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ABSTRACT. The major light-harvesting protein of photosystem Il (LHCIIb) is the most abundant chlorophyll-
binding protein in the thylakoid membrane. It contains three membrane-spamihielices; the first and

third one closely interact with each other to form a super helix, and all three helices bind most of the
pigment cofactors. The protein loop domains connectingoth®elices also play an important role in
stabilizing the LHCIIb structure. Single amino acid exchanges in either loop were found to be sufficient
to significantly destabilize the complex assembled in vitro [Heinemann, B., and Paulsen, H. (1999)
Biochemistry 3814088-14093. Mick, V., Eggert, K., Heinemann, B., Geister, S., and Paulsen, H (2004)
Biochemistry 4354675473]. This work presents an analysis of such point mutations in the lumenal
loop with regard to the extent and nature of their effect on LHCIIb stability to obtain detailed information
on the contribution of this loop to stabilizing the complex. Most of the mutant proteins yielded pigment
protein complexes if their reconstitution and/or isolation was performed under mild conditions; however,
the yields were significantly different. Several mutations in the vicinity of W97 in the N-proximal section
of the loop gave low reconstitution yields even under very mild conditions. This confirms our earlier
notion that W97 may be of particular relevance in stabilizing LHCIIb. The same amino acid exchanges
accelerated thermal complex dissociation in the absence of lithium dodecyl sulfate (LDS) and raised the
accessibility of the lumenal loop to protease; both effects were well correlated with the reduction in
reconstitution yields. We conclude that a detachment of the lumenal loop is a possible first step in the
dissociation of LHCIIb. Dramatically reduced complex yields in the presence but not in the absence of
LDS were observed for some but not all mutants, particularly those near the C-proximal end of the loop.
We conclude that complex stabilities in the absence and in the presence of LDS do not correlate and most
likely are determined by different structural characteristics, at least in LHCIllb but maybe also in other
membrane proteins.

The structure of intrinsic membrane proteins is largely Engelman et al. ) proposed that helix association is
dictated by the hydrophobic environment in the lipid bilayer, followed by further events such as the folding of the loop
which is a more favorable environment than the aqueous domains and cofactor binding. They propose that the structure
phase for the hydrophobic amino acid side chains in the of loop domains that fold into the lipid bilayer may be
transmembrane protein domains. The lipid environment stabilized by forming hydrogen bonds with transmembrane
strongly stabilizes secondary structure in these domgins, protein sections.
sheets or, in most cases, helices, since these shield the  In general, less is known about the folding and structure
strongly polar peptide bonds from the hydrophobic lipid determination of membrane proteins compared to water-
phase {). As proposed in the two-stage model of Popot and soluble proteinsg, 9). This is mainly due to the much smaller
Engelman 2, 3), thesea. helices can be viewed as indepen- number of membrane proteins whose atomic structure is
dently forming structural units within the polypeptide that known and that can be folded in vitro. One such protein is
then, in a second step during membrane protein folding, the major light-harvesting chlorophylb protein (LHCIIb}
associate. The final arrangement of helices, characteristic forof the plant photosynthetic apparatus, probably the most
each polytopic membrane protein, is stabilized by helix abundant membrane protein on Earth. The near atomic
helix interactions such as knobs-into-holes packiigafid structure of LHCIIb was elucidated by electron crystal-
electrostatic interactions, often favored by sequence motifsiography (0) and has recently been refined by X-ray
(5, 6). In a recent extension of the two-stage model, crystallography 11). The LHCIIb apoprotein, either native
(12) or recombinanti3), spontaneously folds and assembles
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with pigments, 14 chlorophylls and at least 3 carotenoids, ratio and xanthophylls from pea leaves, consisting of lutein,
in detergent solution to yield structurally authentic LHCllb neoxanthin, and violaxanthin at a 3:1:1 weight ratio, with a
(14). Xanthophylls, in particular lutein, and chlorophyil xanthophyll:chlorophyll molar ratio of 0.2 as was determined
are required for stable complexes to fort2( 15, 16), by HPLC analysis Z4). Additional xanthophylls with the
whereas chlorophyla can be omittedX7). Reconstitution same composition were supplied only where indicated to a
of recombinant LHCIIb in vitro allows mutational analyses final concentration of 0.4g/uL in the reconstitution mixture.

of LHCIIb assembly to be performed to identify structural Reconstitution buffer contained 100 mM T+BICI (pH 9),
elements essential for proper folding, pigment binding, and 5 mM e-aminocapronic acid, 1 mM benzamidine, 12.5%
stabilization of the native structure. sucrose, and 2% lithium dodecyl sulfate. DTT was added

