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ABSTRACT: We introduce LH1â24, a minimal 24 amino acid polypeptide that binds and assembles
bacteriochlorophylls (BChls) in micelles of octylâ-glucoside (OG) into complexes with spectral properties
that resemble those of B820, a universal intermediate in the assembly of native purple bacterial light-
harvesting complexes (LHs). LH1â24 was designed by a survey of sequences and crystal structures of
bacterial LH proteins from different organisms combined with currently available information from in
vitro reconstitution studies and genetically modified LHs in vivo. We took as a template for the design
sphâ31, a truncated 31 amino acid analogue of the nativeâ-apoprotein from the core LH complex of
Rhodobacter sphaeroides. This peptide self-assembles with BChls to form B820 and, upon cooling and
lowering OG concentration, forms red-shifted B850 spectral species that are considered analogous to
native LH complexes. We find that LH1â24 self-assembles with BChl in OG to form homodimeric B820-
type subunits comprising two LH1â24 and two BChl molecules per subunit. We demonstrate, by modeling
the structure using the highly homologous structure of LH2 fromRhodospirillum molischianum, that it
has the minimal size for BChl binding. Additionally, we have compared the self-assembly of sphâ31 and
LH1â24 with BChls and discovered that the association enthalpies and entropies of both species are
similar to those measured for native LH1 fromRhodospirillum rubrum.However, sphâ31 readily aggregates
into intermediate higher oligomeric species and further to form B850 species; moreover, the assembly
process of these oligomers is not reversible, and they are apparently large nonspecific BChl-peptide
coaggregates rather than well-defined nativelike LH complexes. Similar aggregates were observed during
LH1â24 assembly, but these were formed less readily and required lower temperatures than sphâ31. In
view of these results, we reevaluate previous in vitro reconstitution studies and propose alternative templates
for new designs.

The design and synthesis of customized functional proteins
hold great promise for new catalytic systems with selectivity,
efficiency, and stereospecificity characteristic of natural
enzymes. Making catalytic devices from amino acids pro-
vides unique advantages over small synthetic organic and
inorganic molecules, including the relatively inexpensive
production through expression in bacterial systems, high
yield, and high purity as well as considerable versatility and
adaptability to various construction requirements and external
conditions. This laboratory introduced the concept of protein
maquettes (1) as flexible, minimal working scaffolds in which
to study a selected function abstracted from highly complex
natural proteins. Primarily, we focused on one of the most
fundamental biocatalytic reactions, the transfer of energy,
electrons, and protons in the photosynthetic and respiratory
cycles (2-11), and our success prompted us to apply the
lessons learned to create maquettes that will support conver-

sion of light energy into redox/charge separation energy.
Recently, we surveyed the extensive database of structural
and kinetic information from photosynthetic enzymes and
concluded that the basic physics of the transfer processes,
namely, the time constraints imposed by the rates of
incoming photon flux, and the various decay processes allow
for a large degree of tolerance in the engineering parameters
(12, 13). Additionally, we found that the requirements to
guarantee energy and electron transfer rates yielding high
efficiency in natural photosystems are largely met by control
of distance between chromophores and redox cofactors.

Unfortunately, useful constructions require accommodating
dense arrays of different cofactors, some well within 1 nm
from each other, within multicofactor transmembranal protein
complexes. This type of system still presents the toughest
challenge for protein design because our understanding of
the principles that underlie structure and folding of membrane
proteins lags significantly behind our understanding of water-
soluble ones (14). This is partly because the emergence of
high-resolution structural information about native membrane
proteins is relatively recent and confined to many fewer
structural examples and because, unlike water-soluble pro-
teins in which the hydrophobic effect dominates folding,
membrane protein structures are defined by what appears to
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be a balance between weak interactions for which a usefully
clear understanding of assembly has not yet been delineated
(15).

Clearly, in the case of light-harvesting (LH)1 proteins,
interactions between cofactors also contribute significantly
to the assembly process of the whole protein-cofactor
complex (16, 17); hence the absence of useful guidelines
impacts the decisions regarding how these peptides will fold,
self-assemble, and incorporate cofactors. Prior to and even
after binding, there are complicated practical issues regarding
a more favored cofactor self-aggregation as a result of their
own hydrophobicity. And once bound, other complications
arise from the multiple possibilities and many degrees of
freedom involved in intercofactor and cofactor-protein
interactions. Yet, despite our limited understanding of
membrane protein folding and assembly which is currently
insufficient for designing LH protein maquettes from scratch,
it is still possible to start by following the known principles
of synthetic membrane protein assembly, utilizing our
knowledge and experience with water-soluble maquettes, and
drawing inspiration from the features of membrane proteins
with known 3D structure.

