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ABSTRACT: Apoproteins of higher plant light-harvesting complexes (LHC) share considerable amino acid
sequence identity/similarity. Despite this fact, they occur in different oligomeric states (i.e., monomeric,
dimeric, and trimeric). As a step toward understanding the underlying structure requirements for different
oligomerization behavior, we analyzed whether amino acids at the N- and C-termini of Lhcal and Lhca4
are involved in the formation of the heterodimeric LHCI-730. Using altered proteins produced by deletion
or site-directed mutagenesis for reconstitution, we were able to identify amino acids required for the
assembly of LHCI-730. At the N-terminus of Lhcal, W4 is involved in heterodimerization. This interaction
probably depends on aromatic properties because only replacement of W4 by F resulted in dimer formation.
Also, at the C-terminus of Lhcal, W seems to play a crucial role for interaction with Lhca4. A detailed
analysis by point mutants revealed the importance of an aromatic residue at position 185. One or more
other amino acid(s) located downstream of position 188 may exert additional stabilizing effects, presumably
in a cooperative way. The scenario for Lhca4 is different. Dimerization broke down only after the deletion
of the entire extrinsic N- or C-terminal region, demonstrating that the termini of Lhca4 are not involved
in strong interactions with Lhcal decisive for dimerization. At the N-terminus, dimerization was abolished
after the removal of the same number of amino acids at which monomer formation failed. Site-specific
mutagenesis of the amino acid decisive for LHC-formation in a deletion study demonstrated that its character
is of no importance for dimerization and, therefore, that abolition of dimer formation may be the
consequence of a loss in monomer formation. At the C-terminus of Lhca4, an even higher number of
amino acids than required for monomer formation could be removed without the loss of dimerization.
The decisive position is 1168, located in the third transmembrane region. Because all point mutants of
1168 in the full-length protein yielded dimers, failure of dimerization may be caused by either falling
below a critical length of the polypeptide chain, resulting in the loss of too many weak interactions, or by
too strong an impairment of Lhca4-folding. Interestingly, N- and C-terminal mutants of Lhca4 not able
to form stable monomers formed stable dimers, indicating stabilization of labile monomeric complexes
by the Lhcal subunit in dimerization. Finally, the significance for dimer formation of amino acids in
other parts of Lhcal and Lhca4 which may be involved, besides the amino acids identified here in the
specific assembly of the heterodimeric LHCI-730, is discussed. Their identification will result in a better
understanding of structure characteristics determining the different oligomerization behavior of LHCs.

Transient as well as permanent protein associations aremultisubunit complexes; photosystem (P8)(5) and the
of exceptional importance for biological function. Beginning cytochromebsf complex ) occur at least predominantly as
with the structure of hemoglobin by Perutz, a growing dimers and the cyanobacterial PSI in a trimeric stae (
number of proteins was identified whose functional unit On the other hand, oligomeric forms assembled by individual
consists of two or more subunits. Among those, dimers and proteins are found among the light-harvesting complexes
tetramers are especially frequent, and more complex orga-(LHC). These are composed of a protein moiety to which
nizational forms are often based on dimeric substructureschlorophylls and carotenoids are ligated. Their function
(2). Interface properties of the proteins, such as size, shapeconsists in the collection of solar radiation and transmission
and complementarity, which are superimposed by charge andof the energy to the photochemical active reaction centers.
hydrophobicity properties are considered, besides otherAccording to their association with either PSII or PSI, they
parameters, as important factors governing dimer formation are called Lhcal-4 (PSI) or Lhcb1-6 (PSIl). The 10 apopro-
(2—4). teins share considerable amino acid sequence homology,

Oligomeric protein complexes are also found in the which is 35% or more§). As a consequence, it is assumed
thylakoid membrane of plant chloroplasts, the location of that all LHCs possess a similar structure as LHCIIb
the photosynthetic apparatus. They exist on the level of (composed of Lhcbl through Lhcb3), whose structure was
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obtained at near atomic resolutid®).(LHCIIb binds at least EXPERIMENTAL PROCEDURES

12 chlorophyll molecules, has three transmembrane helices , , ) )

connected by extrinsic loop regions, and has N- and (_:onstrucnon of Deletion and Pom.t Mutanf3eletion and _
C-terminal extrinsic extensions. Against the background of POINt mutants were generated using the pDS expression

the high sequence similarity, the different oligomerization plasmids withlhcal and Ihca4, as described in re2e.
behavior of the Lhc proteins is unexpected. While Lheba Construction of deletion mutants followed the procedure of

