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ABSTRACT:. The major light-harvesting chlorophyd/b protein (LHCIIb) of higher plants is one of the

few membrane proteins that can be refoldeditro. During folding, the apoprotein is assembled with
pigments to form a structurally authentic and functional pigmgmotein complex. All reconstitution
procedures used so far include solubilization of the apoprotein in sodium dodecyl sulfate (SDS) where
the protein adopts approximately half of ishelical folding present in the native structure. This paper
shows that this preformed-helix is not a prerequisite for LHCIIb folding vitro. The apoprotein can

also be reconstituted starting from a solution in guanidinium hydrochloride (Gnd) where the protein contains
no detectable helical structure. Reconstitution yields are somewhat lower in the Gnd than in the SDS
procedure, but the reconstitution products exhibit very similar biochemical and spectroscopic properties.
The kinetics of LHCIIb assembly, as assessed by time-resolved fluorescence measurements, are virtually
the same in both reconstitution procedures. This demonstrates that the initiatignetik formation is

not a rate-limiting step in LHCIIb apoprotein folding.

Our knowledge about the mechanisms of membrane 15) as well as all other members of the @b protein family
protein folding is rather limited compared to the wealth of (16—20) can be refolded and reconstituted with their pig-
information available on the folding pathways of water- ments in a solution of SDS (or the corresponding lithium
soluble proteinsl). One reason for this is the relatively small salt, LDS) or SDS mixed with other detergents. Only two
number of membrane proteins that have successfully beenhelical membrane proteins have successfully been folded
refoldedin vitro. Among these ar@-barrel proteinsZ, 3) without SDS by dissolution of the proteins in organic solvents
and proteins containing-helical transmembrane domains mixed with lipids and then evaporation of the organic solvent;
(4). The p-strand proteins, such as the bacterial outer these are bR 1) and EmrE, a 110-amino acid efflux
membrane proteins OmpA and OmpF, can be fully unfolded transporter inEscherichia coli(21).

in urea or guanidinium hydrochloride (GrAdand then It is not surprising that choosing an SDS solution as a
renatured with the help of detergent micelles, mixed lipid/ starting point for helical protein refolding has been particu-
detergent micelles, or lipid vesicle§+7). Somea-helix larly successful. As has been known for many years, SDS

proteins, including lactose permea&} énd diacylglycerol stabilizesa-helix structures 22, 23). In fact, membrane
kinase @), have also been refolded by following a similar proteins such as bR4§) and an LHCIIb apoproteirLficb)
procedure, albeit at a lower yield thghstrand proteins. (25 show a substantial amount of helix structure (50 and
However, mosti-helical proteins cannot be refold@dvitro 60%, respectively, of the partition present in the native
from a urea or Gnd solution. The preferred starting condition structure) when they are “denatured” in SDS. One might
for folding these proteins is a solution in sodium dodecyl speculate that this preformedhelix in SDS solution is a
sulfate (SDS). Bacteriorhodopsin (bR) in SDS solution has prerequisite for successfully refolding these protématro.
been the first membrane protein that has been renatured in In this paper, we show that for the renaturation of LHCIIb
detergent micelles or mixed lipid/detergent micell&g (1); in vitro, a preformedx-helix in the dissolved apoprotein is
it can also be refolded in lipid vesicle$Z, 13). The major not necessary.hcblcan be folded into functional LHCIlb
light-harvesting chlorophyll (Chi/b protein (LHCIIb) (14, starting from a solution in Gnd where the protein shows no
detectable order of secondary structure.
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3920033, Fax: 49-0131-392311 ?Z(-)Ec;r;:i“r']{ paulsen@mall.uni mainz.de. gl experiments was a bacterially expressadblcontaining
dichroism; Chl, c.hloro’phyll; DTT, dithiothreitél; EDTA, e'thylénedi- a C-terminal hexah!stldyl tag [clone C3.224], a derivative
aminetetraacetate; Gnd, guanidinium hydrochloride; LDS, lithium Of the Chla/b protein gene AB80Ll(hcbT*2) from tobacco
dodecyl sulfate; LHClIb, major light-harvesting chlorophafb protein (27)]. The protein and a pigment extract from pea thylakoids
complex of photosystem ILhcbl, apoprotein of LHCIIb; LM, dodecyl were isolated as described in &5