It is remarkable and fortunate that natural LH proteins,
and reaction centers (RCs), currently represent a significant
fraction of the membrane proteins that have so far been
structurally determined to near-atomic resolution (17-28).
Unlike our previously designed heme-binding protein
maquettes that abstracted features of large and complex
photosynthetic and respiratory redox proteins (1), new LH
maquettes can be drawn from the highly symmetric purple
bacterial LH proteins which utilize multiple copies of simple
R-helical protein subunits to direct and control the self-
assembly and organization of large arrays of photosynthetic
pigments. Notwithstanding this apparent simplicity and
redundancy, complete bottom-up de novo design of a purple
bacterial LH maquette is greatly challenged by the increased
degrees of freedom associated with such a multicomponent
system of proteins, pigments, and lipid or detergent mol-
ecules. Therefore, given the extensive database of structural
information from crystallographic data, in vivo mutagenesis,
and in vitro reconstitution studies (see below), a top-down
approach using the native proteins as a template for a new
design is expected to be more productive.

The pioneering work of Loach, Parkes-Loach, and col-
leagues established a protocol for reconstituting purple
bacterial LH core complexes (LH1) from their isolated
pigment and apoprotein components in micelles of octyl
â-glucoside (OG) (29). This reconstitution process is con-
veniently monitored by following the characteristic changes
in the absorption and circular dichroism (CD) spectra of
bacteriochlorophylls (BChls) as they self-assemble with
apoproteins to form the LH complex. In the series of studies
that followed, the assembly of various native and modified
LH apoproteins was assayed either by enzymatic cleavage
or by solid-phase peptide synthesis with BChl and its
analogues (30-34). These, together with mutagenesis studies

(35-40) and the available crystal structures, have provided
a detailed account of the critical requirements and the
important protein-pigment interactions for self-assembly of
natural purple bacterial LH proteins. Loach, Parkes-Loach,
and colleagues demonstrated that several cleaved naturalR-
andâ-apoproteins self-assemble with BChls intoRxâyBChlz,
RxRyBChlz, or âxâyBChlz complexes with spectroscopic
features that were similar to native bacterial LH complexes.
In most of these cases an intermediate was formed with
absorbance and CD spectra that are typical of the B820
species observed upon detergent treatment of carotenoid-
depleted natural LH1 complexes (41). These species have
been identified as a protomericRâBChl2 subunit (42-44)
that can reversibly self-assemble to form the various LH
oligomers. In peripheral LH complexes (LH2), B820 species
could not be generally identified except in reconstitution of
LH2 from Phaeospirillum(formerly Rhodospirillum) molis-
chianum(34, 45). However, the crystal structures of LH2
(17, 22, 25) as well as spectroscopic and computational
studies (46, 47) strongly suggest that LH2 complexes are
comprised of similar dimeric subunits. Thus B820 may be
considered as a universal building block of purple bacterial
LH complexes.

Some of the modified LH proteins could aggregate further
and exhibited spectral features characteristic of native LH
proteins, whereas others remained at the B820 state (31, 32,
34). Particularly, cleaving 18 residues from the N-terminal
of the â-apoprotein of LH1 fromRhodobacter sphaeroides
resulted in a 30 amino acid long peptide that self-assembled
BChls to form B820 spectral species and upon cooling and
reducing detergent concentration formed species with the
near-infrared (NIR) absorbance maximum red shifted to 850
nm (B850). This feature was similar to native LH2, but a
CD spectrum of these species was unique and resembled
neither native LH1 nor LH2. A synthetic, 31 amino acid
polypeptide labeled sphâ31 with the same sequence and an
additional N-terminal Glu residue was shown to be equivalent
to its natural analogue and was considered a minimal
structural unit that maintains the self-assembly capabilities
of native LH complexes. As such, it was used to explore
the effect of specific pigment-protein interactions on
complex formation and spectral properties. Nango and
colleagues continued along the same lines exploring the
binding and assembly of BChl as well as Zn-substituted BChl
([Zn]-BChl) (48-50), chlorin, and porphyrin derivatives (51,
52) with truncated LH1 apoproteins prepared by solid-phase
peptide synthesis and more recently by overexpression in
Escherichia coli(53). However, despite the apparent success
of sphâ31 and its analogues in binding and assembling
various BChl derivatives, studies did not go beyond repro-
ducing some spectroscopic features of native LH1 and LH2
subunits, and so far, the focus was either on random
truncation of the native apoproteins determined mainly by
the availability of cleavage sites or on single amino acid
substitutions.

Here we take a more rigorous approach to design a
minimal 24 amino acid hydrophobic protein based on
sphâ31. This protein, LH1â24, was designed by a survey of
sequences and crystal structures of bacterial LH proteins from
different organisms combined with information from recon-
stitution studies by the Loach and Parkes-Loach laboratory
and studies of genetically modified LHs in vivo. Next, we

1 Abbreviations: BChl, bacteriochlorophyll; CD, circular dichroism;
LH, light harvesting; LH1, purple bacterial light-harvesting core
complex; LH2, purple bacterial peripheral light-harvesting complex;
NIR, near-infrared; OG, octylâ-glucoside; [Zn]-BChl, zinc-substituted
bacteriochlorophyll.
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follow the self-assembly of LH1â24 and sphâ31 with BChls
in OG, compare the spectral features of the intermediate
formed during this process, and estimate their oligomeric
state and association enthalpies and entropies. Finally, we
consider the implications of our results on designing new
LH protein maquettes.