LHCIIb contains three transmembranehelices, two of ~ after boiling to a final concentration of 1 or 10 mM as
which intertwine to form a left-handed super helix that is indicated.
stabilized, among other interactions, by two ion pairs thatat Reconstitution by Subsequent FreeZéaw cycles A
the same time coordinate chlorophyll cofactors. The two second method for reconstituting monomeric LHCIIb con-
closely interacting helices, together with the third membrane- sisted of three subsequent cycles of freezing and thawing as
spanning helix, bind most of the photosynthetic pigments. described in refl2. The concentration of Lhcbl and
The role of the loop domains, connecting these helices, for chlorophylls as well as buffer composition was the same as
stabilizing the pigmentprotein complex is less clear. for detergent-exchange reconstitution. The reconstitution
Therefore, we challenged the structural significance of the Mixture always contained xanthophylls of the composition
stromal loop by introducing mutations into random positions mentioned above at 04g/uL and 10 mM DTT.
of the recombinant protein. To our surprise, we found several Partially Denaturing Gel Electrophoresi®artially dena-
single amino acid exchanges that completely abolished stableturing LDS-PAGE @5) was performed as described previ-
pigment-protein complex formation under the in vitro ously (13) on discontinuous gels wita 1 cmstacking gel
conditions used18). A more extensive mutational analysis (4.5% polyacrylamide) and a 10 cm resolving gel (15%
of the lumenal loop revealed that single amino acid ex- Polyacrylamide), containing 10% and 5% glycerol, respec-
changes in at least one-third of its positions prevented thetively. Deriphat-PAGE @6) was performed on the same gels
protein from folding and assembling with pigments, and under the same conditions as LEFAGE, using 12
These amino acid exchanges were evenly spread over thénM Tris, 0.15% (w/v) Deriphat 160 (Henkel, Bseldorf,
entire length of the loop, but their nature seemed far from Germany), and 48 mM glycine as the running buffer.
random: Whereas all three acidic and roughly half of the Coomassie-stained bands of pigmeptotein complexes and
polar residues and glycines have been hit, none of the threedpoprotein were digitally photographed with a VersaDoc
basic and only one out of sixteen hydrophobic amino acids imaging system, model 3000 (BioRad Laboratories Inc.), and
were among the mutations selected for complex destabiliza-the intensity of the stained protein bands was measured as
tion. This prompted us to study the consequences for LHCIIb the peak height with Quantity One 4.2.3 software (BioRad,
stability of individual amino acid exchanges in more detail, MUnchen, Germany). The relative intensities of pigment
expecting to obtain information on which interactions or Protein bands were calculated as percentages of the sum of

structural components of the lumenal loop domain are so the intensities of pigmentprotein and nonpigmented protein
essential for Stabi"zing the monomeric pigmept‘otein bands. Relative intensities obtained on one gel were normal-

complex. ized to that of wild-type Lhcbl.
Dissociation Kinetics at 37°C. The dissociation of
MATERIALS AND METHODS monomeric LHCIIb at 37°C was measured by observing

the decrease in the extent of intracomplex energy transfer

Lhcbl Mutants Mutants oflhcb1*2 gene “AB80” from  from chlorophyll b to chlorophyll a, monitored by the
pea @0) bearing single amino acid exchanges were obtained decrease of chlorophyt-stimulated chlorophylh fluores-
by random mutagenesis and selection of nonreconstitutingcence emission. Measurements were performed as described
mutants as described in r&®. The eXChanged amino acids in ref 27 in a fluorimeter (F|uoromax 3, Jobin Yvon Spex
were located in the lumenal loop domain of LHCIIb, between |nstruments S.A. Inc., France) thermostated to’G7 with
positions V90 and Q1221(), and among the four C-  excitation and emission at 470 and 680 nm, respectively.
proximal amino acids of helix 1. A Histag was added to  Complexes were reconstituted by detergent exchange as
the C-terminus of W97R by exchanging tH&EBNA fragment  described above, except the reconstitution buffer contained
of the gene visEcoRl and BsEll (New England Biolabs,  no benzamidine aned-aminocaproic acid. Following recon-
Frankfurt am Main, Germany) restriction with the expression stitution, mixtures were centrifuged for 20 min at 20§00
plasmid C3.2h21), coding for the Lhcbl sequence tagged and 4°C. The reconstitution mixture was diluted 60-fold
by a stretch of six histidine residues. Proteins were overex- with ice-cold buffer (0.1 M Tris (pH 7), 1% (w/v) OG, and
pressed as described in &8, 10% glycerol), kept on ice for 5 min, and then transferred