. Rupprecht et al.26). Site-directed mutagenesislbtaland
Lhcb6 form only monomeric complexes, the LheHdlhcb3 ) :
form trimers (0—12). For the Lhc associated with PSI, it Ihcad was performed by the PCR-based method described

.~_by Chen and Przybyl&{). Primers were designed in a wa
was demonstrated that Lhcal and Lhca4 form a he_terc_)d|merw¥]ich allowed nxijglleog)de substitution(s) fgr the desirgd
called LHCI-730 (3-15). It was shown that dimerization  gming acid and additionally insertion or erasure of a unique
of Lhcal and Lhca4 is lipid-depended8) and very specific;  restriction site, which facilitated identification of positive
neither Lhcal nor Lhca4 give rise to dimers with LhcB#)(  clones. All clones used for protein expression were checked
or Lhca3 (Schmid et al., unpublished data). The situation hy DNA sequencing (GENterprise, Mainz, Germany) to
with the two other proteins Lhca2 and Lhca3 remains ensure precise PCR-mediated DNA amplification.
eqqucal_. A homodlmerlc' as well as a heterodimeric  peletion mutants are termed by the number of missing
organization of these proteins has been suggedgdiy, amino acids as compared to the mature tomato apoproteins
18). and a N or C for N- andC-terminal mutants. The name of

The extensive amino acid sequence conformity of the Lhc the point mutants is based on the original amino acid, its
proteins is especially pronounced in the first and third location in the apoprotein, and the new amino acid.
transmembrane region. This may be indicative for an Production of Materials Used for Reconstitutio@ver-
involvement of extrinsic protein portions at the N- and expression of recombinant proteinskscherichia colstrain
C-terminus, the loop regions, as well as the second trans-JM 101, isolation of inclusion body protein, and isolation
membrane helix in the different oligomerization behavior. of total pigment extract from tomato thylakoids was as
Indeed, for Lhcb1, being the major component of LHCIIb, described recently28). Examination of inclusion body
it could be demonstrated that a stretch of six amino acids atPreparations by SDSPAGE demonstrated that deletion or
the N-terminus including a W, Y, and R is necessary for s!te—specmc mutagenesis did not affect protein overexpres-
trimerization (L9). This result was obtained by use of deletion Sion adversely, resulting in strongly accumulated Lhcal and
and points mutants for reconstitution experiments. Also, at L1ca4 proteins.
the C-terminus, it was possible to idegti W required for Reconstitution, Examination of Dimerization, and Deter-
assembly of the LHCIIb trimer2Q). Detailed dimerization mination of Dimerization Eﬁ|0|enc3Reconst|tut|qn of mon-
analyses were also performed with another light-harvesting ®meric LHCIs from overexpressed apoproteins and total

complex, the core antenna LH1 of purple bacteria, which is Pigment extract was as in ré6. Dimer reconstitutions were
made up of heterodimeric entities composed obaand,3 performed accordingly with the exception that reconstitutions

subunit @1, 22). By use of point-mutated and chemically with total pigment extract equivalent to 3@ of chlorophyll

synthesize@ subunit proteins for reconstitution experiments, Werc()af Cea;(r:'ﬁ)d .?.ﬁgﬂg?li?q?;l 3{nmoeurnft§‘rr?1fa?igt: V?/geéﬂchgf
the importance for dimerization could be demonstrated for “9 ' y

i . ) . ) .. by partially denaturing gel electrophoresi@9) of the
several arof"a“‘? amino acids cha_ted el.ther in the hyd.roph|l|c reconstitution mixtures. Following electrophoresis, the gels
membrane interior or in the extrinsic regid®( 23). Deletion

