Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 14204-14209, November 1996
Plant Biology

Identification of proton-active residues in a higher plant

light-harvesting complex

(fluorescence quenching/photoprotection/photosynthesis/photosystem II/thylakoid membrane)

ROBIN G. WALTERS*, ALEXANDER V. RUBAN, AND PETER HORTON

Robert Hill Institute, Department of Molecular Biology and Biotechnology, Sheffield University, Firth Court, Western Bank, Sheffield S10 2TN, United Kingdom

Communicated by Olle Bjorkman, Carnegie Institute of Washington, Stanford, CA, September 4, 1996 (received for review May 20, 1996)

ABSTRACT The thermal dissipation of absorbed light
energy by the light-harvesting apparatus of higher plants is
important in protecting the photosynthetic machinery from
the effects of excess illumination. A major mechanism for such
photoprotection, known as trans-thylakoid ApH-dependent
chlorophyll fluorescence quenching (qE), is induced by acid-
ification of the lumen, is correlated with the interconversion
of xanthophyll pigments, and is manifested as quenching of
chlorophyll fluorescence. The mechanistic basis for qE re-
mains unknown. The reagent N,N’-dicyclohexylcarbodiimide
(DCCD) specifically inhibits qE and covalently binds to two
minor light-harvesting pigment—protein complexes (LHCII),
LHCIIa and LHCIIc. It is shown that DCCD treatment of
isolated LHCIIc complexes reverses acid-induced chlorophyll
fluorescence quenching in an in vitro system. Fingerprinting of
['*C]1DCCD-labeled LHCIIc demonstrates that there are two
DCCD-sensitive amino acid residues on this complex, and
these are shown to be glutamate residues, each of which is
located near the lumen. In view of the effects of DCCD on the
pattern of proton release from photosystem II during photo-
synthesis, we propose a model for the mechanism of the
induction of gE—that these residues form part of a proton
pathway, the lumen pH being sensed via its effects on the rate
of proton release. One possibility is that the resulting changes
in the protonation state of these carboxyl side chains may
modulate the structural and energetic organization of LHCII.

The role of the light-harvesting complexes (LHCII) of pho-
tosystem II (PSII) in protecting higher plants against the
deleterious effects of excess illumination is now well-
established. The thermal dissipation of energy by LHCII,
manifested as quenching of chlorophyll fluorescence (qE), is
known to depend on the acidification of the thylakoid lumen,
which results from light-induced proton translocation. It is
inferred that a reorganization of the light-harvesting apparatus
is prompted by the protonation of specific amino acid residues
or pigments (1, 2).

The reagent N,N’-dicyclohexylcarbodiimide (DCCD) has
been widely used to identify active sites in proton-translocating
complexes; it covalently modifies carboxyl residues within
hydrophobic domains. Treatment of thylakoids with DCCD
inhibits qE while also inhibiting proton translocation from the
site of water splitting to the lumen (3, 4). Labeling studies using
['C]DCCD have shown that the only PSII proteins bound by
DCCD are two minor LHCII complexes, LHCIIa (also re-
ferred to as CP29) and LHCIIc (CP26), and that the major
complexes (LHCIIb) are not modified (5).

Recent work indicates that the minor LHCII complexes may
be directly implicated in qE. LHCIIa and LHCIIc are enriched
in violaxanthin and zeaxanthin (6, 7), the pigments of the
xanthophyll cycle; the deepoxidation of violaxanthin to form
zeaxanthin is strongly correlated with the capacity for qE (8).
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The minor complexes also show strong pH-dependent quench-
ing in vitro (9).

These findings suggest a hypothesis in which DCCD-reactive
sites on LHCIIa and/or LHCIIc are directly involved in energy
dissipation, perhaps acting to sense the pH of the lumen. In
further investigating this hypothesis, we have focused on the
interaction of DCCD with LHCIIc. We describe a comparison
of the inhibitory effects of DCCD on chlorophyll fluorescence
quenching in isolated LHCIIb and LHCIIc complexes and
report the identification of two DCCD-binding sites on LHCIIc.