MATERIALS AND METHODS

Protein Modeling and Design.For better comparison to
previous studies we have adopted the residue numbering
convention of Loach and colleagues (31). In this scheme
residues are numbered relative to the strictly conserved His
ligand of BChl, which is designated H-0, with positive
numbers toward the C-terminal and negative numbers toward
the N-terminal. The crystal structure of the LH2 protein from
Ps. molischianum(PDB reference 1LGH) (17) was used for
generating structural models for all other BChl complexes
in this study because it is highly homologous to LH1 proteins.
In particular, there are 11 residues in theâ-chain of this
protein that are identical to the sphâ31 sequence, 10 of which
are between residues F-8 and F+10 including H-0 and the
highly conserved carboxy-terminal motif WRPWF.

Models were generated and refined with the swiss-model
set of tools in the modeling software swiss-pdb viewer
(available from http://www.expasy.org/spdbv/) and visualized
using the program VMD (54). The sequence of sphâ31
(Scheme 1) was overlaid on residues-20 to +10 of Ps.
molischianumLH2 â-polypeptide (molâ45, Scheme 1), and
the resulting sphâ31 structure was refined by energy
minimization while keeping identical residues fixed at their
molâ45 conformation. Inspection of this structure (Figure
1) revealed that the BChl molecule is flanked by phenyl-
alanine, F-8, interacting with the BChl phytyl chain, and
tryptophan, W+9, involved in hydrogen bonding to the BChl
C3 keto carbonyl group. This region is highly conserved
(Scheme 1) whereas residues from position-9 further away
from the BChl toward the N-terminus are less conserved and
probably less important or unique in establishing binding.
Our smallest design was therefore a 19 amino acid peptide,
labeled LH1â19 (Scheme 1). This design was highly
insoluble in OG, and there was no spectroscopic indication
for peptide-BChl interaction. To improve the design, an
ELHIV motif was added at the amino-terminus of LH1â19,
which included the strictly conserved E-20 and H-18
residues of LH1â-chains. The addition of another helix turn
with polar residues was expected to improve the helix
stability and solubility within the detergent micelles. This
design was labeled LH1â24 (Scheme 1).

Peptide Synthesis.Peptides were synthesized on Applied
Biosystems’ Pioneer continuous flow solid-phase synthesizer

using the standard Fmoc/tBu protection strategy on a Fmoc-
PEG-PAL-PS resin (Applied Biosystems) at 0.1 mmol scale.
Crude peptides were dissolved in hexafluoroacetone trihy-
drate (HFA; Aldrich) and purified on a reversed-phase C18

HPLC column (Vydac) using gradients of acetonitrile
(Fisher) and water, both containing 0.1% (v/v) trifluoroacetic
acid (TFA; Sigma). These gradients were similar to those
reported by Meadows et al. (31) and slightly adjusted for
optimal separation. The purity and molecular mass of the
HPLC-purified peptides were confirmed by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (PerSeptive Biosystems). The measured
molecular masses of sphâ31 and LH1â24 were within 1-2
Da from their theoretical values of 3663 and 2873 Da,
respectively.

In Vitro Reconstitution.Polypeptides were assembled with
pure BChl (kindly provided by Prof. Avigdor Scherz,
Weizmann Institute of Science, Israel) according to the
procedures described by the Loach laboratory (31). Briefly,
peptides were solubilized in 5-10 µL of HFA, diluted with
0.5 mL of 4.5% OG (Sigma) solution in 50 mM, pH 7.5,
phosphate buffer, and then diluted 5-fold with the same
buffer to an OG concentration of 0.9%. An equimolar amount
of BChl in ∼50 µL of methanol was then added to the
solution. Formation of B820 and B850 species was induced
by reducing the OG concentration to 0.75% and 0.64%,
respectively, and cooling to 4°C for 2 h in thelatter case.