Reconstitution by Detergent Exchandéonomeric pig- to the preheated cuvette (3T). Decay of chlorophylla
ment-protein complexes were reconstituted by changing the fluorescence was fitted to first-order kinetics (Table Curve
detergent from dodecyl sulfate to mainly octyl glycoside as 2D, SPSS Inc., Chicago, IL), and time constants were

reported in ref22. The protein concentration was O/ calculated as the reciprocals of apparent rate constants.
uL, and total pigment extract from pea leavé8)(was used Trypsin DigestionMonomeric complexes were reconsti-
with a final chlorophyll concentration of Zg/uL during tuted by detergent exchange as described above (reconstitu-

reconstitution (determined according to 28). The pigment  tion buffer without benzamidine ardaminocapronic acid),
extract contained chlorophyd and chlorophyllb in a 3:1 and 10 mM Hepes/KOH, pH 8, and 0.1 mg/mL trypsin
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Ficure 1: Reconstitution of the mutant Lhcb1 version by changing the detergent (in the presence of 10 mM DT TiagidlOxénthophylls)
and analysis by partially denaturing LB®AGE (A, B) or Deriphat PAGE (C, D) on 15% polyacrylamide gel. W& wild-type Lhcbl.

(Roche Applied Science, Mannheim, Germany) were added.(Figure 1B,D) varied between different mutants. This

The mixture was incubated at 2% for time periods as

indicates a more gradual decrease in complex stabilities of

indicated, and the reaction was stopped by adding 0.5 mM at least some mutant Lhcbl versions, although all mutants

PMSF.

Denaturing SDSPAGE Denatured proteins were sepa-
rated according to their molecular weight using the gel
system of Schgger et al. 28). Gels contained 16.5%

exhibit significantly decreased stabilities compared to wild-
type recombinant LHCIIb, according to the LBRAGE
(Figure 1A,B).

In addition to detergent-exchange reconstitution (Figure

acrylamide/bisacrylamide and had a cross-linking ratio of 1) mutants were reconstituted by subsequent fretzaw
3%. No SDS was added to the gels. Unstained sample buffercycles, a more stringent reconstitution method, known to
(28) was added to the protein samples; the mixtures were prevent the formation of more labile mutant LHCIIBZj

boiled for 2 min, and then applied to the gel.
Western Blat Proteins separated by SB8AGE were

electrophoretically transferred to a PVDF membrane (Fluo-

rotrans transfer membrane, PALL GmbH, Dreieich, Ger-
many) and probed with a polyclonal anti-Lhcb1 antiserum

(gels not shown). The combination of the two different
reconstitution methods and the two electrophoretic systems
resulted in four conditions of varying stringency. To compare
reconstitution yields independently of slight variations of total
protein amounts loaded on the gels, yields were expressed

(produced by Eurogentec, Herstal, Belgium) according to as the density of Coomassie-stained pigmeabtein bands
standard procedures. Bound secondary ant|_bod|es fused tgelative to the density of pigmented plus nonpigmented
alkaline phosphatase were detected by using 5-bromo-4-protein bands (Figure 2). The calculated values have been

chloro-3-indolyl phosphate/nitroblue tetrazolium as a sub-

strate.

RESULTS

In our previous study 19) we have described several

normalized to the relative intensities of pigmeptotein
complex bands obtained for the wild type. For the wild type
the highest yield of LHCIIb (70%) was obtained with
freeze-thaw reconstitution, followed by DeriphaPAGE.
Using other combinations of reconstitution methods and gel

mutants bearing single amino acid exchanges in the lumenalelectrophoresis conditions, about 60% of the protein was
loop domain that have been selected from a random library reconstituted with pigments. As the pigment content of the

due to their lower stability. Indeed, no pigmeigrotein
complexes could be detected after partially denaturing+DS
PAGE. However, this analysis did not give us information
on whether the protein simply does not fold at all to form
monomeric LHCIIb or whether the complexes formed were

complex bands contributes to their density, the calculated
values are to be regarded as upper estimates of the respective
percentage of proteins organized in pigmepitotein com-
plexes.

