,
with a predicted molecular mass of 25.1 kD and a pl of 5.02.
The cleavage site was deduced based on homology with Lhcb?2
polypeptides from vascular plants (Figure 6; see Discussion).

The Defect in NPQ Is Complemented by a Lhcbm1
Genomic Clone

To determine if the NPQ defect in the mutant was caused by
the insertion in Lhcbm1, we introduced the wild-type
Lhcbm1 gene into the mutant and analyzed NPQ in the re-
sulting transformants. Three constructs were transformed
into npg5: (1) the negative control pSP124S, a vector that
contains the Ble gene, a selectable marker conferring resis-
tance to Zeocin (Cayla, Toulouse, France; Lumbreras et al.,
1998); (2) pB-LHC, a 4.4-kb genomic fragment containing
Lhcbm1 ligated into pSP124S (the fragment includes 2 kb 5’
of the transcriptional start site and 400 bp 3’ of the polyade-

Table 1. State Transition in Wild-Type and npg5 Mutant Cells

Change in

F680/F710 F680/F710 (%)

Sample FR HL Recovery in FR  HL Recovery in FR

-22 70
-23 70

Wild type 1.66 1.29 1.55
npgs 139 1.06 1.29

F680/F710 ratios correspond to those shown in Figure 3. Ratios are
shown for wild-type and npg5 mutant cells treated with far-red light
(FR), far-red light followed by high light (HL), and far-red light, high
light, and then far-red light (Recovery in FR). The percentage change
in the ratios after HL treatment, and the percentage of the initial de-
crease that recovers after the final far-red light exposure, also are
shown.




Table 2. Pigment Levels in Wild-Type and npg5 Mutant Cells

Ratio of npg5

Parameter Wild Type npgb5 to Wild Type
Chlorophyll a/b 230 +0.08 255x0.05 1.10
Neo and Lor 0.19 =£0.01 0.11 £0.02 0.66
Lutein 0.20 £ 0.02 0.17 £0.02 0.82
Chlorophyll b 0.63 +0.05 0.46 =0.04 0.73
Chlorophyll a 1.40 = 0.02 1.14*+0.06 0.82
Xanthophyll pool  0.12 £0.01 0.10 = 0.01 0.85

Carotenoid and chlorophyll extracts from wild-type and npg5 cul-
tures were analyzed. Chlorophyll was measured spectrophotometri-
cally, and the carotenoids were quantified by HPLC. Levels of neo-
xanthin (Neo) and loroxanthin (Lor), lutein, chlorophyll b, chlorophyll
a, and the xanthophyll pool (zeaxanthin + antheraxanthin + viola-
xanthin) are given in fmol/cell. The wild-type cultures used were at
cell concentrations between 1.5 X 108 and 1.8 X 10° cells/mL [2.7 to
3.2 pg chlorophyll (@ + b)/mL], and the npg5 mutant cultures were at
cell concentrations between 1.6 X 108 and 1.9 X 10° cells/mL [2.3
and 2.7 p.g chlorophyll (@ + b)/mL]. Data shown are means = SE (n =
4). The ratio of the means also is shown.

nylation signal); and (3) pB-RL, a 3.7-kb Lhcbm1 genomic
fragment joined at the ATG site to a 173-bp RbcS2 pro-
moter fragment inserted in pSP124S.

The mutant strain was transformed with these constructs
by the glass bead transformation method, and transformants
were selected on medium containing Zeocin (Lumbreras et
al., 1998). After 10 days of growth, single colonies were
transferred to solid minimal medium, allowed to grow at 100
wmol-m~2-s~1, and screened for the npg phenotype by
video imaging. Figure 7A shows a scheme of the three con-
structs and the frequency with which transformants with a
wild-type NPQ phenotype were recovered. Although <1%
of the colonies transformed with the pSP124S negative con-
trol appeared complemented using the video-imaging as-
say, >30% of the colonies transformed with either pB-LHC
or pB-RL appeared complemented.

Figure 7B shows a false-color image of NPQ in colonies of
wild-type cells, the npg5 mutant containing the control vec-
tor (pSP124S), and a transformant harboring the Lhcbm1
gene (from pB-RL) in which the mutant Npg phenotype is
complemented. As shown by the RNA gel blot experiment
presented in Figure 7C, Lhcbm1 mRNA accumulated in
wild-type cells and the complemented strain but not in the
mutant strain. Complementation of the mutant phenotype
was retested after growth in liquid medium by measure-
ments of modulated fluorescence. Many apparently com-
plemented strains exhibited completely wild-type NPQ
development, whereas others exhibited partial complemen-
tation. The degree of complementation generally correlated
with the level of MRNA accumulation (data not shown).