The assembly process of polypeptides and BChls was
monitored by absorption and CD spectroscopy with a Cary
5 absorption spectrophotometer and Aviv 202 CD spectrom-
eter, respectively. Temperature dependence experiments were
carried out on an Agilent 8453 diode array spectrophotometer
equipped with a temperature-controlled sample cell holder.
Absorption spectra were automatically recorded 10 min after
a temperature point was set. The actual temperature of the
sample solution was determined by monitoring absorbance
of the thermal sensitive OH overtone band at 966 nm. This
transition also features an isosbestic point at 999 nm that
was used to correct for baseline offsets. A calibration curve
(see Supporting Information) of absorbance changes in 0.9%
OG buffer at 966 nm (∆A) vs temperature changes (∆T)
yielded the linear relation∆T ) (0.07 ( 0.05) + (787 (

Scheme 1: Protein Maquette Designs Based on Native
â-Apoproteins ofR. sphaeroidesLH1 (sphâ48), Ps.
molischianumLH2 (Molâ45), and the 75% Consensus
Sequence of LH1â-Apoproteinsa

a Key: o, hydroxyl residues (S, T);∆, acidic residues (D, E);φ,
aromatic residues (F, W, Y); :, hydrophobic residues (I, L, V, A). FIGURE 1: Pigment-protein interactions within the binding site of

BChl in the natural LH2â-subunit ofPs. molischianum(PDB entry
1LGH). Only 31 amino acid residues from I14 to F45 are shown
in stick representation whereas BChl and residues interacting with
it are shown in space-filled representation. The protein backbone
is shown as a green ribbon with amino acid residues colored gray
except histidine, tryptophan, and phenylalanine colored cyan, pink,
and orange, respectively. The BChl (purple) is ligated to histidine
at its central Mg atom (green) and flanked by a tryptophan hydrogen
bonding to its C32 keto carbonyl oxygen (red) and a phenylalanine
interacting with its phytyl chain.
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4∆A, and the correlation coefficient for a curve consisting
of 41 calibration points was 0.999584. To measure an
accurate absolute temperature, a blank sample of 0.9% OG
buffer solution was equilibrated at 20°C for 10 min in the
cell holder prior to recording a baseline.

Data Analysis and Fitting of Temperature-Dependent
Absorption Spectra.Data analysis and curve fitting were
performed with Igor Pro 5.0 (Wavemetrics, Lake Oswego,
OR) using custom-built scripts and Igor Pro’s global fitting
package. Temperature-dependent absorbance curves at 780,
820, and 850 nm were globally fitted to models of the general
form

where A(λ,T) is the absorbance at wavelengthλ and
temperatureT, N is the total number of species,εi(λ) is the
extinction coefficient of a species, i, at wavelengthλ, and
Ci(T) is the temperature-dependent concentration of this
species, which was determined by the specific chemical
equilibrium between all of the species in solution. In this
work we considered three models of equilibrium between
several species of distinct spectral features. For simplicity,
we make no assumption about binding monomeric BChl to
sphâ31 or LH1â24. Instead, we define the species B780
comprising one BChl and one peptide. The first model
describes the self-association ofn B780 species into a B820
subunit complex of the formânBChln, where â is either
sphâ31 or LH1â24 and is described by the equilibrium
equation

This model was expanded to describe the formation of B850
species by self-association ofm B820 subunits as described
by

Alternatively, we considered a model whereby self-associa-
tion of B820 leads to an intermediate species, B820′, which
self-associates further to form the B850 species. For reasons
of computational simplicity we assumed B820 and B820′ to
be dimers of B780 and B820, respectively, and B850 to
comprisem B820′ subunits. The equilibrium equation for
this model is thus

The concentrations of each species at a given temperature
were obtained by solving the equilibrium equations subject
to the respective mass balance conditionCtotal ) ∑i

NniCi(T),
whereCtotal is the total peptide concentration andni is the
stoichiometric constant of each species. Using the integrated
form of the van’t Hoff equation, we express the temperature-
dependent association constants by

whereR is the gas constant,T is the temperature in K,∆H
is the standard enthalpy of the reaction,Tm is a typical
reaction temperature at which

for every i, andC0 is an integration constant determined by
the initial condition of eq 3b. The values∆H andTm were
determined by fitting the model to the temperature-dependent
absorption curves at 780, 820, and 850 nm using∆H and
Tm as global parameters. Once∆H andK(T) were determined
by curve fitting, the entropy change,∆S, could be determined
using the relation

Given the optimal set of thermodynamic parameters, it was
possible to obtain a least-squares approximation of the
spectrum of each species by

whereS is a matrix of pure spectra,A is the temperature-
dependent spectra arranged in a matrix form in which each
column corresponds to a spectrum at a given temperature,
and C+ is the pseudoinverse of the concentration profile
matrix C in which each row corresponds to a temperature-
dependent concentration of a given species as determined
by one of the models in eqs 2 and 3.