Under the mildest condition, i.e., detergent-exchange

not stable enough to survive the partially denaturing poly- reconstitution followed by DeriphatPAGE (Figure 2A,
acrylamide gel. Therefore, we analyzed the mutants by usingupper gray line), reconstitutions with all of the Lhcb1 mutants
various procedures of different stringencies with regard to except W97R and G101R gave 680% of the yield

complex stability.
Partially Denaturing Gel Electrophoresi#\s a first step,

obtained with the wild-type protein. Under the other condi-
tions, yields were lower, in many cases considerably lower,

we repeated the reconstitution experiments under conditionscompared to those of the wild type. These other three

known to increase the yield of recombinant LHCIIb with
impaired complex stability: We raised the concentration of

reconstitution conditions gave similar results with regard to
yields of reconstituted pigmenprotein complexes. There-

the reductant DTT in the reconstitution mixture and added fore, in the following we will refer to the former procedure

extra xanthophyll to the total pigment extract. As an
alternative to LDS-PAGE, we used a less stringent elec-
trophoretic system with the mild detergent Deriphat in the
running buffer 26). Figure 1 shows that under these
conditions in fact some but not all mutant Lhcbl versions
showed green pigmenprotein bands on partially denaturing
LDS gels, and all of them with the exception of W97R
formed green bands in the Deriph@®AGE (Figure 1C,D).
However, the intensity of the pigmenprotein bands in

as a “mild condition” and to the other three procedures as a
“harsh condition”.

To assess whether complex yields obtained by the mild
and harsh reconstitution conditions were correlated among
the various Lhcbl mutants, relative intensities obtained in
Deriphat- and LDS-PAGE following detergent-exchange
reconstitution were plotted on theandyaxes, respectively
(Figure 3). The bulk of mutants reached-8% of the wild-
type’s intensity on Deriphat gels (mild condition) but only

Figure 1A,C and, consistently, the ratio of pigmented protein between 0% and 70% on LDS gels (harsh condition).
to nonpigmented protein visible upon Coomassie staining According to their position in the diagram, four groups of
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FiGure 2: Intensity of green pigmentprotein bands in percent of the WT complex band intensity. LHCIIb mutants were reconstituted by
changing the detergent (A) or by subsequent fregzaw cycles (B) in the presence of Qud/uL xanthophyll and 10 mM DTT. Partially
denaturing gels were run with LDS (LDS) or Deriphat (Dph) buffer as indicated in the legends. Mean values are calculated from intensities
obtained on 23 gels, and error bars reflect the standard deviations. Mutants are named according to their amino acid exchange; the
numbering corresponds to that of Klbrandt et al. 10), and the letters before and after the numbers denote the original and the substituting
amino acids, respectively. WF Lhcbl.
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Ficure 3: Intensities of green pigmenprotein bands obtained  FGure 4: Time constants (s) of LHCIIb dissociation at 3C
on Deriphat and LDS gels after detergent change reconstitution measured as the decay of sensitizedacfiiorescence upon chi
(Figure 2A) plotted on thex andy axes, respectively. Mutants  excitation g axis) plotted against the intensities of green pigrment
exhibiting similar intensities are marked by ellipses with group protein bands obtained after detergent change reconstitution fol-
numbers referred to in the text and used in Figure 5. The black |gyyed by Deriphat PAGE (Figure 2A). For kinetic measurements
line gives the positions where the yields in either procedure would mytants were reconstituted by changing the detergent with total
be identical. pigment extract and in the presence of 1 mM DTT. Mean values
have been calculated from-3 measurements. Stability groups are

mutants were tentatively defined as indicated in Figure 3. marked by ellipses according to the ones in Figure 3.
The grouping is tentative in that it is not meant to describe
significantly different properties of individual mutants but not exclude that, in this case, the observed reconstitution
helps to refer to mutants behaving differently under different yields were determined by the efficiency of the reconstitution
experimental regimes. The mutants W97R and G101R arestep in the first place rather than by different stabilities of
not included in these groups because they yielded little or the mutants. But as the lifetime measurements revealed (see
no LHCIIb in either system. N115Y was not grouped either, below), results of the low-stringency isolation are related to
because this mutant showed higher yields compared to thethe thermal stabilities of the complexes.
other mutants in the Deriphat system (100%) as well as in  Dissociation Kinetics of LHCIlIb Mutants at 37C.
the LDS system (80%). Mutants of group 1 gave the highest Principally, pigmentprotein complex yields in reconstitution
yields in both the Deriphat (8890% of the wild-type experiments are determined by the protein folding and
intensity) and the LDS (about 50%) systems. In group 2, pigment binding efficiencies on one hand and by the stability
yields are as in group 1 on LDS but lower (780%) on of complexes formed during the isolation procedure on the
Deriphat gels. Mutants of groups 3 and 4 both yielded little other hand. The two regimes compared in Figure 3 used the
pigmented protein (less than 40% of the wild-type yield) same reconstitution but different isolation procedures, indi-
when isolated by LDSPAGE but showed higher if different  cating that different yields reflect different stabilities of the
yields in the Deriphat system (8®0% and 66-70%, reconstituted complexes. For a more direct assessment of
respectively). As becomes obvious with these examples, thecomplex stabilities, dissociation kinetics at 3T were
two regimes apparently sort the mutants according to performed (Figure 4). The disappearance of intracomplex
different characteristics, as the ranking of the mutants with energy transfer from chlorophyii to chlorophylla during
respect to relative complex yields is different under these thermal dissociation was monitored. The decrease in sensi-
two conditions. tized chl a fluorescence could be fitted with a single-
Complex yields were independent of the reconstitution exponential decay, yielding apparent time constants that give
method when the complexes were isolated on LDS gelsa measure of the thermal stability of the complexes. All
(Figure 2). On Deriphat gels, however, complex yields mutants, even W97R, exhibited detectable energy transfer
depended on the reconstitution method. We therefore couldfrom chlorophyllb to chlorophylla as compared to control
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Ficure 5: Following detergent change reconstitution with total T
pigment extract and 1 mM DTT, complexes were digested with 24 kDa 2%} 14-16 kDa
0.1 ug/ul trypsin for 25 min at 25C. Samples were separated by - “} 10-12kDa