p-p-maltoside; OG, octyB-p-glucopyranoside; PG, phosphatidylglyc- = i tituti ’ f LHCIIb. thvlakoid
erol; SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel elec- ~FOl preparative reconsututions o » thylakol
trophoresis; TX, Triton X-100. pigments containing 60g (67 pmol) of Chl were dissolved
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in 10 uL of ethanol and mixed by vortex with 10@L of
reconstitution buffer 1 containing 50 mM sodium borate (pH
9.0), 12.5% (w/v) sucrose, 10 mgtmercapthoethanol, 2.5%
(w/v) octyl g-p-glucopyranoside (OG) (Bachem, Heidel-
berg, Germany), and 0.55 mM phosphatidylglycerol (PG)
(Avanti Polar Lipids, Alabaster, AL). Then 1@ of Lhcbl
(1.57 pmol) dissolved in 1% (w/v) SDS (Roche, Mannheim,
Germany) o0 6 M Gnd (Biomol, Hamburg, Germany) was
added to the mixture under vortexing.

The reconstitution mixture was incubated at°Z5for 10
min and centrifuged at 230Q0for 15 min at 4°C. The
supernatant was collected, applied to a?'Nihelating
Sepharose fast flow column (0.8 cm 4 cm) (Bio-Rad,
Hercules, CA) equilibrated with OG buffer [1% (w/v) OG,
0.1 M Tris (pH 9) (Gerbu Biotechnik, Gailberg, Germany),
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spectra were measured between 600 and 750 nm on a
Shimadzu (Kyoto, Japan) UV-2101PC spectrophotometer.
The measurement was repeated nine times, and the average
of the spectra was calculated. Fluorescence emission spectra
between 650 and 720 nm were recorded on a FluoroMax 3
instrument (Spex/ISA, Grasbrunn, Germany) with the excita-
tion wavelength set to 470 nm, slit widths of 3 nm for both
excitation and emission, and an integration time of 0.5 s.
Circular Dichroism (CD) CD spectra were recorded on
a Jasco (Gross-Umstadt, Germany) J-810-S instrument. Far-
UV CD spectra ofLhcbldissolved in SDS or in Gnd were
measured at 24C. Lhcblwas dissolved either in SDS or in
Gnd at a concentration of 4 mg/mL. The spectrum for SDS-
dissolvedLhcblwas measured from 260 to 200 nm, while
the spectrum for the Gnd-dissolved apoprotein could only

and 12.5% (w/v) sucrose], and then incubated in darknessbe measured from 260 to 207 nm because of the intrinsic

at 4°C for 30 min. The column was washed with 2 mL of
OG buffer and 2 mL of Triton X-100 (TX) buffer [0.05%
(w/v) TX (Roche), 0.14 mM PG, and 0.1 M Tris (pH 7.5)].
The complexes were eluted with elution buffer [0.05%
(w/v) TX, 0.14 mM PG, 10 mM Tris (pH 7.5), and 0.3 M
imidazole (Sigma, St. Louis, MO)].

The material eluted from Ri-chelating Sepharose fast
flow columns was further purified either by ultracentrifu-
gation through a sucrose density gradient or by partially

UV absorption of Gnd. The measurement was repeated five
times and averaged. CD spectra of trimeric LHCIIb from
sucrose density gradients were recorded from 750 to 300
nm at 4°C.