For comparison with previous reconstitution experiments,
we determined the dissociation constants,Kd, of B820 in
0.9% OG using the same method used by the Loach and
Parkes-Loach laboratory (32). Briefly, we used the equilib-
rium equation

where the concentrations of free BChl and B820,CBChl and
CB820, respectively, were determined by graphically subtract-
ing a spectrum of free BChl in 0.9% OG from the spectrum
of a reconstitution sample at room temperature using
extinction coefficients of 55 and 172 mM-1 cm-1 for the Qy

absorption maxima of BChl at 778 nm and B820 at 820 nm,
respectively (see Supporting Information). The concentration,
Câ, of apo-sphâ31 or apo-LH1â24 was determined from the

mB820′ a B850 K3c(T) )
CB850

(CB820′)
m

(2c)

Ka(T) ) C0 exp[∆H
R ( 1

Tm
- 1

T)] (3a)

Ci(Tm) )
Ctotal

Nni
(3b)

∆S) ∆H - ∆G
T

) ∆H
T

+ R ln(K(T)) ) ∆H
Tm

+ R

(3c)

S(λk) ) A(λk,Tj)C
+ (4)

2BChl + 2â a B820 Kd )
(CBChl)

2(Câ)
2

CB820
(5)

A(λ,T) ) ∑
i

N

εi(λ)Ci(T) (1)

nB780a B820 K1a(T) )
CB820

(CB780)
n

(2a)

nB780a B820 K2a(T) )
CB820

(CB780)
n

mB820a B850 K2b(T) )
CB850

(CB820)
m

(2b)

2B780a B820 K3a(T) )
CB820

(CB780)
2

2B820a B820′ K3b(T) )
CB820′

(CB820)
2
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mass balance equationCtotal ) Câ + 2CB820, whereCtotal is
the total protein concentration.

RESULTS

Reconstitution Assays. The absorbance and CD spectra of
the various assembly stages of sphâ31 with BChl (Figure
2) are the same as those reported by the Loach and Parkes-
Loach laboratory (30-32): at room temperature in 0.75%
OG the NIR absorption maximum of BChl shifts from 780
to 820 nm accompanied by an intense nonconservative CD
signal with a small peak at 800 nm and a larger trough at
839 nm. These spectral features are typical of B820, a
common intermediate in the assembly and breaking up of
LH complexes in carotenoid-deficient strains of purple
bacteria, that is considered to comprise a BChl dimer and a
heterodimer of native LH polypeptides (41). Diluting the
sample to an OG concentration of 0.64% and cooling to 4
°C shifted the NIR absorption naximum further to 848 nm
accompanied by a more conservative CD signal with a trough
at 843 nm and a peak at 863 nm. Similar red shifts to 850
or 870 nm usually accompany the oligomerization of B820
subunits as they form the whole native LH2 or LH1
complexes, respectively (41, 43). Reconstitution of LH1â24
resulted in very similar B820 species at 0.75% OG with a
slightly blue-shifted NIR absorption maximum and CD bands
compared to sphâ31. However, the absorbance and CD
spectra at 0.64% OG did not change significantly except for
a 5 nm red shift of the NIR absorption maximum and CD
minimum, respectively.

The similarities in absorption spectra between the inter-
mediate and final stages of sphâ31 reconstitution and the
respective stages of native LH protein reconstitution in vitro

may indicate that both the modified and native polypeptides
self-assemble BChls in B820 dimeric units that are organized
further into stoichiometrically well-defined LH1- or LH2-
type oligomers. In contrast, LH1â24 appears to be capable
of assembling BChls only into smaller B820 dimeric
subunits. However, the CD spectral features of the sphâ31
B850 complex are significantly different than both the LH1
and LH2 complexes (41, 43, 55). Most importantly, in native
LH1 and LH2 complexes the CD pattern of the lowest energy
transition consists of a blue-shifted peak and a red-shifted
trough with respect to the position of the absorption
maximum whereas sphâ31 exhibits an inverted pattern of a
blue-shifted trough followed by a red-shifted peak. The latter
pattern is more similar to the CD of BChl aggregates (56)
although these species exhibit nonconservative CD with a
weak blue-shifted trough and an intense red-shifted peak
whereas the CD of the sphâ31 B850 species is more
conservative with equivalent trough and peak intensities.
Additionally, the absorption spectra of the B850 species are
accompanied by a significant sloping baseline typical of light
scattering by large particles. Thus, it is likely that the B850
species formed by sphâ31 are large coaggregates of peptide
and pigments. Indeed, all sphâ31 B850-type complexes were
readily sedimented into a firm pellet in a benchtop centrifuge
but not B820-type species which remained in the supernatant
(Figure 3A). Notably, cooling some LH1â24-BChl prepara-