a denaturing SDSPAGE and probed with anti-Lhcb1 antibody 121 kDa—
on a Western blot. A 0.78g sample of undigested wild-type Lhcbl
(WT) and 0.2ug of a truncated Lhcb1l protein with a molecular
mass of 12.1 kDa were used as markers (M). The protein amount

in the digested samples corresponded @ ®f undigested protein. FiGURE 6: WO7R and a WI7R mutant with a C-terminal His tag

(W97Rhis) were reconstituted and digested as described in Figure
) . . . 5. A Western blot with samples taken after different time spans of

measurements with the pigments in the absence of proteindigestion and alternating loadings of W97R and W97Rhis is shown.

(not shown). The decrease of chlorophy/fluorescence was A 0.54 ug sample of undigested Lhcbhl (WT) and Q@ of a

accompanied by an increase of Ch|0rophymuorescence truncated Lhcbl protein with a molecular mass of 12.1 kDa were
(not shown) used as markers (M). The protein amount in the digested samples

o . corresponded to 2.4g of undigested protein. WE wild-type
We found that the calculated lifetimes correlated quite well | hchb1. M= 12.1 kDa truncated Lhcbl.

with the relative green band intensities obtained after

detergent-exchange reconstitution followed by Deriphat  |50p would result in fragments of 9.4 kDa (N-terminal) and
PAGE (Figure 4). Stability groups defined in Figure 3 are 14 6 kpa (C-terminal) in size. To test whether the-1%
shown in Figure 4 as well. Mutants of stability groups4l kDa fragment in Figure 5 corresponds to the expected
were not clearly separated regarding their lifetimes; most - tarminal fragment, we extended the mutant W97R by a

mutargs Show.fr? tgfe_tirgeﬁ "? th.e raTg(T Otf_a{ﬁ S .In th C-terminal Hig tag. If the 14-15 kDa fragment includes
accoraance wi €Ir benhavior in gel electropnoresis, he y, C-terminus, it would be expected to exhibit a somewhat

mqst unstable mutants W97R and G101R dissociated .S'g'larger apparent size in the mutant because of the His
nificantly faster than any of the other mutants or the wild . . . T
extension. Figure 6 shows that in fact this is the case, for

type. Clearly, the lifetimes of mutant LHCIIb versions at 37 both the 14-15 kDa fragment and the 12.1 kDa fragment,

°C do not correlate with their complex yields in the LBS . . ;
PAGE system (not shown). In this system, mutants of, e.g., which consequently also contains the C-terminus. Upon

group 2 gave LHCIIb yields as high as those of group 1 extended digestion, the Hitabeled W97R com_plex_also
whereas the dissociation kinetics were significantly different. Preduces bands that apparently have lost the ékgension,
Consequently, thermal dissociation times and complex yields@S they comigrate with the digestion products of unmodified
in the Deriphat system rank the mutant complexes accordingW97R. This is in accordance with our previous observations
to apparently the same stability properties, whereas complexthat extended trypsin digestion can remove a C-terminal His
yields in the LDS system do not. tag from LHCII (unpublished results).