Time-Resaled Fluorescence Measurements of LHCIIb
Formation. For time-resolved fluorescence measurements,
reconstitution was performed under conditions slightly dif-
ferent from those for preparative reconstitutions. The SDS-
denatured protein solution contained 0/@uL (28 uM)

denaturing polyacrylamide gel electrophoresis (PAGE). The Lhcbland 0.2% (w/v) SDS in reconstitution buffer 2 [100

sucrose density gradient (from0.1 to 1 M sucrose) was
generated by one freezéhaw cycle (freeze and thaw a0
and 4°C, respectively) applied to 4 mL solution containing
0.6 M sucrose, 0.1% (w/v) dodecyl-p-maltoside (LM)
(Biomol), and 5 mM sodium phosphate (pH 7.8) in an 11
mm x 60 mm centrifuge tube (Beckman, Palo Alto, CA).
The eluate from the NRi-chelating Sepharose column was

mM lithium borate (pH 9.0), 12.5% (w/v) sucrose, and 10
mM dithiothreitol (DTT)]. The Gnd-denatured protein solu-
tion contained 4«g/uL (157 uM) Lhcbl 6 M Gnd, and 10
mM DTT. The pigment solution for reconstitutions of the
SDS-solubilized protein contained 0.88/uL (437 uM) Chl,
0.17 ugluL (336 uM) carotenoids (Car), and 4% (w/v) OG
in reconstitution buffer 2, whereas the one for reconstitutions

loaded on the gradient, and the mixture was centrifuged atof the Gnd-solubilized protein contained 0.28/uL (244

37000@ and 4 °C for 16 h. Native LHCIIb, isolated
according to the method described in & was used as a
control. The band containing trimeric LHCIIb was extracted
from the sucrose density gradient for further analysis.

Two partially denaturing polyacrylamide gel electrophore-
sis systems were used to analyze reconstituted pigment
protein complexes: (1) a 15% polyacrylamide gel run in LDS
buffer [24 mM Tris, 192 mM glycine (Biomol), 0.1% (w/v)
LDS (Serva, Heidelberg, Germany), and 0.5 mM ethylene-
diaminetetraacetate (EDTA) (pH 8.0) (Merck, Darmstadt,
Germany)] 29) and (2) a 10% polyacrylamide gel run in
Deriphat buffer containing 12 mM Tris, 0.15% (w/v)
Deriphat (Henkel, Ambler, PA), and 48 mM glycin8Qj.

Pigment Analysis in Reconstituted LHCI®ucrose density
gradient bands containing trimeric LHCIIb were analyzed
for their pigment contents by using the 2-butanol extraction
method described in re81. Then 10uL of the 2-butanol
extract was mixed with 2@L of 80% (v/v) acetone, applied
to an RP-18 HPLC column (Chromolith SpeedROD, Merck),
and eluted with a gradient from 70 to 100% (v/v) acetone,
with a flow rate of 1.5 mL/min. The pigments were
quantitated as described in reb.

Absorption and Fluorescence Spectra at 77Hfactions
(150 ulL) of sucrose density gradients containing trimeric
LHCIIb were diluted with 45Q:L of 80% (v/v) glycerol in
50 mM HEPES/NaOH (pH 7.5). The samples were frozen
inalcmx 0.4 cm plastic cuvette (ratiolab, Dreieich,
Germany) by immersing it in liquid nitrogen. Absorption

uM) Chl, 0.09ug/uL (171 uM) Cars, and 2% (w/v) OG in
reconstitution buffer 2. The reconstitution was initiated by
manually mixing the pigment solution and SDS- or Gnd-
denatured protein solution at a ratio of 1:1 or 10:1,
respectively, in a 1.5 mL reaction vessel by using a vortex
mixer at 24°C. The solution was then transferred to a
fluorescence cuvette; the dead time between mixing and the
start of the measurements was #1 s. Chl and Car
concentrations were quantitated according to the methods
of Porra B2) and Davies §3), respectively. The Chl and
Car concentrations that were employed corresponded to an
excess over protein of 1.3 (assuming 12 Chls/LHCIIb) and
4 (assuming 3 xanthophylls/LHCIIb), respectively.
Fluorescence data were collected on a FluoroMax-2
spectrometer at 24C using a front-face setup. Time-resolved
measurements were performed over a time range of 700 s
with a data pitch of 0.5 s, an integration time of 0.1 s, and
slit widths set to 0.5 and 6 nm for excitation and emission,
respectively. Fluorescence emission upon excitation at 470
nm was assessed at 660 nm (®hemission) and 680 nm
(sensitized Chk emission). The kinetic traces were fitted
to a sum of two exponentials by using the software Table
Curve (version 2D 4.0, SPSS Inc., Chicago, IL). Time
constants were the reciprocals of the calculated rate constants.
The presented data reflect the average over at least eight
independent measurements. Where appropriate, kinetic data
were corrected by subtracting data from control experiments
lacking the protein component.
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FIGURE 1: Far-UV CD spectra dfhchl Lhchiwas dissolved either ~ PAGE unstained, (B) Deriphat PAGE stained with Coomassie Blue,
in 1% SDS ¢) or in 6 M Gnd (---) at a concentration of 4  and (C) partially denaturing LDSPAGE stained with Coomassie