FIGURE 2: Absorbance (A, C) and CD (B, D) spectra of sphâ31
(A, B) and LH1â24 (C, D) in 0.75% (dotted line) and 0.64% (solid
line) OG, 50 mM phosphate buffer, pH 7.5 at room temperature,
and after 12 h at 4°C (dashed line). Initial concentrations at 0.9%
OG were 4.7µM sphâ31 and 2.3µM BChl (A, B) and 9.0µM
LH1â24 and 2.9µM BChl (C, D). FIGURE 3: Effect of centrifugation on the association and aggrega-

tion of sphâ31 (A) and LH1â24 (B) at 0.9% OG and 50 mM
phosphate buffer solution, pH 7.5. Peptide and BChl concentrations
were 8.0µM. Solutions composed of mainly B820 species (dotted
line) were cooled further until significant amounts of B850 species
were observed (dashed line) and then spun in a benchtop centrifuge
at 14000 rpm for 20 min (solid line). B850 species formed readily
in the sphâ31 sample at 6°C whereas the LH1â24 required cooling
to 2 °C before a significant amount of B850 could be detected.
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tions to approximately 2°C resulted in a rise of a new
absorption band at 840 nm. Similar to sphâ31, benchtop
centrifugation completely eliminated this band (Figure 3B),
which suggests again that it is due to formation of large BChl
aggregates or LH1â24-BChl coaggregates.

ReVersibility and Temperature Dependence of sphâ31 and
LH1â24 Reconstitution.To further explore the assembly
process of sphâ31 and LH1â24 with BChls, we followed
the temperature dependence of their absorption spectra in
0.9% OG over two cycles of temperature changes between
28 and 0°C (Figure 4). These conditions allow cycling
through monomeric BChl (B780), subunit-type (B820), and
higher oligomeric (B850) species. The assembly of B850
oligomers is clearly nonreversible as indicated by the
significant hysteresis in the temperature-dependent curve of
absorbance at 820 nm (Figure 4A) and the persistence of
the 850 nm absorbance peak during sample warmup. In
contrast, the transition from B780 to B820 appears more
reversible both in sphâ31 and in LH1â24, and there are only
minor differences between cooling and warming the sample
to the same temperature during each cycle (Figure 4A,B).
These trends are similar to those observed by Pandit et al.
(57) during assembly and disassembly of native LH1
complexes fromRhodospirillum rubrum. Additionally, there
are significant differences between the first and second
temperature cycle in both peptides, probably because of BChl
degradation that occurs during sample warmup. Comparing
the spectra at the start and end points of each temperature
cycle (Figure 5) reveals a decrease in BChl absorbance at
780 nm and a respective increase in the intensity of two
bands at 650 and 420 nm. These features are typical of
oxidizing the BChl macrocycle to a chlorophyll macrocycle
and are more pronounced in LH1â24 than in sphâ31. This
may be a consequence of the BChl being more exposed to

the solvent environment because of the smaller size of
LH1â24.

Thermodynamic Parameters of sphâ31 and LH1â24 As-
sembly with BChls.The dissociation constant of sphâ31 B820
at 0.9% OG was determined using eq 5 to be 9.9× 10-18

M3, which is only slightly higher than the value of 2.5×
10-18 M3 determined by Meadows et al. (32). One reason
for the discrepancy may be the use of methanol instead of
acetone to dissolve the BChl stock. Methanol is known to
induce allomerization of BChl to 132-OH-BChl, which is
capable of forming B820 complexes with sphâ31 but with
a differentKd (58). Conversely, theKd value of LH1â24
B820 was determined to be 3.4× 10-15, which is signifi-
cantly higher than that of sphâ31.

The free enthalpies and entropies of sphâ31-BChl and
LH1â24-BChl association and oligomerization were ob-
tained by globally fitting temperature-dependent absorbance
curves at 780, 820, and 850 nm (Figures 6 and 7, respec-
tively) to the van’t Hoff equations (eq 3) that correspond to
the assembly schemes described in eq 2. Because of the
irreversible nature of the process, only the assembly during
the initial cooling stage was considered. Although this stage
is not expected to be any more reversible than the overall
assembly process, the initial reaction mixture is well-defined
because larger aggregates are not formed prior to cooling.
The resulting thermodynamic parameters are summarized in
Table 1.

Fitting the absorbance curves of sphâ31 to the simplest
two-step reaction scheme in eq 2b was unsatisfactory and
resulted in nonrandom residuals (not shown). In contrast,
the three-step reaction scheme in eq 2c, which assumes an
additional intermediate, yielded better fits and more randomly
distributed residuals (Figure 6B). The stoichiometric param-

FIGURE 4: Temperature-dependent curves of absorbance at 820 nm
of 1:1 (molar ratio) 9.0µM sphâ31:BChl (A) and 4.7µM LH1â24:
BChl (B) mixtures in 0.9% OG, 50 mM phosphate buffer, pH 7.5,
and typical absorption spectra (C and D, respectively) at temperature
minima and maxima. An intermediate spectrum at 6°C is also
shown (C).