MATERIALS AND METHODS

Isolation and Treatment of LHCII Complexes. LHCII com-
plexes were isolated from light-treated, hydroponically grown
spinach (Spinacia oleracea L.) by isoelectric focusing as de-
scribed (6) and were eluted in 200 uM n-dodecyl B-malto-
side/20 mM Hepes, pH 7.5. ['*C]DCCD-labeled LHCIIc
apoprotein was prepared as described (5) by treating LHCIIc
(35 pg of chlorophyll per ml) with 50 uM ['#C]DCCD (at 20°C
for 15 min). DCCD and detergent then were removed, and the
protein was precipitated by extraction with methanol-
chloroform (10). Digestion of labeled protein with L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin
(10 wg/ml~1, 37°C overnight) was carried out in 1% octyl
glucoside/0.1% SDS/1 mM n-dodecyl B-maltoside/50 mM
Hepes, pH 7.5. Digested protein again was extracted with
methanol-chloroform. For chemical cleavage, labeled protein
was dissolved in 0.5 ml 70% (vol/vol) formic acid. Formic acid
cleavage was carried out overnight at 37°C. Alternatively, a few
crystals of CNBr were dissolved, and cleavage was carried out
at room temperature for at least 4 h. Cleaved protein was
freeze-dried, washed in distilled water, and freeze-dried again.
For analysis of LHCIIc from DCCD-treated thylakoids, pro-
tein (200 pg chlorophyll equivalent) was separated by SDS-
urea/PAGE (5) and electroeluted from gel slices in 25 mM
Tris/192 mM glycine/0.1% SDS, pH 8.3. Formic acid was
added to the eluate to a final concentration of 70% (vol/vol),
and the protein was cleaved with CNBr as above.

Chlorophyll Fluorescence Quenching in LHCII Complexes.
Measurements of chlorophyll fluorescence were carried out
using a PAM101 fluorometer (Heinz Walz, Effeltrich, Ger-
many) as described (11) with the following minor alterations:
LHCII complexes were rapidly diluted to 3 uM chlorophyll
(final concentration) in 20 mM Hepes (pH 8.0), and the
medium was acidified to pH 5.4 by the addition of HCl. DCCD
(stock solution, 50 mM in ethanol) was then added to the
stated concentration, and the relaxation of chlorophyll fluo-
rescence quenching was monitored until a steady-state was
reached (3-5 min). Quenching inhibition was calculated using

Abbreviations: DCCD, N,N’-dicyclohexylcarbodiimide; qE, trans-
thylakoid Aph-dependent chlorophyll fluorescence quenching; LHCIIa,
-b, -c, and -d, light-harvesting chlorophyll-protein complexes of photo-
system II; PSII, photosystem II; BS1 and BS2, binding sites 1 and 2.
*To whom reprint requests should be addressed.
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the approach of Johnson et al. (12). A sample diluted in 200
uM n-dodecyl B-maltoside/20 mM Hepes, pH 8.0 was used to
give the “maximum” fluorescence yield.

Identification and Sequencing of 1*C-Labeled LHCIIc Frag-
ments. Protein fragments were solubilized, separated by Tris—
tricine electrophoresis (13), and electroblotted onto polyvi-
nylidene difluoride membrane (Problott, Applied Biosys-
tems). After staining with Coomassie blue R and
autoradiography of the membrane, labeled protein bands were
excised and sequenced by using an Applied Biosystems Se-
quenator model 473A. Where appropriate, the eluate from
each sequencing cycle was collected and freeze-dried. After
dissolving in water and adding scintillant, the eluted label was
counted for a period that was sufficient to register a minimum
of 2000 counts. Data were summed from duplicate samples
corresponding to a total of at least 75 pmol of the N-terminal
amino acid from each fragment.

Protein Sequence Analysis. Protein sequence analysis was
carried out using the University of Wisconsin Genetics Com-
puter Group suite of programs (14). LHCII available in
protein/DNA sequence data bases were identified using
FASTA; PILEUP was used for the compilation of consensus
polypeptide sequences; and sequence alignments were carried
out using BESTFIT.