The npgb mutant transformed with pB-RL generally ex-
hibited higher levels of Lhcbm1 mRNA accumulation than
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npqg5 transformed with pB-LHC. Finally, complementation
of the Npg phenotype was accompanied by complementa-
tion of the other phenotypes associated with the mutant
strain (e.g., changes in 77K fluorescence and pigment lev-
els) (data not shown).

Ten Genes Encode Major LHCII Polypeptides
in Chlamydomonas

The finding that the mutation in npg5 resided in the Lhcbm1
gene suggested that LHCII trimers play a functional role in
thermal dissipation. In vascular plants, the trimers are com-
posed of Lhcb1 and Lhcb2, two highly related polypeptides
that are encoded by four or more genes each (Jansson,
1999). To further elucidate the role of Lhcbm1 in NPQ, we
identified other Chlamydomonas genes that potentially en-
code polypeptides associated with the LHCII trimers. Mem-
bers of the Lhc gene family of Chlamydomonas were identi-
fied initially by performing a TBLASTX search (Altschul et al.,
1997) on the Kazusa EST database and the cDNA database
of the National Science Foundation-funded Chlamydomo-
nas genome project with the conserved transmembrane do-
main that is present in all LHC polypeptides and the entire
Lhcbm1 polypeptide sequence.

A total of 1100 sequences were identified and placed into
10 contigs that encode polypeptides with high sequence
identity to Lhcb1 and Lheb2 from vascular plants. Four of the
contigs were identical to the previously described Chlamydo-
monas Lhc genes Cab II-1, Lhcb2, Lhcb3, and Cabll-2
(Imbault et al., 1988; Somanchi et al., 1998; J.H. Mussgnug
and O. Kruse, unpublished data). Three other contigs were
identical to genes identified in a recently published EST
search (Teramoto et al., 2001).

Unlike in vascular plants, the distinction between Lhcb1 and
Lhcb2 in Chlamydomonas is not clear (Green and Durnford,
1996). Therefore, we have designated all of the genes that

Table 3. Photosynthetic Parameters in Wild-Type and npg5
Mutant Cells

Sample  Pmax? @b Fo/Fm Doubling Time (h)

Wild type 248 =42 1.72 =0.1 0.785 = 0.01 13.2 = 1.1
npqb 289 =20 1.57 = 0.1 0.783 £0.02 13.7 = 0.8

Pmax (maximal photosynthetic rate), ® (photosynthetic efficiency),
F./Fn, and doubling time at 100 wmol-m~2-s~1 were determined for
the wild-type and npg5 mutant strains. For measurements of Pmax,
®, and F,/F,,, the wild-type cultures used were at cell concentrations
ranging from 1.6 X 10° to 1.8 X 10° cells/mL [2.8 to 3.2 pg chloro-
phyll (@ + b)/mL], and the npg5 mutant cultures were at cell concen-
trations ranging from 1.6 X 108 to 1.9 X 10° cells/mL [2.3 to 2.8 pg
chlorophyll (@ + b)/mL]. Data shown are means * SE (n = 6 for
Pmax, ®, and F,/F,, n = 3 for doubling time).

aMeasured in umol Oy-h=1-10-"2 cells.

b Measured in wmol O,-h~1-(uwmol photon)~1-10-'2 cells.
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Figure 4. Photoinhibition in the Wild-Type and npg5 Strains.

Photosynthetic efficiency (F,/F,,) was measured after 10 and 20 min
of high-light exposure (1100 pmol-m~2-s~7) in the presence of linco-
mycin. Before measuring F,/F,,, the cultures were exposed to low-
fluence far-red light for 4 min. To calculate the half-time of photo-
synthetic efficiency in high light, linear trend lines were added (R? >
0.96 for both). The half-time of efficiency for the wild-type and npg5
strains were 14.1 = 1.1 min and 12.2 = 0.4 min, respectively. Points
are means * SE (n = 4). The wild-type cultures used were at cell
concentrations between 1.5 X 108 and 1.7 X 108 cells/mL [2.7 to 3.1
g chlorophyll (@ + b)/mL], and the npg5 mutant cultures were at
cell concentrations between 1.6 X 108 and 1.8 X 106 cells/mL [2.3
and 2.6 pg chlorophyll (@ + b)/mL].

encode potential constituents of the LHCII trimers (based on
sequence similarity to Lhcb1 and Lhcb2 of vascular plants)
Lhcbm. The genes were given numerical suffixes (Lhcbm1
to Lhcbm10) based on EST frequency in the Kazusa data-
base (as of December 2000) (the lower the number, the
more frequently the sequence appeared in the EST data-
base). This naming scheme precisely defines each of these
Lhch sequences and is meant to provide a simple and con-
sistent set of gene designations.