FIGURE 5: Reversibility of assembly assessed by absorption spectra
of 1:1 (molar ratio) 9.0µM sphâ31:BChl (A, C) and 4.7µM
LH1â24:BChl (B, D) mixtures in 0.9% OG and 50 mM phosphate
buffer, pH 7.5, at intermediate temperatures (A, B) and end points
(C, D) of the scan cycles shown in Figure 4.
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eter,m, in eq 2c was determined by fitting the data using
integerm values from 2 to 8 and the best fit was obtained
for m ) 3. Nevertheless, the individual component spectra
obtained by using eq 4 (Figure 6C) were only slightly
affected by the choice ofm and clearly comprised a mixture
of spectral components. This suggests that more intermediates
are involved in the assembly process which could not be
resolved with the given model.

The assembly of LH1â24 could be adequately described
by the oligomerization reaction of B780 to form a B820
subunit complex (eq 2a). Nevertheless, the absorbance at 0
°C significantly deviated from the theoretical curve (Figure
7B), probably because of forming large B850-type ag-
gregates. The stoichiometric parameter,n, in eq 2a was
determined by fitting the data using integer values from 2
to 8, and the best fit was obtained forn ) 2, indicating the
B820 species is indeed a dimeric LH1â24-BChl complex.
Furthermore, and unlike sphâ31, the application of eq 4
yielded individual spectral components that are typical of
pure B780 and B820 complexes (Figure 7C).

DISCUSSION

The design and assembly of LH1â24 are another demon-
stration of the protein maquette concept whereby minimal
and functionally essential structural motifs from natural
proteins are abstracted and assembled in a nonbiological
context. Essentially, we reduced the size of the typical native
LH subunit by about a half, maintaining only the BChl

binding motif which is just long enough to span the length
of a BChl macrocycle (Figure 8). This represents a generic
minimal version of the protein subunits that form purple
bacterial LH complexes. Notably, shorter polypeptides such
as LH1â19 (Scheme 1) and sphâ16, a 16-residue polypeptide
synthesized by the Loach laboratory (32), were incapable
of forming B820 complexes with BChls probably because
of their high hydrophobicity and limited solubility in OG
micelles. Reconstitution assays show that LH1â24 self-
assembles with BChls to form a typical B820 subunit
complex. Interestingly, the association enthalpy and entropy
of the LH1â24-BChl B820 complex,-154( 4 kJ/mol and
-0.52( 0.01 kJ mol-1 K-1, respectively, are similar to those
of the native LH1 complexes fromRs. rubrumin 0.8% OG
measured by Pandit et al. to be-216( 30 kJ/mol and-0.6
( 0.1 kJ mol-1 K-1, respectively (57), and by Sturgis and
Robert to be-175 kJ/mol and-0.45 kJ mol-1 K-1,
respectively (59). For sphâ31, our measurements and analysis
indicate an equilibrium between dimeric and tetrameric B820
species. The association enthalpies and entropies of these
species (Table 1) are also comparable to those of native LH1
and LH1â24 although the stoichiometry and thermodnamic
parameters should be taken cautiously because of the
irreversible formation of higher aggregation intermediates
and the likely possibility of the presence of more intermedi-
ates that could not be accounted for by eq 2c.

A robust B820 subunit appears to be a universal interme-
diate of assembly and dissociation of all bacterial LH

FIGURE 6: Temperature-dependent spectra (A) of a 1:1 (molar ratio) 9.0µM sphâ31:BChl mixture in 0.9% OG and 50 mM phosphate
buffer, pH 7.5, during the first cooling scan. The corresponding absorbances at 780 nm (circles), 820 nm (squares), and 850 nm (triangle)
were globally fitted with eq 2c (B). Pure spectral components (C) were derived from the temperature-dependent spectra using eq 4 and the
respective concentrations profile of each species (D).
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proteins, whether native truncated or modified, and requires
only a minimal BChl binding protein such as demonstrated
in the LH1â24 maquette. In contrast, there are significant

differences in the type and properties of larger BChl-protein
oligomers formed by native and modified proteins; for
example, neither LH1â24 nor sphâ31 could assemble BChls

FIGURE 7: Temperature-dependent spectra (A) of a 1:1 (molar ratio) 4.7µM LH1â24:BChl mixture in 0.9% OG and 50 mM phosphate
buffer, pH 7.5, during the first cooling scan. The corresponding absorbances at 780 (circles) and 820 (squares) nm were globally fitted with
model 2a (B). Pure spectral components (C) were derived from the temperature-dependent spectra using eq 4 and the respective concentrations
profile of each species (D).

Table 1: Thermodynamic Parameters of sphâ31 and LH1â24 Assembly with BChls

peptide reaction Ntotal
a ∆H (kJ/mol) Tm (°C) ∆S(kJ mol-1 K-1 )

sphâ31 2B780f B820 2 -90 ( 7 9.6( 2.5 -0.33( 0.03
sphâ31 2B820f B820′ 4 -360( 9 9.7( 0.5 -1.28( 0.03
sphâ31 3B820′ f B850 12 -1423( 8 3.80( 0.04 -5.14( 0.03
LH1â24 2B780f B820 2 -154( 4 1.1( 0.8 -0.56( 0.02

a Total number of monomeric B780 units in the complex.