RESULTS

Inhibition by DCCD of Fluorescence Quenching in LHCIIc.
We previously have shown that DCCD treatment of spinach
thylakoids inhibits the protective dissipation of absorbed ex-
citation energy that is induced by a trans-membrane ApH and
which is manifested as quenching of chlorophyll fluorescence
(3, 5). Using an in vitro system developed to enable the
investigation of such fluorescence quenching in isolated chlo-
rophyll-protein complexes, it has been shown that DCCD also
inhibits fluorescence quenching in LHCII complexes (9). We
have used this protocol to compare the effects of DCCD on
quenching in LHCIIb and LHCIIc. Quenching was induced in
detergent-solubilized complexes by diluting in detergent-free
medium and then lowering the pH. When DCCD was added
to LHCII complexes in this state, there was an increase in
fluorescence (Fig. 1). This is hypothesized to reflect inhibition
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FiG.1. Inhibition by DCCD of chlorophyll fluorescence quenching
in LHCII. Complexes isolated by preparative isoelectric focusing were
diluted (solid arrows) either (A4) in buffer containing detergent, or (B)
in detergent-free buffer. For B, fluorescence quenching was induced
by the immediate addition of HCI and then reversed by the addition
of varying concentrations of DCCD. DCCD-reversible quenching was

calculated as (F/F') — (F/Fpccp). Data for LHCIIc treated with 100
uM DCCD are illustrated.

1 min
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of the same process(es) responsible for fluorescence quench-
ing in vivo.

Fig. 2 shows the concentration dependence of inhibition of
quenching by DCCD measured as kDy., which is calculated in
a manner directly analogous to that which has been used to
calculate the Stern—Volmer rate constant for rapidly reversible
energy dissipation (12). The reversal of quenching appears to
saturate across the same DCCD concentration range, but the
extent of quenching inhibition is substantially greater for
LHCIIc compared with LHCIIb. This may reflect, in part, the
greater quenching observed in LHCIIc in the absence of
DCCD; however, only a small proportion of the difference
between the two complexes can be accounted for in this way.
In view of the finding that DCCD covalently binds to LHCIIc
but not to LHCIIb, this adds weight to the hypothesis that
LHCIIc has a particular role in protective energy dissipation.
Furthermore, for both LHCIIb and LHCIIc, quenching inhi-
bition nears saturation at concentrations of 100 uM. This
concentration range is somewhat higher than (but of the same
order of magnitude as) that used in thylakoid experiments to
bring about inhibition of quenching in thylakoids and DCCD
labeling of LHClIIc. However, it should be noted that direct
comparisons of DCCD concentrations in aqueous- and mem-
brane-based systems are somewhat complicated by the fact
that DCCD partitions into lipid, perhaps increasing the local
concentration in the latter experiments.

Fingerprinting of ['*C]DCCD-Labeled Peptide Fragments.
The site(s) at which DCCD binds to LHClIIc in vitro were
investigated by treating isolated complex with [**C]DCCD and
by cleaving the labeled apoprotein with trypsin, formic acid, or
CNBr. The resulting fragments were separated by Tris-tricine
electrophoresis, transferred to polyvinylidene difluoride mem-
brane, and identified by autoradiography. Labeled fragments
were characterized according to their approximate molecular
weights (for the smallest fragments, such estimates were
subject to significant error) and their N-terminal amino acid
sequences, which were compared with published LHCIIc
sequences. Since small fragments would be of greater use in
locating binding sites to small regions of the protein, several
CNBr digests were carried out overnight, so that formic
acid-sensitive sites were also subject to cleavage. The relative
strengths of the labeled bands produced in this way were
somewhat variable, presumably as a consequence of different
efficiencies for formic acid-mediated cleavage under these
conditions.
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FiG. 2. Concentration dependence of DCCD inhibition of chloro-
phyll fluorescence quenching in LHCIIb and LHCIIc. DCCD-
reversible quenching of chlorophyll fluorescence (kDyey) Was mea-
sured for LHCIIb (e¢) and LHCIIc (O) across a range of DCCD
concentrations. Data are mean * SE for measurements from two
independent LHCII preparations.
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The amino acid sequence information derived during this
analysis of DCCD-labeled fragments can be combined into
contiguous sequences for two regions of the LHCIIc apopro-
tein. Fig. 3 shows these aligned with previously published
LHCIIc sequences. The sequenced regions have 91% sequence
identity with the predicted sequences of LHCIIc from each of
tomato, barley, and maize, and 84% with that from Scots pine,
indicating that the labeled and sequenced polypeptides are
indeed derived from the LHCIIc apoprotein.