The Lhcbm gene mutated in npg5 exhibited the highest
EST frequency; therefore, it was designated Lhcbm1
(NPQ5). Lhcbm9 and Lhcbm10 were far less represented in
the EST library than the other Lhcb sequences. Interestingly,
Lhcbm9 was represented only by reads from the cDNA li-
brary constructed with mRNA isolated after growth in sulfur-
deficient medium, and Lhcbm10 was represented by only
two reads.

The contigs available in the public databases did not rep-
resent full-length cDNA sequences. To obtain full-length se-
quences, missing fragments of the specific Lhcbm genes
were amplified from a cDNA library by PCR and sequenced
(see Methods). Figure 6 shows an alignment of the 10 pre-
dicted Lhcbm polypeptides. To determine if the Lhcbm1 de-
letion caused an alteration in the expression of other Lhcbm
genes, gene-specific probes for each were generated and
RNA gel blot hybridizations were performed. Expression lev-
els for all of these genes (except Lhcbm1) were essentially

identical in the wild-type and npg5 mutant strains (data not
shown).

DISCUSSION

To gain a better understanding of thermal dissipation in
photosynthetic organisms, a screen for Chlamydomonas
mutants defective in this process was performed (Niyogi et
al.,, 1997a). Mutants generated were placed into three cate-
gories: (1) those defective for photosynthetic electron trans-
port that were unable to generate the ApH necessary for
thermal dissipation; (2) those abnormal for the xanthophyll
cycle (npq1 and npq2); and (3) those that were not obviously
impaired in photosynthesis or the xanthophyll cycle. In this
article, we present the physiological and molecular charac-
terization of npg5, a mutant from the third category.

Physiological and Molecular Characterization of npq5

The npg5 mutant developed less than one-third as much re-
versible NPQ as wild-type cells, and nearly all of the NPQ
that did develop was not reversed by the addition of nigeri-
cin, suggesting that the diminished NPQ is a result of a de-
fect in thermal dissipation. Furthermore, although the mu-
tant strain was capable of high light-induced violaxanthin
deepoxidation and of undergoing state transitions, it ap-
peared to have one-third fewer LHCII trimers (e.g., a 20%
smaller PSII antenna) than wild-type cells. Assuming equiva-
lent numbers of PSII reaction centers in mutant and wild-
type strains, when grown in moderate light, npg5 cells

Wild-type genomic Lhcbmi

ATG

— N - ..

Lhcbml in npg5

Insert
—; —44-— -
320 bp deletion

Figure 5. Scheme of the Lhcbm1 Locus in the Wild-Type and npg5
Mutant Strains.

Lhcbm1 has five exons and four introns. In the npg5 mutant, an in-
complete pJD67 plasmid was inserted in the first exon of the gene,
generating a 320-nucleotide deletion at the site of insertion. Black
boxes represent exons, and the gray box represents genomic DNA
within the Lhcbm1 gene of npg5 that was deleted during the inser-
tion of pdD67.



would have four trimers per PSII reaction center compared
with six trimers per reaction center in wild-type cells.

In accord with the mutant’s reduced ability for thermal dis-
sipation, photoinhibition was significantly more rapid in npg5
than in wild-type cells upon exposure to high light (1100
wmol-m~2.s~1), suggesting that thermal dissipation is impor-
tant for protecting PSIl from damage at very high light intensi-
ties. It also is possible that the increased rate of photoinhibi-
tion is not a direct result of the absence of thermal dissipation
but is an indirect result of the mutation. Photoinhibition was
not significantly faster at a light intensity of 350 wmol-m=2-s~1
(data not shown). These results suggest that there are other
photoprotective processes that compensate for the lower ca-
pacity for thermal dissipation in the mutant strain.

The npgb strain showed no significant defect in photo-
synthetic efficiency, even though the PSIl antenna size
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appeared to be reduced. Although consistent results were
obtained when photosynthetic efficiency was measured re-
peatedly for the same culture, there was considerable varia-
tion among both wild-type and npg5 cultures. This variation
would obscure differences in photosynthetic efficiency of up
to 25%. Growth at 100 pmol-m~2-s~1 was not significantly
different in the npg5 and wild-type strains. An increase in
the doubling time might be expected for the mutant strain
because it has a smaller PSIl antenna. However, unlike the
npg5 mutant, wild-type cells develop NPQ at 100 pmol-
m~2-s~1, which would result in a somewhat decreased photo-
synthetic efficiency and slower growth. At 100 wmol-m~2-
s~1, the consequences of reduced antennae cross-section
and less NPQ might cancel each other with respect to the
growth rates.