. . . X were scanned with an Epson GT-7000 flat bed scanner. The
mutagenesis studies additionally demonstrated the '”VOlve'intensity of the dimer bands was then determined with the

ment of N- @4) and C-terminal Z5) extrinsic amino acids  A|pA 1000/1D Image Analyzer software, version 1.02
in subunit or LH1 formation. (Raytest IsotopenmessgtaStraubenhardt, Germany). The
Toward a better understanding regarding the structure intensity of the wild-type (WT) band of each gel was set to
elements responsible for different oligomerization behavior 100%, and the intensity of the mutant band is given as
of higher plant LHCs, we analyzed the significance of the percentage thereof.
N- and C-terminal regions of Lhcal and Lhca4 for formation
of heterodimeric LHCI-730. To avoid misinterpretation of RESULTS
dimer-forming capat_>i|ity res.ulting.from a failure .in monomer In previous experiments, monomeric Lhcal and Lhca4
formation, we previously identified the protein segments ggnarated in sucrose density gradients containing dodecyl-
dispensable for monomer formatio26j. Starting out from maltoside did not associate to form dimeric LHCI-73a)
these results, we first identified, by deletion mutagenesis, we concluded that these two proteins have to fold simulta-
protein segments at the N- and C-terminus of Lhcal and neously to give rise to LHCI-730. However, in the course
Lhca4 not required for heterodimerization. Subsequently, we of the present work, we observed that mixing the reconstitu-
exchanged, in full-length proteins, the amino acids whose tion solutions for monomeric Lhcal and Lhca4 prior to
removal in the deletion series caused a failure in dimerization. density gradient centrifugation or lithium dodecylsulfate
Substitution by amino acids with different side-chain proper- PAGE separation results in the formation of dimeric LHCI-
ties provided insight in the importance and required proper- 730 indistinguishable from that described in Schmid et al.
ties of the amino acid at this position for dimerization and (14; not shown). Thus, it can be assumed that already folded
additionally allowed a distinction between the effects caused Lhcal and Lhca4 subunits can interact to form LHCI-730.
by the polypeptide falling below a critical length and the  Identification of Amino Acids at the N-Terminus of
requirement of the special amino acid. Lhcal and Lhca4 Inolved in DimerizationTo analyze the
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Ficure 1. Influence of N-terminally shortened proteins on forma- B) D M T ——
tion of dimeric LHCI-730 as revealed by partially denaturing gel e

electrophoresis. (A) Wild-type (WT) and given N-terminally

shortened Lhcal were reconstituted together with wild-type Lhca4. EP *
(B) Indicated N-terminally truncated Lhca4 and Lhca4-WT were

reconstituted with the wild-type of Lhcal. D, dimer; M, monomer; Fgugre 3: Significance of W39 in full-length Lhca4 for LHC
FP, free pigment. reconstitution. Lhca4 wild-type (WT) or given Lhca4-point mutants
were reconstituted to test monomer formation (A). In B, the same

S :}é& éfx‘” §9 &»ﬁ*‘ Lhca4-proteins were combined with the Lhcal-WT in the recon-
= stitution mixtures to analyze dimer formation. The band patterns
A) obtained from reconstitution mixtures following partially denaturing
M P sl b ibanad gel electrophoresis are presented. D, dimer; M, monomer; FP, free
ek Al i pigment.
Fp
Table 1: Dimer Formation of C-terminal Deletion Mutants of
B) Lhcal with Lhca4 Wild-Type (WP
D> —— dimerization dimerization
MO R — — frequency number of  efficiency
- * protein dimerization [%] experiments [%]
, . Lhcal-wT + 100 10 100
Ficure 2: Effect of point mutations in the full-length Lhcal of [ hcalA13C + 100 8 21+ 6
the last amino acid required for dimer formation as determined by LhcalA14C + 78 9 18+ 9
N-terminal deletion mutants. Lhcal wild-type (WT) or indicated LhcalA15C + 89 9 25+ 17
Lhcal point mutants were reconstituted either alone for analysis LhcalA16C + 70 10 15+ 10
of monomer formation (A) or together with Lhca4 wild-type for LhcalAl7C - 0 6 0

examination of dimer forming capability (B). Shown are partially — apor the last four dimerizing deletion mutants, the dimerization
denaturing gels after separation of the respective reconstitution frequency and the dimerization efficiency as determined by partially
mixtures. D, dimer; M, monomer; FP, free pigment. denaturing gel electrophoresis are given. For dimerization efficiency

values, only the samples that dimerized were considered. Data are means
possible involvement of the N-terminus of Lhcal in dimer- + SD from the given numbers of experiments.