A large number of DCCD-labeled fragments were identified
(Fig. 4). No single region of the protein was common to all of
them; thus, it was clear that in vitro at least two separate
DCCD-binding sites were present on LHCIIc. Their locations
were identified as the regions of overlap common to several
DCCD-binding fragments (indicated in Fig. 4). Inspection of
their respective amino acid sequences showed the presence of
at least two acidic amino acids in the region of each DCCD-
binding site, any or all of which could be regarded as candidate
binding sites. To further investigate the identity of the amino
acids bound by DCCD, eluate was collected during sequence
analysis of two LHCIIc fragments generated by CNBr cleavage
(see Fig. 3). The released '“C label in each fraction was
determined (counted for a period sufficient for analysis of the
data to be statistically valid), in order to identify the positions
at which the DCCD adduct was covalently attached.

Fig. 5 shows the results for label release during sequence
analysis of the two fragments. The yield of glutamate in each
fraction is also shown, highlighting the points in the amino acid
sequence at which glutamate was located. Repetitive yields of
up to 95% were achieved, allowing unambiguous sequencing of
24 residues from each fragment, including all of the candidate
DCCD-binding sites. Even with these high repetitive yields, it
can be seen that the cumulative effect of low levels of
noncleavage during each sequencing cycle was sufficient to
cause glutamate peaks to “carry over” one or two fractions
beyond those corresponding to Glu residues. The peaks ob-
served at positions 214 and 220 during analysis of binding site
2 (BS2) are likely to be the result of degradation of the Gln
residues at these positions.

I4C label was released during every sequencing cycle. We
presume that this is partly a result of protein degradation
during sequencing; but it is also likely that the '*C-labeled
N-acyl-urea residue formed by DCCD binding is susceptible to
direct degradation. Similar observations have been reported
elsewhere (18). Despite such nonspecific release, sufficient
label remained bound to the protein to give rise to clear peaks.
The amount of released label was appreciably higher in the
fractions corresponding to residues 116-117 and 224-225.
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F1G6. 3. Sequence comparison of LHCIIc protein sequences. Con-
tiguous stretches of amino acid sequence data, obtained during
analysis of DCCD-labeled fragments of LHClIc, were aligned with
published sequences from LHCIIc from other species (refs. 15-17;
GenBank accession nos. U23188 and U23189). Residues whose iden-
tification was doubtful or ambiguous are shown as queries. The Met
residues (sites of CNBr cleavage) marking the N terminals of the
fragments used to identify the DCCD-binding residues (see Figs. 4 and
5) are indicated with arrows. Residues are numbered according to ref. 17.
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FIG. 4. ["“C]DCCD-labeled fragments of LHCIIc apoprotein. La-
beled fragments of LHCIIc (solid bars) generated by cleavage with
trypsin, formic acid, or CNBr were identified by estimation of their
molecular weights (from their electrophoretic mobility), and compar-
ison of their N-terminal amino acid sequences (thick bars) with the
consensus sequence for LHCIIc apoprotein. Their positions are shown
relative to the full LHCIIc apoprotein. In two cases, amino acid
sequence data were ambiguous due to the presence of two comigrating
fragments (gray bars). The regions of overlap identifying DCCD-
binding sites (BS1, BS2) are bordered by dotted vertical lines, and
begin at the Met residues identified in Fig. 3.