Because integration of exogenous DNA into the nuclear
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Figure 6. Alignment of the Amino Acid Sequences of the Chlamydomonas Lhcbm Polypeptides and Lhcb2.1 from Pea (Ps).

Residues identical to the consensus sequence are shown in black, and stars mark potential Thr phosphorylation sites.

(A) Predicted transit peptides.
(B) Predicted mature proteins.
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Figure 7. Transformation with the Genomic Lhcbm1 Sequence Complements the Mutant Phenotype in npg5.

(A) Scheme of the constructs used for complementation, and complementation frequencies.
(B) False-color image of NPQ in the wild-type strain, the npg5 mutant strain, and a complemented strain.

(C) Levels of Lhcbom1 RNA expression in strains used in (B). The CBLP transcript level was used as a loading control.

genome of Chlamydomonas occurs by nonhomologous re-
combination, transformation with a selectable marker can
result in lesions that are tagged with the introduced DNA, fa-
cilitating molecular cloning of the altered gene. After dem-
onstrating that the npg5 mutant phenotype was linked to
the ARG?7 insertion, the genomic DNA flanking the insertion
site was characterized. A single incomplete transformation
vector was inserted into a gene with high sequence identity
to Lhcb1 genes of vascular plants; we have designated this
gene Lhebm1.

To prove that the npg5 phenotype was caused by the in-
sertion in Lhcbm1, we transformed the mutant with a wild-
type copy of Lhcbm1 and analyzed the fluorescence phe-
notype of the transformants. The introduction of either the
entire Lhcbm1 gene with 2 kb 5’ of the transcriptional start
site or the Lhcbm1 gene fused to the RbcS2 promoter was
able to complement the mutant Npq phenotype in ~30%
of transformants, as analyzed by video imaging on solid
medium. However, when complementation was retested
by measurements of modulated fluorescence in liquid me-

dium, only some of the strains originally scored as comple-
mented exhibited complete restoration of the wild-type
phenotype.

Many of the putatively complemented strains attained
NPQ levels that were between those exhibited by wild-type
cells and the npg5 mutant. RNA gel blot hybridizations with
total RNA isolated from these cultures demonstrated that
the degree of complementation was correlated with the level
of Lhcbm1 mRNA accumulation (D. Elrad and A.R. Grossman,
unpublished data). Although measurements of protein levels
are required to test this conclusion, it is likely that the de-
gree of complementation reflects polypeptide accumulation
that is linked to the level of Lhcbm1 transcript.

This is different from the conclusions drawn from studies
of antisense tobacco plants. Although there was a 95% re-
duction in Lhcb? mRNA in tobacco plants containing anti-
sense Lhcb1 constructs, the level of the Lhcb1 protein was
not altered, suggesting that in tobacco, Lhcb1 protein levels
are regulated primarily by post-transcriptional processes
(Flachmann and Kuhlbrandt, 1995). The variation in Lhcbm1



mRNA levels in complemented strains probably reflects po-
sition effects (differences in the site of integration of the ex-
ogenous DNA) on the rate of transcription. On average,
higher expression levels were observed in transformants
harboring the RbcS2 promoter fusion, suggesting that the
ribulose-1,5-bisphosphate carboxylase/oxygenase small sub-
unit promoter is stronger or less dependent on position ef-
fects than the Lhcbm1 promoter.

The Lhcbm Gene Family: Predicted Cleavage and Thr
Phosphorylation Sites

We identified other Chlamydomonas genes that potentially
encode polypeptides associated with the LHCII trimers by
searching the Chlamydomonas databases. Alignment of the
predicted Lhcbm polypeptides and Lhcb2.1 from pea is
shown in Figure 6. Although the cleavage sites between
the transit peptides and mature proteins cannot be pre-
dicted with certainty, probable cleavage sites are given. The
cleavage sites in Lhcbm2 and Lhcbm8 were deduced from
the N-terminal sequence of a mature LHCII polypeptide
(Hippler et al., 2000). The N-terminal sequence of this
Chlamydomonas LHC (5'-IEXYGPDRPKFLGPFR-3’) is iden-
tical (with the exception of the last R, which probably is a
mistake generated during N-terminal sequencing) to se-
quences near the beginning of the deduced Lhcbm2 and
Lhcbm8 polypeptides.