mg/mL. Spectra, recorded at 2€, represent an average of five Blue: lane 1, native LHCIIb; lane 2, LHCIIb reconstituted from
measurements each. SDS-dissolved.hcb?, and lane 3, LHCIIb reconstituted from Gnd-

dissolved Lhcbl. Lane MW contained the molecular mass standards,
RESULT and the approximate relative molecular masses in kilodaltons (kDa)
SULTS are given in the left margin. T is trimer, M monomer, A apoprotein,

LHCIlIb Can Be Reconstituted from a Fully Unfolded and FP free pigments.
ApOprOte,m Recombinant LHCIIb can be regpnstltqted Table 1: Pigment Stoichiometries of Native and Recombinant
vitro starting out from the apoproteithcblsolubilized either LHCIIb Trimerst
in 1% SDS or in 6 M Gnd, although these two denaturants | ChEch Chi2 lutei
lead to significantly different secondary structures of the _Sampe _ (2 lutein)
solubilized apoprotein. Figure 1 shows CD spectra in the g%tge LHCllb égg 8'83 iggﬁ 8'%
far-UV region of bothLhcbl solutions. The same CD Gnd 0.96+ 0.08 1150+ 0.70
spectrum of SDS-dissolveldhcbl was obtained when the “Th - , —

. . . . : e recombinant complexes were obtained by reconstitution either
protein solution was made either of washed protein inclusion ¢ sps-dissolved or from Gnd-dissolvechcbl (SDS or Gnd,
bodies or of the acetone-precipitated material. Protein CD respectively). The data represent the averagstandard deviation of
spectra can be evaluated to estimate the contributions ofsix independent measurements.
a-helix andS-turn to the protein structure if the spectral range
at least down to 200 nm is measured. We have used thisquantitation of the reconstitution product. Clearly, the
approach previously to detect 27&helix in SDS-solubi-  reconstitution yield (protein amounts in the monomer and
lized Lhcb1(25). The CD spectrum of the protein dissolved  trimer bands compared to nonreconstituted apoprotein
in Gnd could only be measured down to 207 nm because of amounts) of the SDS reconstitution procedure (lane 2 in panel
the intrinsic UV absorption of this reagent. However, Figure C) is higher, but the yield of the Gnd procedure (lane 3)
1 clearly shows that the negative CD signal at 220 nm also significantly exceeds 50%. The same results were
characteristic ofx-helical proteins is not present when the obtained when reconstitution products were analyzed by
protein is dissolved in Gnd. This demonstrates that virtually sycrose density gradient ultracentrifugation. The pigment
no a-helix is present in Gnd-solubilizeldhcbl protein complexes resulting from either reconstitution pro-