Accessibility to Trypsin DigestionThe lumenal loop The putative N-terminal fragment resulting from a trypsin
domain contains two potential trypsin cleavage sites (K91 cut in the lumenal loop could not be detected (Figure 6),
and K99), and a third one is found at the N-proximal end of possibly due to further cleavage. The nearest basic amino
helix 1 (R87). In native or recombinant wild-type LHCIIb,  acid following the lumenal loop domain is R142. Cleavage
these potential cleavage sites are largely protected fromy; this position would result in a 10 kDa C-terminal fragment,
trypsin cleavage, as the apoprotein is only N-terminally ropaply identical with the<12.1 kDa fragment visible in
truncated by trypsin, resulting in a digestion prqduct of about Figure 5 (panel WO7R). The fact that the C-terminal fragment
24 kDa. On the other hand, unfolded Lhcbl is completely e protein survives even when most of the nearly full
digested by tryps.|n2(.2). _ _ length protein has disappeared indicates that the primary cut

When the trypsin digestion products of the various mutant i, the jumenal loop is not immediately followed by complex
LHCIIb versions were compared (Figure 5), we saw, in gissociation, as this is known to render the entire length of
addition to the 24 kDa degradation product, various amounts 4, protein trypsin-sensitive. We conclude that the appearance

\(/)Jilg ftr;?eme'l'nr;[igffrl;;ﬁelr(]??stgitit\éva;gririgIeyn\t”isrlwbItiemnt::)est of the 14.6 kDa fragment indicates an enhanced accessibility
unstable mutants W97R and G101R, where, at the same time,Of the lumenal loop in the mutant LHCIIb versions.

the digestion product predominant in the wild type at 24 kDa  To assess the accessibility of the lumenal loop, the relative
is significantly reduced. In the mutants E94G and W97R a amounts of the 1415 kDa product compared to the 24 kDa
third Lhcb1 fragment with a molecular weight12.1 kDa product were quantified (Figure 7). Except for the mutants
is visible after 25 min of digestion (Figure 5), caused by with exchanges of Q122, higher efficiencies of protease
secondary cleavage of the-245 kDa fragment (see below). cleavage in the lumenal loop led to reduced lifetimes at 37

Since all of the mutations are localized in the lumenal loop, °C (Figure 7), suggesting that the enhanced accessibility of
one may assume that this domain is rendered more trypsin-the lumenal loop is connected with and possibly the reason
sensitive in the mutant proteins. Cleavage in the lumenal for the instability of the mutants.
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[owT folding and pigment binding efficiencies but are most likely
45 - messe due to the different stabilities of the recombinant complexes
L R — sl under the different conditions. For the mild condition, we
E"" 2 U1 o bl have shown directly that complex yields correlate with
ST [ T4 g AE107V complex lifetimes in thermal dissociation kinetics (Figure
gzs — : peon 4). The mild and harsh regimes mainly differ in their
$20 ks s employment of LDS. The mild condition includes a detergent-
BETE! > ’ L. | |mHi200 exchange step from the strongly denaturing anionic detergent
o m‘“ 15& m"’ 80 Graon LDS to a nonionic detergent during reconstitution, so it gets
- p loatzzL