The cleavage sites of Lhcbm3, Lhcbm4, Lhcbm6,
Lhcbm7, and Lhcbm9 were predicted based on homologies
with Lhcbm2 (and Lhcbm8) near the predicted cleavage
site. The sequences of Lhcbm1 and Lhcbm10 do not show
identity to Lhcbm2 (from Chlamydomonas) in the region at
which the Lhcbm2 precursor is predicted to be cleaved. The
cleavage sites of Lhcbm1 and Lhcbm10 were predicted
from homologies to Lhcb2 polypeptides of vascular plants.
The cleavage site of the Lhcbm5 precursor protein is more
difficult to predict: the two most probable sites are between
Q30 and K31 and between G45 and N46. These predictions
can be tested by N-terminal sequencing of the mature
polypeptides.

The alignment presented in Figure 6 demonstrates that
the Lhcbm polypeptides are highly conserved in Chlamy-
domonas and that differences are greatest in the N-terminal
region, which extends into the stroma and may function in
Lhcb trimerization and state transition. Lhcbm1 (the gene
disrupted in npg5), Lhcbm10, and possibly Lhcbm5 en-
code polypeptides with extended N-terminal regions, simi-
lar to Lhcb1 and Lhcb2 of vascular plants. Furthermore,
like Lhcb2 of vascular plants, the predicted mature proteins
of Lhcbm1, Lhcbm10, and possibly Lhcbm5 contain Thr
residues that have the potential to be phosphorylated,
based on the NetPhos (Blom et al., 1999) predictive pro-
gram and alignments with Lhcb2 polypeptides from vascu-
lar plants with known phosphorylation sites (Michel et al.,
1991).
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Although no Thr residues are predicted to be phosphory-
lated in the other mature Lhcbm proteins, the mature pro-
teins contain conserved Thr residues, and there are putative
Thr phosphorylation sites in the predicted transit se-
quences. Thr phosphorylation mediates state transitions.
When the plastoquinone pool is reduced, LHCII trimer
polypeptides are phosphorylated, stimulating trimer detach-
ment from PSIl and attachment to PSI. The npg5 mutant is
competent to perform state transitions, suggesting that the
phosphorylation of an Lhcbm other than Lhcbm1 is involved
in this process. In vascular plants, Lhcb2 is phosphorylated
more rapidly and to a greater extent than Lhcb1. This has
led to the speculation that the inner trimers contain only
Lhcb1 and do not detach from PSII, whereas the peripheral
trimers contain Lhcb2 and can be mobilized during state
transition (Walters and Horton, 1999).

Does Lhcbm1 Have a Specific Role in Thermal
Dissipation or Is the Reduced Thermal Dissipation
Caused by Decreased Trimer Accumulation?

Four hypotheses can account for the effect of the Lhcbm1
lesion on thermal dissipation. (1) The reduced antennae size
in the npg5 strain might result in an inability of the mutant to
generate a ApH large enough to elicit thermal dissipation.
This is unlikely because violaxanthin deepoxidation oc-
curred with the same kinetics in the wild-type and npg5 mu-
tant strains. Furthermore, the light used to elicit NPQ devel-
opment was at least twofold the intensity of that needed to
saturate photosynthesis. (2) The capacity for thermal dissi-
pation is reduced because the npgb mutant contains fewer
trimers and dissipation occurs in the trimers. This seems un-
likely because the decrease in the number of trimers was
~30%, whereas the decrease in the capacity for thermal
dissipation was at least 65%. (3) The function of Lhcbm1 in
thermal dissipation is indirect, and a loss of this polypep-
tide causes reduced thermal dissipation in monomeric Lhc
polypeptides. Although possible, this is not supported by
the finding that mutants devoid of specific monomeric
LHCII polypeptides perform thermal dissipation (Andersson
et al., 2001). (4) Lhcbm1 serves a specific function in the
development of thermal dissipation. From the biochemi-
cal/physiological data presented, this possibility seems
most likely. If Lhcbm1 has a specific role in thermal dissi-
pation, features of its N terminus might be required. Site-
directed mutagenesis and the introduction of altered
Lhcbm1 genes into the npg5 mutant could help reveal the
features of Lhcbm1 that might be important for thermal
dissipation.

Although xanthophylls have a critical role in thermal dissi-
pation in both Chlamydomonas and vascular plants, a role
for the specific polypeptide PsbS has been demonstrated
only in vascular plants. It is still unclear whether Chlamy-
domonas contains PsbS; although >8500 unique genes have
been identified by the Chlamydomonas genome project,
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none encodes a polypeptide with high sequence similarity
to PsbS. Also, although the inability to deepoxidize viola-
xanthin in high light causes a defect in thermal dissipation in
both organisms, the defect is significantly greater in Arabi-
dopsis. By contrast, the inability to synthesize lutein causes
a greater defect in thermal dissipation in Chlamydomonas.
Thus, there are likely to be differences in the manner in
which Chlamydomonas and Arabidopsis promote thermal
dissipation of excess absorbed light energy (Horton et al.,
2000; Li et al., 2000).