Reconstitutiorin vitro of Gnd-solubilized_hcblyielded cedure cosedimented with native LHCIIb monomers and
a mixture of monomeric and trimeric LHCIIb, very similar trimers (not shown).
to reconstitutions conducted under the same conditions but Specific Chl binding td_hcb1during reconstitution of the
starting out from the SDS-dissolved protein. The monomeric Gnd-solubilized protein was verified by further analysis of
and trimeric reconstitution products can be separated bythe reconstitution products. The pigment stoichiometry [Chl
partially denaturing gel electrophoresis (Figure 2) or ultra- a:b ratio and Chl:(2 lutein) ratio] was very similar between
centrifugation through a sucrose density gradient (not shown).LHCIIb reconstituted from either SDS- or Gnd-dissolved
Panel A in Figure 2 shows a nonstained Deriphat polyacryl- Lhcbl Recombinant LHCIIb reconstituted in the presence
amide gel. Both the SDS and Gnd reconstitution proceduresof all thylakoid Cars invariantly contains two lutein mol-
(lanes 2 and 3, respectively) resulted in pigmemotein ecules; thus, the Chl:(2 lutein) ratio gives the number of Chls
complexes that comigrated with monomeric and trimeric bound per apoprotein. From the data in Table 1, we
native LHCIIb (lane 1). Coomassie staining of the same gel calculated that in native LHCIIb each apoprotein bound
(panel B) shows the protein component in the green bandsapproximately eight Cha and six Chlib molecules, while
of panel A. Deriphat electrophoresis is a mild separation in reconstituted LHCIIb from both the SDS and Gnd
technique, preserving trimeric LHCIlb complexes. Partially procedure, the numbers were approximately six £ahd
denaturing LDS electrophoresis (panel C in Figure 2), on six Chl b molecules.
the other hand, dissociates most of the trimeric LHCIlb but,  The low-temperature absorption spectra (Figure 3) are also
unlike Deriphat electrophoresis, is able to separate LHCIIb quite similar between the recombinant complexes reconsti-
monomers from the nonpigmented apoprotein, allowing tuted from either SDS- or Gnd-dissolvéticbl When the
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Ficure 3: Absorption spectra of LHCIIb at 77 K. Absorption 350 450 550 850 750
spectra of native LHCIIb trimers=) and LHCIIb trimers recon-
stituted by the SDS method (- - -) and by the Gnd methoegd.( Wavelength [nm]

The spectra represent an average of nine measurements each. The ) )

spectra are nomalized to their Ghabsorption maxima at 649 nm. ~ FIGURES: CD absorption spectra of LHCIIb. CD absorption spectra
of (a) native LHCIIb trimers, (b) LHCIIb trimers reconstituted from

SDS-denaturetlhcbl, and (c) LHCIIb trimers reconstituted from

Gnd-denatured.hcbl

shows all the same signals except a more strongly negative

band at 472 nm which may reflect the higher @hdontent

of the native LHCIIb preparation. The similarity of the CD

spectra demonstrates that in the three LHCIIb versions there
C is little or no difference in those pigment interactions that

give rise to CD signals.

Initiation of a-Helix Formation Is Not a Rate-Limiting Step

b in LHCIIb Assembly Lhcbl dissolved in SDS exhibits a
substantial amount af-helical conformation, whereaicbl
dissolved in Gnd does not (Figure 1). To determine whether

Fluorescence [rel. units]

a ; L .
650 660 670 680 690 700 710 720 these Q|ﬁerent initial structurgsmfluence the rate of LHC_IIb
formation, we measured the kinetics of LHCIIb reconstitution

Wavelength [nm] in time-resolved fluorescence measurements. Like in the

o preparative reconstitutions described before, complex forma-
E'ﬁg’?gsgénEé”gﬁfscs?gﬁespee“;'tfg'g? (sag’eﬁ;[[‘i":/ eOfLII:lgﬁlli)lbtri?TEeZ‘Z I(<B) tion was initiated by mixing the protein solution (either in
LHCIIb trimers reconstituted from SDS-denaturidach, and () SPS ©OF in Gnd) with the pigment solution containing OG.
LHCIIb trimers reconstituted from Gnd-denaturekcbl To detect the formation of functional LHCIlIb, the reconstitu-

tion mixture was illuminated with light at the excitation

spectra are normalized to the peak at 649 nm (§hthe wavelength of Chb. The LHCIIb function considered here
signals at 675 and 670 nm (Cld) are lower in the is the intracomplex energy transfer from Ghlto Chl a.
recombinant complexes than in native LHCIIb. Consistent When Chlb was excited during the reconstitution procedure,
with the pigment stoichiometries, this reflects a @fti ratio the establishment of resonance energy transfer frombChl
that is lower in reconstituted than in native LHCIIb. On the to Chl a resulted in a decrease in Chlemission and a
other hand, both recombinant LHCIIb versions exhibit a peak concomitant increase in sensitized Ghfluorescence. In
at 660 nm which is only visible as a shoulder in the spectrum previous studies, we had shown that functional LHCIlb forms
of native LHCIIb. in two apparent kinetic steps in the time range of 10 s to