These positions were the same as where there were significant
peaks in glutamate yield, indicating that Glu-116 and Glu-224
were bound by DCCD. Conversely, Glu-104 [in the region of
binding site 1 (BS1)] was clearly not DCCD binding. It should
be noted that the lag in the release of 4C at these positions
mirrored the carry-over of glutamate release resulting from
cumulative noncleavage during sequencing.

Comparison of DCCD-Labeling in Thylakoids and Isolated
Complexes. The above analysis required greater quantities of
isolated LHCIIc than could be isolated from [“C]DCCD-
labeled thylakoids. The possibility that the identified sites may
not be the same as those bound during treatment of thylakoids
was investigated by comparing the pattern of labeling in
thylakoids with those in isolated LHCIIc complexes. LHCIIc
was isolated from ['“C]DCCD-labeled thylakoids by excision
of the appropriate band from an SDS-urea/PAGE gel and
electroelution. It was then cleaved with CNBr and analyzed
simultaneously with similarly treated LHCIIc by Tris-tricine
electrophoresis. The resulting autoradiograph is shown in Fig. 6.

There were marked differences in the relative strengths of
some bands. Some bands could be visualized only after ex-
tended exposures. This is readily accounted for by the varying
levels of formic acid-mediated cleavage noted above. For
instance, although the 2.7-kDa band from isolated LHCIIc is
barely visible in labeled thylakoids, this band appears to be a
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FiG. 5. Label associated with fractions collected during sequence
analysis of ['*C]DCCD-labeled LHCIIc fragments. Eluate for each
cycle during protein sequencing of the CNBr-generated LHCIIc
fragments identified in Fig. 4 was collected and freeze-dried, and *C
content was determined by scintillation counting. Glu yields for each
sequencing cycle are also shown. Amino acid sequences correspond to
residues 95-118 (BS1) (A4) and residues 209-232 (BS2) (B) of LHCIIc
according to ref. 17.
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Fic. 6. DCCD binding to LHCIIc in thylakoids and isolated
complexes. ['*C]DCCD-labeled LHCIIc apoprotein derived from
either isolated complexes (lane C) or thylakoids (lane T) was cleaved
with formic acid/CNBr, separated by Tris-tricine electrophoresis, and
blotted onto polyvinylidene difluoride membrane. The resulting au-
toradiograph is shown. The positions of molecular weight markers (in
kDa) are as shown. The fragments used for the identification of
DCCD-binding sites in isolated LHCIIc (BS1, BS2) are also indicated.

digestion product of the 4.0-kDa thylakoid band (arising from
formic acid cleavage at Asp-232-Pro-233), which is barely
visible in the isolated complex. After taking account of the
variability in band strength, the banding pattern for CNBr-
digested LHCIIc was very similar for the two samples. No
bands were observed in LHCIIc from labeled thylakoids that
were not present in the labeled isolated complex. The thyla-
koid-derived protein produced bands that corresponded to
both identified binding sites. These data demonstrate that the
same CNBr-generated fragments (i.e., the same regions of the
protein) bind DCCD in detergent-solubilized LHCIIc as when
the complex is located in the thylakoid membrane. Although
not conclusive, these data suggest that the sites we have
identified are the same as those bound during the inhibition of
qE in thylakoids.

DISCUSSION

We have previously shown that DCCD inhibits the formation
of photoprotective energy dissipation (qE) in thylakoids and
that it binds to the minor complexes LHCIIa and LHCIIc but
not to bulk light-harvesting complex LHCIIb. In this work, we
have found that the effect of DCCD on LHCIIc is markedly
greater than that on LHCIIb, and we have identified two Glu
residues on LHCIIc that are bound covalently by DCCD in
vitro. Comparison of labeled protein from thylakoids and
detergent-solubilized complexes indicates that the identified
sites correspond to DCCD-sensitive sites in thylakoids. Since
the small effects of DCCD on fluorescence quenching in
LHCIIb can be explained as being a consequence of the
nonspecific effects of a hydrophobic reagent on proton—
protein interactions, we conclude that differences in the
fluorescence properties of LHCII complexes are related to
their sensitivity to DCCD.