rid of most of the LDS during the reconstitution step and
Ficure 7: Correlation between complex lifetimes at 3¢ and further avoids LDS during complex isolation, whereas all
the amount of the 1415 kDa tryptic digestion product. The  three procedures described as a harsh condition use at least
intensities of the 24 kDa signal and the 1 kDa signal (plus _ 0.1% (w/v) LDS in the reconstitution or isolation part or
the 10 kDa signal in the case of WOR) after a 25 min trypsin p
digestion (Figure 5) were added to 100%, and the relative intensity both. We therefore conclude that the presence of dodecyl
of the 14-15 kDa signal was plotted on the secondggkis, with sulfate at 0.1% (w/v) or higher either in the reconstitution
the lifetime at 37°C (Figure 4) on the primary axis. The mutants  mixture or during gel-electrophoretical complex isolation
were listed according to the position of the amino acid exchange. yocreased complex stabilities and were mainly responsible
for reducing complex yields in the harsh as compared to the
DISCUSSION mild reconstitution condition. However, the reconstitution
Different Structural Properties of the Lumenal Loop Affect yields of the various LHCIIb mutants are quite differently
the Stability of LHCIIb in the Presence or Absence of LDS affected by the mild and harsh conditions. Consequently, the
The destabilized mutants studied in this work have been destabilization by LDS is far from uniform when the various
selected from an Lhcbl library with random amino acid Lhcbl mutants are compared with each other. Some mutant
exchanges in the lumenal loop domaitf), Mutants that pigment-protein complexes are only slightly less stable in
did not yield pigmentprotein complexes under the condi- the presence than in the absence of LDS (e.g., group 2 in
tions applied were isolated and sequenced. DestabilizingFigure 3), whereas other mutants, although reasonably stable
amino acid exchanges thus identified were equally distributed under the mild condition, yield hardly any pigmetgrotein
throughout the entire target domain, but exchanges of polar,complexes under the harsh regime (e.g., group 4 in Figure
especially acidic, amino acids and glycines were observed3). We conclude that the lumenal loop makes different
at a higher frequency than exchanges of hydrophobic or basiccontributions to LHCIIb stability in either the presence or
amino acids 19). absence of LDS and that these contributions to complex
In the present work, less stringent procedures of recon- stability are differentially affected by the various mutations
stitution and isolation were used that allowed reconstitution in this protein domain.
of most of the mutants with pigments, albeit at significantly =~ Thermal Destabilization Correlates with Local Unfolding
different complex yields (Figure 1). This opened the pos- of the Lumenal Loop DomainThe average lifetime in
sibility to study the contribution of the lumenal loop to thermal dissociation experiments of mutant LHCIIb correlates
LHCIIb stability in detail by individually analyzing the  not only with complex yields obtained under mild conditions
impact of the single amino acid exchanges in the various but also with the appearance of a-145 kDa peptide upon
mutants. To compare the various mutants with regard to theirtryptic digestion of the mutant pigmenprotein complexes
stabilities, we used two different levels of stringency, a harsh (Figure 7). Those mutants that have a particularly short
and a mild condition. The harsh condition, represented by average lifetime tend to exhibit a higher amount of the-14
three different procedures all giving approximately the same 15 kDa peptide, with the exception of Q122H and Q122L.
results, generally led to lower complex yields in the case of The 14-15 kDa degradation product contains the C-terminus
the mutants than the mild condition. Each condition, whether of the polypeptide chain (Figure 6) and presumably is the
harsh or mild, contains a reconstitution step in which Lheb1l  result of proteolytic cleavage in the lumenal loop domain.
pigment complexes are formed, and a subsequent isolationThe expected N-terminal fragment of 9.4 kDa was not
step in which the complexes are separated from noncom-observed, possibly due to further cleavage or weaker binding
plexed material and in which more stable complexes are of the polyclonal antiserum to the N-terminal part of the
selected according to the stringency applied. We assume thathcbl protein. The occurrence of a stable degradation
differences among mutant proteins with respect to their product indicates a locally restricted trypsin sensitivity.
folding and pigment binding behavior will mostly affect the Proteolysis demands a substrate-like conformation of the
efficiency of the reconstitution step, whereas differences in polypeptide chain. Adoption of this cleavable conformation
the stabilities of the mutant proteifpigment complexes will  requires the accessibility and flexibility of at least 12 amino
lead to higher or lower yields in the complex isolation step. acids that surround the scissile peptide ba&g).(In LHCIIb,
Since the mild condition and one of the procedures repre-only the N-terminal protein segment is susceptible to
sented by the harsh condition both employed the sameproteases such as trypsin or thermolys?2)(whereas the
reconstitution step (detergent exchange from LDS to OG) loop domains are not, indicating a limited accessibility and/
but different isolation protocols for the reconstituted com- or flexibility of the latter.
plexes (mild electrophoresis on a Deriphat gel on one hand The relative amounts of the 45 kDa product are
and stringent electrophoresis in the presence of LDS on thetherefore likely to reflect the tendency of part of the lumenal
other hand), the observed differences between the harsh antbop domain to unfold, or at least detach from the remaining
mild conditions in complex yields cannot be due to different pigment-protein complex. This may be comparable to local
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unfolding events near the surface of soluble proteins that stability toward LDS apparently is not related to the
can start their thermal unfoldin@@—33). Since the acces- accessibility of the lumenal loop domain (Figure 3), indicat-
sibility of the lumenal loop toward protease correlates with ing different functions of the lumenal loop domain in
the rate constant of complex dissociation, the local unfolding stabilizing LHCIb toward either thermally induced or LDS-
of the lumenal loop is likely to be one of the first steps during induced denaturation (see above). LDS-induced denaturation
if not the initiation of the thermal denaturation of LHCIIb. may be due to the sequestering of its hydrocarbon chain in