The fluorescence emission spectra of the two reconstitutedseveral minutes. Figure 6 shows the kinetic traces in the same
LHCIIb versions and their native counterpart (Figure 4) are time range of the decrease in Ghemission (panel A) and
virtually identical. Although at the excitation wavelength of the rise of sensitized Ctd emission (panel B). Neither of
470 nm predominantly CHb is excited, all spectra show a these signal changes was seen in mock reconstitutions lacking
Chl a emission band at 679 nm and no visible Glemission  the protein component (not shown), demonstrating that the
at shorter wavelengths, demonstrating complete energychanges observed in Chl and Chla fluorescence were
transfer from Chb to Chla. Thus, all Chlb molecules were  associated with LHCIIb reconstitution. Clearly, the recon-
coupled to Chla and, thus, presumably bound into specific stitution procedures starting with either SDS (black traces)-
Chl binding sites. or Gnd-solubilized (gray traces)hcbl showed similar

A structural similarity between the various LHCIIb Kinetics.
preparations is also supported by their CD spectra in the Two-exponential fitting of the traces shown in Figure 6
visible range (Figure 5). The recombinant complexes from yielded the apparent time constants listed in Table 2. The
the two different reconstitution procedures exhibit virtually corresponding residuals are shown in the bottom panels of
identical CD signals. The CD spectrum of native LHCIIb Figure 6. All traces could be fitted reasonably well by two
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Ficure 6: Time-resolved fluorescence measurements of LHCIIb formation. (A)bCthlorescence emission and (B) sensitized @hl
fluorescence upon excitation of Chiduring the assembly of thehcbl—pigment complex. The black and gray traces show the kinetics of
a reconstitution experiment starting from SDS- and Gnd-denatihieldl, respectively. Kinetic traces of a mock reconstitution containing
only pigments were subtracted from the Gnd traces. The residuals resulting from a biexponential fit are shown below the traces.

Table 2: Kinetics of LHCIIb Folding and Assembly of 2% OG and 0.6 M Gnd resulting from the reconstitution
procedure), the nonpigmented apoprotein is not. So the
formation of the pigmentprotein complex upon mixing of
(55895 %i‘z‘ggi g; %ﬁi i; gggi ggg (1’-‘7"1 8-% Eg-‘?‘i 8-3 the protein and pigment solutions competes with protein
i i : precipitation. We expect that improved yields should be
aThe time-resolved measurements were started floch1dissolved obtained in the Gnd reconstitution procedure when protein

in Gnd or SDS. Time constants andz, and amplitudegy andA; are P ; : s
derived from the biexponential fit of the time-resolved measurements precipitation is avoided or slowed by the addition of any

of the decrease in Cli and increase in sensitized Ghfluorescence component acting as a chaperone in this system.
(in parentheses) upon excitation of Ghlduring the assembly of the According to its biochemical and spectroscopic charac-
Lhcb1-pigment complex. Data reflect the average over eight (Gnd) terjzation, Gnd-reconstituted LHCIIb appears to be authentic
and nine (SDS) independent measurements. except that, compared to native LHCIIb, it lacks two @hl

] o _ molecules. The same is true for the product of the SDS
exponentials except at the initial 10 or 20 s where the fit reconstitution procedure chosen here. Other reconstitution
was d|s_torted _presumaply by carryover of the p'recedlng StePprocedures, including SDS or LDS, lead to Ghb ratios
(found in earlier experiments as a decrease in bothaChl  gre similar to the native one of 3.4 and a total of 12
and Chlb emission in the time range of-110 s). The 14 chis per apoprotein, amounting to seven to eightaChl
comparison of apparent time constants between the SDS ang,ng five to six Chlb molecules 86—39). The number of
Gnd reconstitution kinetics showed no significant difference ¢p5 per apoprotein and the Chib ratio in recombinant
(exceptr, of the decrease of Chi fluorescence in the SDS | fic|ib depend on both the Chab ratio present in the
reconstitution procedure; the signal exhibited a very slow, reconstitution mixture and the denaturing stringency applied
almost linear decrease which we cannot explain at present).durmg reconstitution and complex isolatiod6( 39). In a