ization, we reconstituted the last deletion mutant of Lhcal
that still forms monomersA36N; 26) with the unchanged  the following dimerization experiments revealed that only

Lhca4 wild-type protein. As is obvious from Figure 1A, this £ ith its hydrophobic property effected heterodimerization

abolished dimerization. Stepwise shortening of the N- (rigyre 2B). By contrast, amino acids with aliphatic residues
terminus (LhcaA34N, Lhcal\10N, LhcaASN, LhcalA4N) (A, G) or less hydrophobic character (H) disturbed dimer
shows that only three amino acids (Lh&8N) can be formation.

delgt_ed W'.thOUt the_ Io_ss of dimer formation. Thl.JS’ W at Subsequently, the same experiments were performed with
position 4 is of special importance for the connection of the the point mutants of W39 of Lhca4. In this case, however
two prote_in subunits. Dimerization_efficiency of Lhas3N not all mutants were able to form monomeric c,:omplexes:
is _onIy slightly reduced in comparison with the Lhcal-WT (Figure 3A). Only mutants with W substituted by F and H
(Figure 1A). gave monomers, whereas exchanges against A or G abolished
Next, the participation of the Lhca4 N-terminus was monomer formation. Nevertheless, we examined all exchange
analyzed. Therefore, the last N-terminal deletion mutant of mutants of W39 with regard to dimerization. As depicted in
Lhca4 achieving monomer formation (Lhe®38N) was  Figure 3B, all mutants dimerized to a comparable extent,
reconstituted together with the Lhcal-WT. In this case, indicating that the amino acid at position 39 is not decisive
dimers were still obtained, although the dimer yield declined for dimer formation. Besides, this result reveals that proteins
substantially (Figure 1B). Use of further shortened Lhca4 not able to form stable monomers can potentially still achieve
demonstrated that the removal of the following amino acid dimer formation, possibly because they are stabilized by the
in LhcadA39N already resulted in the complete absence of other protein.
a dimer band. Amino Acid Requirements for Dimerization at the C-
To gain insight into the mode of interaction which may Terminus of Lhcal and Lhca#or identification of amino
come from the W in Lhcal and Lhca4, we exchanged theseacids involved in interactions at the C-terminus, we started
amino acids in the full-length proteins against amino acids again with the last deletion mutants still allowing monomer
of varying hydrophobicity and shape. Because of the premiseformation (Lhcal\20C, LhcadA12C;26). Using LhcaA20C
that proteins used for investigation of dimerization have to together with Lhca4-WT, no formation of dimers was
be able to form monomers, we first checked the monomer observed. Therefore, less-truncated proteins were produced
formation capability of the produced point-mutated proteins. and used for reconstitution experiments. The first deletion
As is shown in Figure 2A, replacement of W4 by the mutant giving rise to a dimer was Lhcal6C (Table 1).
indicated amino acids did not impair monomer formation. However, the dimer yield was very low, reflecting formation
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Table 2: Quantitative Analysis of Dimer Formation of C-terminal 5\5‘ 3“.;? gg(.‘j g‘b
Deletion Mutants of Lhca4 with Lhcal Wild-Type A N =N
dimerization dimerization ) Nl e——
frequency number of efficiency _

protein  dimerization  [%)] experiments  [%] il g u
Lhcad-WT + 100 14 100
LhcadA26C + 100 4 64+ 24 B)
LhcadA28C + 100 5 75+ 25 D P etm——
LhcadA29C + 100 7 68+ 29 e
Lhca4A32C + 71 14 34+ 23 o o A M e
LhcadA33C - 0 9 0

2 The dimerization frequency and the dimerization efficiency deter- FIGURE 4: Analysis of the significance of W185 in full-length
mined by partially denaturing gel electrophoresis are shown for the Lhcal for reconstitution of monomeric Lhcal and dimeric LHCI-
last four dimerizing deletion mutants. Only samples that dimerized were 730. For examination of monomer formation given, Lhcal proteins
included in the dimerization efficiency values. Data are mear8D were reconstituted alone (A). In B, dimer formation of these Lhcal
from the given numbers of experiments. WT, wild-type. mutants was analyzed by reconstitutions with Lhca4 wild-type
(WT). Samples were separated by partially denaturing gel electro-
phoresis, and the resulting band patterns are depicted. D, dimer;
of a rather unstable dimer, which resulted in a band intensity M, monomer; FP, free pigment.

of only 15% as compared to the band obtained with the
Lhcal-WT. Probably as a consequence of this instability, a
dimer band was not always detectable with Lhta&C.
Also, deletion of up to 14 amino acids at the C-terminus
impaired dimer formation significantly, and the first mutant
which formed dimers throughout was Lhesll3C (Table 1).
Because LhcaAdl6C is the first mutant which allowed
dimerization in the majority of the experiments, we consider
W185 as the amino acid decisive for interaction.