If Chlamydomonas contains PsbS (or a functional analog
of this polypeptide), it could function in energy dissipation
by a mechanism similar to that used by vascular plants. Ex-
cessive lumen acidification may induce protonation of PsbS
as well as the formation of zeaxanthin. Protonated PsbS
plus zeaxanthin could modulate the structure of the LHCII
trimers to promote thermal dissipation of singlet excited
chlorophyll. This process may depend on a specific associ-
ation between PsbS and Lhcbm1. Alternatively, PsbS plus
zeaxanthin might be capable of gathering and efficiently dis-
sipating energy harvested by LHCII in a Lhcbm1-dependent
manner.

METHODS

Strains and Media

The Arg auxotroph CC-425 (arg7-8 cw15 mt + sr-u-2-60) was the
parental strain of Chlamydomonas reinhardtii used for insertional
mutagenesis to generate npg5 (Niyogi et al., 1997a). A random trans-
formant, KN53.22, was used as the control in all physiological exper-
iments. Cells were grown photoautotrophically in minimal high salt (HS)
medium or photoheterotrophically in acetate-containing Tris-ace-
tate-phosphate medium (Harris, 1989). Liquid cultures were grown
with constant shaking at 26°C at 100 wmol-m~2-s~' continuous white
light.

Modulated fluorescence, 77K fluorescence, oxygen evolution, and
pigment analyses were performed with midlogarithmic-phase cells
(1.3 to 2 X 108 cells/mL) grown photoautotrophically. For video im-
aging, cells were grown on HS-agar plates at 100 pmol-m~2-s~1.
When necessary, the medium was supplemented with 50 wg/mL Arg
or 1 ng/mL Zeocin. Genetic crosses were performed as described by
Harris (1989). All strains used are available from the corresponding
author.

Pulse-Amplitude Modulated Fluorometry

Fluorescence characteristics were determined with a pulse-ampli-
tude modulated fluorometer (model OS-100; PP Systems, Haverville,
MA). Samples were stirred continuously and maintained at 26°C in a
water-jacketed chamber. The intensity of the measuring beam was
<0.1 wmol-m~2-s~1, The actinic light source was incandescent (halo-
gen lamp, 12V, 20 W; EZX), and saturating pulses of 0.4 s exceeded
1500 pmol-m~2-s~'. A far-red light filter (LE-700-S-676N; ThermoCo-
rion, Franklin, MA) was used to generate ~1 umol-m~2-s~' at 690 <

N\ < 710. Conventional fluorescence nomenclature is used (VanKooten
and Snel, 1990), and NPQ was calculated as (F,, — F,')/F,,’. To in-
duce anaerobic conditions, 20 mM Glc and 2 mg/mL Glc oxidase
(final concentrations) were added to cultures in the dark (Bulté and
Wollman, 1990). Nigericin was added at a final concentration of
10 uM (Niyogi et al., 1997a).

77K Fluorescence Emission Spectra

Fluorescence emission spectra were determined with a single-beam
fluorometer (Photon Technology International, New Brunswick, NJ).
Samples were submerged in liquid nitrogen and excited with a quartz
cylinder at 435 nm (2.8 wmol-m~2-s~'; bandwidth = 5 nm); fluores-
cence emission was measured for 1 s at every 1 nm (bandwidth = 1
nm) between 650 and 750 nm. The emission spectra generated for
HS medium was subtracted from all sample spectra. Before mea-
surements, cells were dark adapted for 3 min to allow for the relax-
ation of thermal dissipation.

Oxygen Evolution

Respiration and photosynthesis were quantified with the Oxygraph
System (Hansatech, Norfolk, UK) connected to a personal computer.
Cultures were maintained at 26°C by a circulating water bath. To de-
termine photosynthetic efficiency, oxygen evolution was measured
at 0, 15.7, 25.6, 31.2, 39.7, and 47.5 umol-m~2-s~1 white light. Pho-
tosynthetic efficiency was determined as the slope of the curve gen-
erated by plotting oxygen evolution relative to light intensity. Maximal
photosynthesis was determined as oxygen evolution at 350
wmol-m~2-s~" plus dark respiration.