Thus, the kinetics of the assembly of functional LHCitb ~  gystematic titration of Chl binding sites in LHCIIb with Chl
vitro were not de.pendent on whether .the. protein was partially mixtures over a wide range of Chtb ratios, we recently
folded intoa-helix before its reconstitution. found five binding sites absolutely specific for Ghiwhereas
all other binding sites have only gradual preferences for Chl

DISCUSSION a or Chl b (40). Consequently, in the recombinant LHCIIb

All procedures for reconstituting Chd/b proteins with complexes with six Chl and six Chlb molecules, one
pigments include solubilization of the apoprotein in SDS or ambivalent Chl binding site is filled with CHd. In fact, the
LDS (34). We show here that the major Chlb protein absorption band at 660 nm that is more prominent in
Lhcbl, an apoprotein of LHCIIb, can be refolded without recombinant LHCIIb than in the native complex may
SDS. Since the reconstitution procedures for all @Hd represent a Chb bound to a long-wavelength Chlbinding
proteins are rather similar, it is likely that the other members site, shifting the Chb absorption, too, to longer wavelengths.
of the Chla/b protein family, too, can be refolded starting Presumably, at a higher Chlb ratio in the reconstitution

sample 71 (S) 72 (S) AdA;

from a Gnd solution. This is an improvement in Gib mixture, the promiscuous binding site now occupied by a
protein refoldingn vitro since SDS, a strongly destabilizing Chl b would be filled with Chla, shifting the Chla:b ratio
detergent 35), is often difficult to remove from proteins. to 1.4. However, when higher Chtb ratios were used in

The yield of Gnd-based LHCIIb reconstitution is somewhat the Gnd reconstitution, the yield of pigmeryjrotein com-
lower than that of reconstitution starting from SDS-dissolved plexes decreased sharply. This may be due to Chl aggrega-
Lhcbl Some of the Gnd-dissolvelchcblis probably lost tion. In the Gnd reconstitution procedure, there is less
by precipitation during the reconstitution procedure. Whereas detergent present than in SDS reconstitutions to keep the
recombinant LHCIIb is soluble in 2% OG (or the mixture water-insoluble Chls in solution until they are complexed
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with the protein. Chla has an even stronger tendency to protein environment4). Thus, it is likely that upon mixing
aggregate than CHb; thus, at high Chla:b ratios in the of Gnd-dissolvedLhcbl with a detergent solution, the

reconstitution mixture, the formation of Chprotein com- detergent micelles forming around the hydrophobic protein
plexes may fail because too much Calis lost due to domains induce the formation afhelix. This may then bind
aggregation. pigments and serve as a starting point for further assembly.

The pigment-protein complexes resulting from either the The possible effect of OG micelles on the secondary structure
SDS or Gnd reconstitution procedure are virtually identical of Lhcbhlcannot be measured by a control experiment lacking
as documented by all spectroscopic and biochemical mea-pigments, as, unlike LHCIIb, the nonpigmented apoprotein
surements. The pigment stoichiometries are approximatelyis insoluble in OG solution. Clearly, the initiation afhelix
the same; the absorption and CD spectra are virtually formation is not rate-limiting in the overall process, since
congruent, and fluorescence spectra show complete energyhe apparent kinetics of complex formation are the same
transfer from Chib to Chl a in both cases. However, the regardless of whether the apoprotein contains sarhelix
starting conditions for complex assembly are quite different at the starting point. Experiments with the soluble protein
in the two procedures. The SDS-solubilized apoprotein cytochromec have shown that the appearance of helical
adopts aro-helical conformation comprising27% of the structure in folding proteins can be a fast process taking place
polypeptide, roughly half of thex-helical conformation in the millisecond rangedd). In bR, part of thex-helix forms
present in the native protein structure (28fand Figure 1). early in the folding proces24). In fact, the two-stage model
This is independent of whether washed inclusion bodies of of membrane protein folding, proposed by Popot and
Lhcblor an acetone precipitate of the protein is dissolved Engelman 45), is based on the concept af-helices
in SDS. We cannot confirm the notion of Meyer et a@1) autonomously folding in a first step. In the second step,
that an acetone precipitate of the LHCIIb apoprotein, according to this model, the protein arrives at its final
dissolved in SDS, adopts a random coil conformation. The structure by establishing hetthelix interactions and interac-
Gnd-denatured protein on the other hand, according to itstions with cofactors. Our previous experiments show that
CD signal, does not exhibit ang-helix. Therefore, the  Chl as well as Car concentrations can be rate-limiting in
successful reconstitution of Gnd-dissolvetcbl clearly LHCIIb formationin vitro (43); therefore, the rate-limiting