Removal of 12 amino acids (LhcA42C) at the C-

. . . M P>

terminus of Lhca4 results not only in proper formation of
monomeric but also of dimeric complexes. Consequently, M el L L
fu_rthe_r Sinine acids were rgmoved. It was interesting that FIGURe 5: Gel electrophoretic analyses of the effect of 1168 point
dimerization could be achieved when even more amino mutations in full-length Lhca4 on monomer and dimer formation.
acids were missing than for formation of stable monomers Labeled point mutants were reconstituted alone to check monomer
(Table 2). As for the C-terminus of Lhcal, there was a formation (A). Reconstitutions of these mutants together with Lhcal
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gradual decrease in the yield of dimers when consecu-
tively shortened proteins were used. Deletion of up to 32
amino acids (Lhcad32C) resulted in a dimer band in 71%
of the experiments. Removal of an additional amino acid
(LhcadA33C) abolished dimer assembly completely (Table
2), pointing to the amino acid at position 168 as possibly
important for dimer formation. The intensity of the dimer
band of LhcaA32C was 34% and the intensity of the dimer
band of the last monomer forming mutant Lhed2C was
91% in comparison to the wild-type, indicating a stabilizing
effect by the amino acids located in between.

To clarify whether the loss of dimerization following
C-terminal deletions is caused by falling below a critical
length of the polypeptide or rather by the removal of the
property of the first amino acid indispensable for dimer
formation, point mutations at the relevant positions were
introduced in the full-length proteins. W185 of Lhcal was

wild-type (WT) were performed to test dimer formation (B).
Reconstitution mixtures were subjected to partially denaturing gel
electrophoresis, and the resulting band patterns are shown. D, dimer;
M, monomer; FP, free pigment.

to the WT as is obvious from the comparable dimer yield
(Figure 5B).

DISCUSSION

The structural prerequisites underlying different oligo-
merization behaviors of higher plant LHCs are largely
unknown. Therefore, we analyzed whether amino acids at
the N- and C-terminus of Lhcal and Lhca4 participate in
heterodimerization of LHCI-730. By removal of protein
segments at the termini and subsequent point mutations of
the first nonremovable amino acid in the full-length proteins,
it was possible to gain insight into amino acids involved in
and properties required for the formation of recombinant