There is strong sequence homology between the light-
harvesting proteins (17). In particular, trans-membrane helices
identified in the crystal structure of LHCIIb (19) are heavily
conserved, and it is inferred from this that the main features
of the LHCIIb structure are also present in other light-
harvesting complexes, including LHCIIc. Fig. 7 shows parts
of a global alignment of LHCII consensus sequences, near
the two LHCIIc DCCD-binding sites. Direct comparison of
LHCIIb and LHCIIc shows that the DCCD-binding residues
are located beyond the carboxy-terminal end of the B helix
(BS1) and in a region with strong sequence homology to the
amphiphilic D helix of LHCIIb (BS2). Both acidic residues are
therefore likely to be located at or near the surface of the
protein, on the lumen side of the membrane. DCCD-binding
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FiG. 7. Sequence comparison of LHCII proteins near DCCD-
binding sites. Consensus sequences compiled from published data for
angiosperm LHCII proteins were aligned in the region of LHCIIc
DCCD-binding sites (arrows). Conserved regions are shaded. Invari-
ant residues (i.e., absolutely conserved across all species) are shown in
uppercase letters. Regions corresponding to helices identified in the
high-resolution structure of LHCIIb (19) are as indicated. Residues
are numbered according to Jansson (17).

sites have previously been identified in amphiphilic helices in
the cytochrome bc complexes (18).

These observations are readily accounted for by suggesting
that changes in the lumen pH are detected via changes in the
protonation state of one or both of the DCCD-binding Glu
residues. Such sensing of the lumen pH could be directly
involved in the induction and maintenance of qE. Binding of
DCCD at these sites would prevent this function from being
fulfilled and would therefore inhibit qE. The question then
arises: How does protonation of Glu residues lead to the
induction of chlorophyll fluorescence quenching? It has been
suggested that the residues bound by DCCD are involved in
pigment coordination, so that Glu protonation directly affects
pigment—pigment or pigment—protein interactions (20). How-
ever, this is unlikely since there is no indication from the crystal
structure of LHCIIb that either of the residues that correspond
to the DCCD-binding glutamates are involved in chlorophyll
or carotenoid binding (19).

A more attractive hypothesis follows from the position of
BS2. As noted above, this region has strong sequence similarity
with LHCIIb and may likely form an amphiphilic helix similar
to the LHCIIb D helix. A histidine residue that acts as a
chlorophyll ligand is conserved in LHCIIc. Protonation of a
lumen-exposed Glu residue possibly may alter the amphiphilic
properties of this putative D helix, leading to movement of the
helix, in turn affecting the conformation and energetics of the
nearby chlorophyll. A similar hypothesis can be developed for
BS1. Protonation of an acidic residue at the foot of the B helix
near the lumenal surface may affect the position of the helix,
thereby affecting one or more pigments bound by or otherwise
interacting with that helix. It is worth noting that, although it
might appear that single protonation events would only have
minor effects on protein structure, small changes in chloro-
phyll environments are often sufficient to bring about large
changes in chlorophyll energetics. There is extensive evidence
that protonation of LHC complexes leads to dramatic changes
in subunit-subunit interactions, resulting in aggregation of
such complexes in vitro. The spectroscopic changes accompa-
nying such aggregation indicate major changes in chlorophyll
and carotenoid energetics and have the same principal features
as those observed during the induction of qE in thylakoids,
chloroplasts, and intact leaves (1, 2).