Mutants G101R and G109R deviate from the correlation hydrophobic pockets of the protein, where, in the case of
between apparent rate of thermal dissociation and trypsinLHCIIb, the cofactors are bound. The lumenal loop domain
sensitivity of the lumenal loop (Figure 7). Both show higher may help in shielding these hydrophobic pockets, and this
protease sensitivities than would be expected from their function would then be hampered to different extents by the
lifetimes. The simple reason for this may be the introduction various amino acid exchanges. Mutations in positions 120
of an additional trypsin cleavage site in the lumenal loop and 122 strongly destabilize LHCIIb in the presence but not
domain. The two mutants with exchanges of Q122 both show in the absence of LDS (Figure 2). These mutations are
unexpectedly low amounts of the 445 kDa protease  positioned in two antiparallef strands in the C-proximal
digestion product (Figure 7). The position of Q122 im- part of the lumenal loop, suggesting that th8strands have
mediately adjacent to helix C suggests that its exchange maysome significance for the shielding by the lumenal loop of
induce structural effects such as a repositioning of helix C the hydrophobic interior of the LHCIIb molecule. Another
without causing the exposure of the lumenal loop. possible explanation is that amino acids positioned near the
There is no noticeable relation between the thermally edges of the lumenal loop domain (S86, H120, Q122) are
destabilizing effect of amino acid exchanges and their critical for its shielding function toward LDS, as theses
chemical nature. The largest effect on thermal stability is positions are close to the hydrophobic environment of the
introduced by the exchange W97R. As has been discussedransmembrane. helices.
by Mick et al. (L9), W97 may be involved in an aromatic As a quantitative measure of membrane protein stability,
interaction with F195 (see Figure 2 in rE9). This interaction both the temperature dependence of unfolding in the presence
is in fact consistent with the recently published crystal of nonionic detergents and the dependence on SDS concen-
structure of LHCIIb (1), but its significance for the overall  tration of denaturation have been use85{40). Our
structure still needs to be tested by replacing W97 with a observation suggests that these two procedures may assay
nonpolar residue. If this interaction exists, it would explain different structural contributions to overall stability. On the
the strong effect of mutating W97, since this amino acid other hand, Lau and Bowi&T) reported that both thermally
would then be a connector of all three transmembrane helicesinduced and SDS-induced denaturation of diacylglycerol
in LHCIIb, the first and second one via the lumenal loop kinase starts with the unfolding of the cytoplasmic ex-
and the third one by direct interaction with F195. tramembranous protein domain, unlike the situation in the
Mutations located in the N-proximal half of the lumenal case of LHCIIb, where detachment of the lumenal loop
loop domain, up to E107, seemed to trigger local unfolding correlates with the heat-induced unfolding in nonionic
and to reduce thermal stability to a larger extent than detergent but not with LDS-induced denaturation. Therefore,
mutations in the C-proximal part (Figure 7). The N-proximal the special structural requirements for protein stabilization
half of the loop contains the newly discovered amphipathic toward SDS or LDS may be a peculiarity of LHCIIb with
helix E (11), which starts with W97. Amino acid exchanges its numerous hydrophobic cofactors bound.
in this part of the protein may alter the structure or orientation  Lumenal Loop Domain as a Putaé Adaptie Control of
of helix E, and these potential alterations are likely to affect Physiological FunctionThe observation of mutations in the
the position of W97. The exchange G101R places a hydro- lumenal loop leading to an increased exposure of this domain
philic amino acid on the hydrophobic surface of the amphi- toward protease attack and at the same time lowering the
pathic helix E and, therefore, is likely to cause a destabili- overall stability of the complex strengthens our previously
zation or rotation of the helix to avoid the exposure of this proposed view of the lumenal loop as a functional switch
hydrophilic residue to a hydrophobic environment. Since the (19). In vivo, the detachment of the lumenal loop may be
strength of aromatic interactions, like the one presumably brought about by interactions with lumenal components or
undergone by W97 and F195, strongly depends on theby the acidification of this compartment owing to photo-
distance and relative orientation of the participating aromatic synthetic proton transport. The conformational change of the
systems 34), structural changes in and/or repositioning of lumenal loop may then reposition the transmembrane helices
helix E are likely to weaken this interaction. It should be and the coordinated pigments such that energy-dissipating
noted that the mutational analysis described here may helpcenters are generated. Protonation-induced detachment of the
to understand the contribution of the lumenal loop as a whole lumenal loop would allow access to violaxanthin of the
or parts thereof to LHCIIb stability but will give only limited  enzyme violaxanthin deepoxidase as a prerequisite for
information on the contribution of individual amino acids establishing nonphotochemical quenching during light-stress
in this protein domain. This is because the basis of our situations 41). And finally, an overall destabilization of
analysis is a random selection of amino acid positions that LHCIIb or a facilitated access to proteases, caused by a
influence complex stability. To fully appreciate the contribu- partial unfolding of the lumenal loop, may be a prerequisite
tion of individual amino acids, a more systematic exchange for LHCIlb degradation as a long-term adaptation to light
with various other amino acids in each position would be stress which has been reported to be regulated, at least in
required. part, on the substrate levefid). A 16 kDa degradation
Differences in LDS-Induced and Thermally Induced Un- product of Lhcb2 was observed in thylakoids in which light
folding. By contrast to the thermal stability of LHCIIb, its  stress had been inducetB3j. This fragment may correspond
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to the 14-15 kDa fragment described in this work and
indicate that during LHCIIb degradation by thylakoid pro-
teases the first cleavage occurs in the lumenal loop.
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