exchanged against the same amino acids as used for pointHCI-730. Former experiments regarding monomer forma-
mutations at the N-terminus. The point mutations did not tion of N- and C-terminally truncated Lhcal and Lhc28)(
have a significant effect on monomer formation (Figure 4A). allowed for the effects based on the instability of monomeric
By contrast, dimerization was differentially affected by these complexes and the effects on the interaction of the subunits
mutations. Reconstitutions of Lhcad4-WT with Lhcal-W185F to be distinguished. Interestingly, at the N- and C-terminus
resulted in a dimer band almost as strong as with the Lhcal-of Lhcal, tryptophan residues were identified as essential
WT (Figure 4B). Substitutions of W185 by A, G, and H for dimerization by deletion mutagenesis. W and other
resulted in a decline of dimer yield, revealing the importance aromatic amino acids are frequently found in protgimotein
of an aromatic amino acid at this position. interfaces 80) and can represent a “hot spot” within
At the C-terminus of Lhca4, 1168 was exchanged against interacting amino acid patche31( 32). An explanation for
A, F, H, L, and W. All these mutations did not disturb this phenomenon might be the large contribution of W to
monomer formation (Figure 5A). Also, dimerization occurred association constants, which was found repeatedly (e.g., refs
in all instances. Dimerization for all mutants is comparable 2 and23).
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N-Terminus of LhcalDeletion of the three N-terminal mutants, although they did not yield monomers following
amino acids resulting in a slightly reduced dimer yield and partially denaturing electrophoresis. This indicates that
site-specific mutagenesis of W4 of Lhcal demonstrate the monomers not stable enough to withstand electrophoretic
involvement of W4 and the upstream located amino acids separation can still be stabilized by structure components of
in LHCI-730 heterodimerization. Whether this interaction the other interaction partner.
with Lhca4 is direct or indirect cannot be decided yet. The  C-Terminus of LhcalAlso at the C-terminus of Lhcal a
latter could be the consequence of a local conformational W is crucial for LHCI-730 formation as judged from deletion
change which, in turn, results in a special alignment of the mutagenesis. In Lhcb1, C-terminal shortening resulted in a
N-terminus facilitating the interaction with Lhca4. Anyway, failure of monomer formation when the 11th amino acid (W)
the interaction of W4 appears to depend on its aromatic sidewas removed40). Detailed trimerization analysis of full-
chain because only substitution by the aromatic F allows for length Lhcbh1 with point mutations of this W demonstrated
dimer formation. Because of the capability of W to form its involvement in oligomerization2Q). Only exchange
hydrophobic interactions and hydrogen bonds simultaneouslyagainst F resulted in trimerization, whereas A, G, or H at
(33), the interaction may be caused by hydrophobic interac- this position did not. Thus, the situation at the C-terminus
tion. Interestingly a W is conserved at corresponding of Lhcbl is comparable to that of W4 at the N-terminus of
positions in all dimer-forming Lhc of PSI but not in those Lhcal. At the C-terminus of Lhcal, we observed a somewhat
associated with PSII8] which form monomers or trimers  different pattern. F readily formed dimers as opposed to A,
with the exception of Lhch4, which is a monomer in vivo G, and H exhibiting weaker dimer bands. Because of the
(34) but shows a tendency to oligomerize in vit&5). This influence of this single-point mutation on dimerization
may indicate that W at this position is generally important efficiency, it appears that the loss of dimer formation
for dimerization of LHCI but that specific heterodimerization coinciding with the removal of W in Lhca¥17C results from
by Lhcal and Lhca4 depends on additional specific interac- falling below a critical length of the polypeptide chain which
tions. In Lhcbl, topa W at theN-terminus was identified  is accompanied by the loss of a strong, quite specific
as an important component of a hexapeptide involved in interaction. This interaction depends largely on the aromatic
trimerization (9). Therefore, W may generally play a role property of the introduced amino acid. Therefore, the
in the formation or stabilization of oligomeric LHC of higher interaction of this amino acid with Lhca4 may be the
plants at the N-terminus. consequence of hydrogen bonding or hydrophobic interac-

Monomer vyields of Lhca4-WT and LhcA®8N are tion. When a direct interaction of W185 with Lhcal is
comparableZ6). On the other hand, reconstitution of Lhcal- assumed, the site of interaction is probably located in the
WT with LhcadA38N results in a significantly reduced dimer lumenal loop region connecting helices 1 and 2 because
yield as compared to experiments with both wild-type dimerization still occurred when the entire extrinsic C-
proteins. This suggests that amino acids in the N-terminal terminal region of Lhca4 was removed. Because of the
extrinsic region of Lhca4 undergo dimer stabilizing interac- significant impairment of dimer formation by the deletion
tions with Lhcal. Because, in accord with the structure mutants LhcaA1l4C—A16C, W185 could represent a “hot
suggestion of Green and PichersBg) these 38 amino acids  spot” within a patch of amino acids involved in dimer
comprise the entire hydrophilic N-terminal domain of Lhca4, formation/stabilization. Such hot spots in protein interfaces
additional interaction(s) of the Lhcal N-terminus with amino are frequently formed by aromatic residues including34/ (
acids in the stromal loop of Lhca4 can be postulated. The 32). Also, in the 8 subunit of the LH1 ofRhodobacter
involvement of amino acids of loop regions was also sphaeroidesaromatic residues at the C-terminus are very
suggested for the lattice formation of bacteriorhodop3i), ( important for heterodimerization28). These are located
and for Lhcbl an unexpected significance of single amino either close to the surface of the membrane or in the
acids in the stromal loop for assembly of stable monomeric hydrophilic portion of the membrane and probably stabilize
LHCIIb was observed3g). the complex by hydrogen bonds to bacteriochlorophyll. At