Growth

Growth rates were determined for cells in liquid HS medium. Midlog-
arithmic cultures were diluted to 1 X 10° cells/mL and maintained
under standard growth conditions for 16 h before the first cell count.
After the 16-h incubation, cell concentrations were determined at 0,
8, 24, and 32 h using a hemocytometer after dilution with an equal
volume of Lugol (Sigma, St. Louis, MO).

Pigment Determination

Chlorophyll concentration was determined spectrophotometrically
after extraction with 90% acetone (Jeffrey and Humphrey, 1975).
HPLC analysis of carotenoids and chlorophyll was performed as de-
scribed previously (Niyogi et al., 1997a).

Video Imaging

Video imaging of Chlamydomonas colonies was performed accord-
ing to Niyogi et al. (1998). Saturating pulses of light were given before
and 6 min after illumination with 700 wmol-m~2-s~. Fluorescence im-
ages of F,, and F,’ were captured during saturating pulses, and
false-color images of NPQ were generated.



Isolation of DNA Flanking the Insertion

To isolate DNA flanking the insertion, a library of npg5 genomic DNA
was constructed in A-dash (Stratagene, La Jolla, CA). Approximately
20 pg of genomic DNA from the mutant strain was partially digested
with 1.5 units of Sau3A for 20 min followed by 20 min at 65°C. The di-
gested DNA was treated with shrimp alkaline phosphatase, ex-
tracted with phenol followed by chloroform, and then precipitated
with ethanol. The DNA was ligated to A-dash arms digested with
BamHI according to protocols provided by Stratagene and pack-
aged using Gigapack Il Plus Packaging Extract (Stratagene).

A total of 500,000 recombinant phage were recovered and
screened for hybridization with pBluescript and a 700-nucleotide
Pstl-Sall fragment of ARG7. DNA from phage isolated using the
pBluescript probe was sequenced directly with a primer from pBlue-
script (BSL2232, 5'-TGGCGAACTTACTCTA-3'). DNA from phage
isolated using the ARG7 probe was sequenced directly with a primer
generated to the 3’ end of ARG7 (Arg8494u, 5'-GGCGGGAGGGAC-
AGCACTGA-3').

Isolation of Wild-Type Genomic and cDNA Lhcbm1

A fragment of Chlamydomonas DNA flanking the site of insertion that
encoded the first exon and the 5’ untranslated region (UTR) of the
Lhcbm1 gene was used to screen a cDNA library provided by M.
Goldschmidt-Clermont (University of Geneva, Switzerland) and a
wild-type genomic library (Davies et al., 1994). A 4.4-kb Notl-Xbal
fragment of the genomic clone was subcloned into pBluescript
(pPLHCA4.4), sequenced, and used to construct vectors for comple-
mentation experiments. Three identical cDNA clones also were se-
quenced completely.

Construction of pB-LHC and pB-RL

To construct pB-LHC, pLHC4.4 was digested with Notl and EcoRlI
and the 4.4-kb insert was cloned into pBkBle digested with Notl and
EcoRl. pBkBle is a plasmid containing the Ble gene in the reverse ori-
entation of pSP124S. To construct pB-RL, the RbcS2 promoter re-
gion was amplified by PCR from pSP124S with the primers Rnco25
(56'-CGTCGACTCACCTGGCCATGGTAAG-3') and T3 (5'-AATTAA-
CCCTCACTAAAGGG-3'). Primer Rnco25 was designed to alter the
RbcS2 sequence to generate a Ncol site at the start codon; a per-
fectly matching primer would have been 5'-CGTCGACTCACCTGG-
TTTTGGTAAG-3'. The RbcS2 PCR product then was digested with
Ncol and Notl.

The DNA fragment containing Lhcbm1 was amplified by PCR with
the primers RINcol (5'-TACCCACCAGTCACCATGGCCT-3') and
Lin2lw (5'-GGAAAGCAAGTAAGGGTGTG-3'). Primer RINcol was de-
signed to alter the Lhcbm1 sequence to generate a Ncol site at the
start codon; a perfectly matching primer would have been 5'-TAC-
CCACCAGTCAAAATGGCCT-3'. However, unlike the change in the
RbcS2 promoter sequence, these changes were not in the final vec-
tor. The Lhcbm1 PCR product then was digested with Ncol and
Sphl. pLHC4.4 was digested with Sphl and Notl. The digested vec-
tor, RbcS2 promoter fragment, and amplified Lhcbm1 fragment were
ligated (three-way ligation) to generate pRIhc. pRlhc then was di-
gested with EcoRl and EcoRV, and the 3.7-kb insert was ligated into
pBkBle digested with EcoRI and EcoRV to generate pB-RL.
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DNA and RNA Hybridization

Hybridizations to DNA and RNA gel blots were performed as de-
scribed previously except that UltraHybe (Ambion, Austin, TX) was
used as the hybridization buffer for hybridizations to RNA (Davies et
al., 1999).