Further examination of the sequence alignment (Fig. 7)
shows that the DCCD-binding sites on LHCIIc are missing
from both LHCIIa and LHCIId, despite the observations that
the former both binds DCCD (5) and exhibits strong DCCD
reversibility of chlorophyll fluorescence quenching (9). The
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region surrounding BS1 is completely absent from both com-
plexes, while the Glu residue at BS2 is replaced by conserved
Asn and Gly residues (LHCIIa and LHCIId, respectively). The
inevitable conclusion is that LHCIIa binds DCCD at sites
different from those on LHCIIc. Conversely, the labeled
glutamates are conserved in all three LHCIIb polypeptide
types. It is unclear why none of them are bound by DCCD. One
possibility is that the trimerisation of LHCIIb in some way
prevents DCCD from gaining access to the sensitive sites, and
that LHCIIa and LHCIIc are labeled simply because they are
monomeric. It has been reported that LHCIIDb is labeled if it
is denatured in the presence of DCCD (21). An alternative is
that differences in DCCD sensitivity arise from some partic-
ular function for the labeled residues or that some character-
istic of the local environment alters their chemistry. For
instance, more hydrophobic environments tend to favor the
conversion of N-acyl-urea intermediates into stable covalent
adducts.

As well as preventing the formation of qE, treatment of
thylakoids with DCCD has been shown to inhibit the release
into the lumen of protons derived from the water-splitting
apparatus of PSII. The protons generated by PSII instead
emerge on the stromal side of the membrane (4). This, in
addition to the fact that DCCD is known to block proton
channels by binding to acyl amino acids (see ref. 18), has led
to the suggestion that this effect is due to the blocking of a
proton-release pathway (21). A role for LHCII complexes in
proton release is also implied by the fact that altered proton-
release patterns are exhibited by LHCII-depleted PSII (22-24).

It has been suggested that LHCII (particularly LHCIIb) is
important in the maintenance of localized proton domains that
are involved in driving ATP synthesis and which are separated
from and out of equilibrium with the lumen bulk phase (25).
Proton pathways through the minor LHCII complexes may
form part (possibly a key part) of such larger occluded
domains. In this light, it is interesting to note that qE appears
to show differential sensitivity to the pH of the lumen bulk
phase and localized domains, as evidenced by its differential
sensitivity to nigericin and the tertiary amine dibucaine (26-27).

These effects of DCCD on both proton release and qE
formation suggest a different interpretation of the effects of
DCCD binding. We propose a model in which there are amino
acid residues that are involved in both processes. DCCD-
reactive residues form part of a proton channel. qE in vivo is
formed as a result of the protonation of amino acid residues
that form part of that channel and that may be (but are not
necessarily) those bound by DCCD. The release of protons
from this channel would be directly influenced by the local
lumen pH, accounting for the response of qE to lumen pH.
Conversely, in the absence of electron transport (i.e., where
there is no proton flux away from PSII, such as in an in vitro
system in which a ApH is developed by ATP hydrolysis), the
transfer of protons onto these residues would depend on the
external pH. Fig. 8 illustrates such a model, in which three
DCCD-binding residues (two on LHCIIc plus at least one on
LHCIIa) are on the proton-release pathway.

According to this model, the release of protons via this
channel becomes progressively inhibited as the lumen pH
increases. In addition to inducing the formation of qE, we
suggest that this has the effect of activating an alternative
proton-release pathway (or making it energetically and kinet-
ically favorable), leading to the release of protons into the
stroma, as is observed when PSII is treated with DCCD. It has
been suggested that donor side inhibition arising from low
lumen pH is the major mechanism for high-light-induced
photoinhibitory damage of PSII (28). “Gating” of proton flow
would act to limit acidification of the lumen by water splitting,
thereby providing additional protection for PSII.

We acknowledge the excellent technical assistance of Mrs. P.
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F1G. 8. A model for the coregulation of proton channels and qE in
the minor LHCII. The pathway for protons derived from the oxygen-
evolving complex (OEC) passes through the light-harvesting com-
plexes. DCCD-binding residues () in LHCIIa and LHCIIc are in-
volved in proton release. Binding of DCCD to these residues, or
inhibition of proton release by low lumen pH, activates an alternative
proton pathway in which they are released into the stroma. At the same
time, protonation of the active residues induces the formation of
protective energy dissipation (qE) in LHCII.
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