N-Terminus of LhcadThe abolishment of dimer formation  the C-terminus of Lhcal, additional dimer-stabilizing effects
in reconstitutions with Lhca&39N is apparently caused by arise from amino acid(s) located downstream N188. This is
the instability of monomeric complexes because failure of evident from the strongly reduced dimer yield obtained with
dimer and Lhca4 monomer formation occur upon the removal Lhca4A13C (Table 1). A good candidate for such a
of the same number of N-terminal amino acids. Membrane cooperatively acting amino acid might be F199 due to its
proteins generally possess a high content of W, which is aromatic properties.
especially accumulated in the region of membrane surfaces C-Terminus of Lhca4Shortening of the C-terminus of
(33, 39) leading to the conclusion that it anchors the protein Lhca4 by 33 amino acids resulted in the complete collapse
to the lipid headgroup33). When a comparable structure of dimer formation. Thus, the removal of 1168 is crucial,
for LHCIIb (9) and Lhca4 is assumed, W39 would be located which is the 11th amino acid in the third transmembrane
at the surface of the membrane. However, because all pointhelix counted from the C-terminus, according to the structure
mutants of W39 in full-length Lhca4 achieved dimer forma- proposed by Green and PichersBg). Interestingly, dimer
tion, such an effect is improbable to occur in Lhca4 or is at formation occurred with even more extensively truncated
least superimposed by other stabilizing effects. Because allLhca4 than required for the formation of stable monomers,
point mutants of W39 dimerized to a comparable extent, the reflecting a stabilization effect by the other subunit as was
property of the residue at this position seems to be of no also observed for N-terminal point mutants of Lhca4. The
importance regarding LHCI-730 formation, supporting the significance of amino acids in transmembrane regions for
assumption that dimerization failure results from abolished oligomerization was reported recently for LHCIIE1]).
monomer formation. Interestingly, also the mutants W39A Lhcb1 did not trimerize upon exchanges of H68 in the first
and W39G formed dimers to the same extent as the otherand Q131 in the second helices. However, point mutations



Amino Acids Involved in LHCI-730 Dimerization

of 1168 in full-length Lhca4 demonstrated that 1168 is not 9.

decisive for dimerization because no effect was observed
for the introduced amino acids. Because of the lacking impact
of point mutations of 1168 in the full-length protein, failure
of dimerization with the deletion mutant could be the con-

sequence of a too extensive shortening of the protein. As a 12.

consequence, the loss of several weak interactions between
the two subunits may occur, resulting in the observed gradual
decrease of dimer yield following a more extensive shorten-
ing of the protein. However, also a strong impairment of
Lhca4 folding or a too strong destabilization of the resultant
monomer could be the reason for the disruption of dimer-
ization. Interestingly, strong reduction in dimer yield and
failure in dimerization occurred in the mutants32C,A33C)
in which the putative L1 lutein binding sit&)is removed.
Because of this coincidence, it is conceivable that the loss
of this binding site could be decisive for failure in the
assembly of a labile monomer and that way causes the
abolition of dimer formation.

Outlook.Because interface areas of monomers in a dimer
are usually in the range between 6.5% and 29% of the surface

area (), additional contact sites besides those identified in  20-

this study may participate in the formation of LHCI-730.
Because the amino acid sequence in the second helix deviates
most strongly among the Lhc proteir)(it appears to be

a promising target for a more detailed analysis regarding
specific interactions. As a first step, it will be interesting to
substitute the second helix of Lhcal or Lhcad by the
corresponding helix of Lhca2 or Lhca3. A dimerization motif

as GxxxG in the homodimeric membrane protein glycophorin
A (42) is not present in helical regions of Lhcal or Lhcad
but only in Lhcb1-3 and Lhca2. However, the second helix
of Lhcal has a similar AxxxH motif which is also found in
the o andg polypeptides of LH1 and LH2 of purple bacteria
(21, 23). The presence of a similar motif in Lhcad (Hxxxl)

in the opposite direction and the identification of | and A as
contact points between helices in bacteriorhodop8in) (
makes them a particularly interesting target for mutational
analyses. A detailed analysis of these areas and amino acids
will provide further insight in the structure prerequisites for
specific heterodimerization and will pave the way for
understanding the structure basis for different oligomerization
behaviors of LHCs.
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