shows that a partiak-helix conformation inLhcb1 prior to process is likely to involve the cooperative binding of several
its exposure to pigments is not a prerequisite for its folding pigment components, associated with the extension of
and pigmentationin vitro. o-helical protein structure2§). If in fact the initial a-helix

The different initial protein conformations do not signifi- formation in these experiments is a fast process, then our
cantly influence the kinetics of LHCIIb formation. In both observations are in line with the two-stage folding model
reconstitution setups, energy transfer from ®Ghb Chl a (45), at least for this part of helix formation.
was established in two apparent kinetic steps with time How do these observations of LHCIIb folding and as-
constants of~20 s and 23 min. These time constants are semblyin uitro relate to LHCIIb biogenesis? The LHCIIb
similar to the ones observed previously in LHCIlb assembly apoproteins are synthesized in their precursor form in the
experiments starting from SDS-dissolveticbl (42, 43). cytoplasm, post-translationally imported into chloroplasts,
Only the relative amplitudes of the faster and the slower step and then inserted into the thylakoid membrane. On their way
show a significant difference between the two reconstitution across the chloroplast stroma, the proteins are chaperoned
procedures. In the SDS reconstitution procedure, the majorby the chloroplast signal recognition particks). The latter
part of the total signal change is associated with the fasterconsists of the subunit cpSRP54, thought to bind to a
kinetic step, whereas in the Gnd reconstitution, most of the hydrophobic domain of the LHCIIb apoprotein, and a dimer
energy transfer occurs during the slower phase. In earlierof cpSRP43, which has been shown to bind specifically
experiments, we had seen a similar shift in relative ampli- to the stromal loop domain of the LHCIIb apoprotein
tudes toward one of the slower phase when the overall (47—49). Delivery of the protein to the thylakoid is then
reaction was slowed by, for example, lowering the reactant mediated by the soluble receptor cpFtsY and the putative
concentration or increasing the detergent concentration. Inmembrane receptor ALB3(0—52). Nothing is known about
contrast, in the experiments discussed here, we saw quitethe folding state of the LHCIlIb apoprotein during its
different contributions of the two apparent kinetic steps to interaction with cpSRP and upon its integration into the
the total amplitude, but their rate constants were about thethylakoid membrane. More significantly, we know nothing
same. We do not know the molecular events represented byabout where and how the protein becomes exposed to
the kinetic phases; therefore, at present we cannot interprefpigments. Clearly, the molecular mechanism of LHCIIb
the significance of their different amplitudes. assemblyin vivo needs to be elaborated in more detail before

What is the initial step in LHCIIb formatiorn vitro? we can relate the folding behavior vitro of its apoprotein
According to the LHCIIb crystal structure, the pigments to LHCIlb biogenesis in the chloroplast.
interact mainly with theo-helical transmembrane domains
of the protein. Therefore, our working hypothesis has been ACKNOWLEDGMENT
so far that some-helical protein segment, preformed in SDS e thank Dr. Stephan Hobe for discussion and his help
solution, provides a binding site for one or several pigment- yjth HPLC data analysis.

(s) and this interaction then triggers the cooperative binding
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