Identification of Lhcbm Genes

To identify the Lhcb genes of Chlamydomonas, the Kazusa EST da-
tabase and sequences deposited in GenBank by the National Sci-
ence Foundation—funded Chlamydomonas genome project were
TBLASTX searched (Altschul et al., 1997) with the conserved trans-
membrane domain (5'-ELIHARWAMLGALGCITPE-3’) and the com-
plete Lhcbm1 amino acid sequence. Sequences of the 1100 top
scoring reads were entered into SegMan (DNASTAR, Madison, WI).
SegMan was directed to generate contigs from ESTs with >98%
identity. Ten contigs with similarity to Lhcb1 and Lhcb2 of vascular
plants were generated. Because the contigs did not represent full-
length gene sequences, the missing gene fragments were amplified
from a cDNA library (provided by M. Goldschmidt-Clermont) and se-
quenced.

For each Lhcbm gene, gene-specific probes were generated from
the 3’ UTR region or from the first exon, which encodes the thylakoid
transit peptide region (the least conserved region of the protein).
Probes were tested for specificity by hybridization to Chlamydomo-
nas genomic DNA (data not shown). The primers used to generate
the specific probes for each Lhcbm gene were as follows: Lhcbm1
(NPQ5) (5 UTR and first exon), Lcdupl (5'-TGGACGCCTTAA-
ATACTCAG-3’) and Lcdiw1 (5'-GGCGAGCTACACACCTGTCC-3');
Lhcbm2 (3" UTR), C32up3 (5'-TGGAGTAGGTGTGCTGCTTGA-3')
and C32lw3 (5'-TCGAGACCCATGTCCCTGTAT-3'); Lhcbm3 (3’
UTR), C45up1 (5'-AATCAGTCAGTAACGGGCATT-3') and C45Iw1
(5'-TGCCCGTTACTGACTGATTGA-3'); Lhcbm4 (3’ UTR), L2up1 (5'-
CGGTTTGTTGCTGGGGCTCTA-3') and L2lw1 (5'-ATGGGGGCA-
CTCTTGTGTC-3'); Lhcbm5 (5’ UTR and first exon), Lhcb3up
(5'-ACTCACCGAGTACCGTGTATA-3') and Lhcb3lw (5'-GGGAAC-
TCGCCAGTCAGGTAG-3'); Lhcbm6 (3’ UTR), Cabup1 (5'-CGGCGT-
ATATTGGCACTTTGA-3’) and Cablw1 (5'-AGACTTTGGAATGGG-
CTCTTC-8'); Lhebm7 (3" UTR), C39up1 (5'-GCGCTGCCGACCTGG-
ACAAGT-3’) and C39Iw1 (5'-CCCCAAGGCACGGCGAAGTAG-3');
Lhcbm8 (3" UTR), L8up1 (5'-TGAATGTACTGGCGTGATTGA-3’) and
L8Iw1 (5'-ACCAGTGGCCGTCAAGCCATTT-3'); Lhcbm9 (3" UTR),
L9up1 (5’-CCACGCCTGTGCCTGAATGTTT-3’) and L9Iw1 (5'-CAC-
GCATGGCACACTGTCTTCT-3'); Lhcbm10 (3’ UTR), L10up1 (5'-
CGCCTTCGCCACCAAGTTCAC-3') and L10Iw1 (5'-ATTTGCGCG-
CACCACGGGACC-3)).

Accession Numbers

Accession numbers and previous names for previously reported
Lhcll genes are as follows: Lhcbm1 is Lhcll-4 (AB051210 and
AB051206); Lhcbm2 is Lhcll-3 (AB051209 and AB051205); Lhcbm3
is Lhcll-1.3 (AB051208 and ABO051204); Lhcbm4 is Lhcb2
(AF104630); Lhcbmb5 is Lhcb3 (AF104631); Lhcbmé6 is Cabll-1
(M24072.1); and Lhcbm8 is Cabll-2 (AF330793). Lhcbm7, Lhcbm9,
and Lhcbm10 represent novel sequences and have been entered
into GenBank with accession numbers AF479779, AF479778, and
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AF479777, respectively. The genomic sequence of Lhcbm1 and the
cDNA sequence of Cabll-1 were entered into GenBank with acces-
sion numbers AF495473 and AF495472, respectively. Information
concerning all of the Lhcbm genes is available in the supplementary
data online. The accession number for Lhcb2.1 from Pisum sativum
is P27520.
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