Scheme 2: Sequence Alignments of LH Proteins Capable of Forming Homooligomeric Complexes with BChla

a Native sequences of theRs. rubrumR-chain (rrR52) andR. sphaeroidesandB. Viridis â-chains (sphâ48 and virâ55) are underlined. Proteins
forming either nativelike B870 species or non-native B850 species are marked by+ and *, respectively. Neither B850 nor B870 species were
observed with native sphâ48 and rrR52 marked by-.
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into stoichiometrically well-defined oligomers typical of
native purple bacterial LH proteins. Native B820 subunits
of LH1 self-assemble into a hexadecamer, and according to
Pandit et al. (57), the association enthalpies and entropies,
e.g., inRs. rubrum, are-2390( 450 kJ/mol and 6.3( 1.6
kJ mol-1 K-1, respectively, which yields enthalpy and
entropy of-150 ( 30 kJ/mol and 0.4( 0.1 kJ mol-1 K-1

per B820 subunit, respectively, assuming noncooperative
association. These values are almost the same as those
measured for individual B820 formation, yet native LH1
association is exergonic with a reaction free energy,∆G, of
-531 kJ/mol at ambient temperature (57) whereas we found
the association of 12 sphâ31 B820 subunits into B850 species
to be endergonic at ambient temperature with a positive∆G
of 93 ( 17 kJ/mol. Thus, although the formation enthalpies
and entropies are similar for all B820 subunits, forming stable
LH1-type oligomers depends on a finer balance between
entropic and enthalpic factors. This notwithstanding, the
B850 oligomers formed by sphâ31 and to a lesser extent by
LH1â24 are not well-defined oligomeric structures like the
native LH1 and LH2 complexes but rather aggregates of
B820 subunits.

Previous reconstitution studies have focused on the B850
oligomers of sphâ31 as a model system for understanding
how native LH complexes are self-assembled. Most notably,
the laboratories of Loach and Parkes-Loach and of Nango
prepared and explored a variety of sphâ31 analogues. These
included extensions and truncations of the N-terminal (30,
32, 60) substitutions and chemical modifications of single
amino acid residues (32, 39, 60) and covalent dimerization
through disulfide bonds by addition of cysteines at the N-
and/or C-termini (50, 53). These studies provided valuable
guidelines for the formation of the B820 subunit complex
but shifted attention from two additional truncated LH
proteins capable of reconstituting homooligomeric BChl
complexes (31). These 43- and 39-residue truncatedR-chains
of Rs. rubrum (Scheme 2, rrR43) and theâ-chain of
BlastochlorisViridis (Scheme 2, virâ39), respectively, ex-

hibited spectroscopic features that were almost identical to
native LH1. Interestingly, no B820 intermediate was ob-
served during reconstitution of these species.

We conclude by reevaluating previous reconstitution
studies in view of the present results implicating the B850
species of sphâ31 and its analogues as nonspecific protein-
BChl coaggregates. Scheme 2 summarizes the sequences of
native and modified LH apoproteins capable of forming
homooligomeric complexes with BChls. Obviously, native
R- andâ-chains ofRs. rubrumandB. Viridis, respectively,
differ from the R. sphaeroidesâ-chain in their extended
C-terminal sequence. Since similar extensions were shown
to be involved in intersubunit interaction in the crystal
structures of LH2 (16, 17), they may serve to provide the
necessary protein-protein interactions for proper association
of the homooligomeric LH1 complex. However, a recent
study by Nagata et al. (49) showed that truncating the
C-terminal sequence of rrR43 (Scheme 2, rrR36) had no
effect on its ability to form nativelike LH1 complexes with
BChls as well as with [Zn]-BChls. This is surprising because
the size of rrR36 is similar to sphâ31 and both have no
C-terminal extension beyond the BChl binding motif, yet
their self-association properties are markedly different.
Nonetheless, closer inspection of the sequences (Scheme 2)
and structural alignment of rrR36 and sphâ31 (Figure 9)
suggests that the flexibility of the loop region extending from
position+6 to +11 or+9 in R- andâ-chains, respectively,
may be the key to proper association. Notably, the highly
conserved tryptophan, W+6, of LH â-chains is replaced by
alanine inB. Viridis. This position connects between the
R-helical and loop domains of LH apoproteins, and alanine
probably confers more conformational freedom to the loop
than tryptophan. Similarly,Rs. rubrumR-chains have a
threonine in position+6 and a two-residue longer loop
connecting to tryptophan, W+11, that forms a hydrogen bond
to the BChl C3 keto carbonyl and is equivalent to W+9 in
LH â-chains. In the native LH1 complex, the C-terminal loop
region of one B820R-subunit is packed against theâ-chain
from another subunit, and therefore enhancing the flexibility
of these loops may allow for better packing interactions. The
verification of this hypothesis will require further investiga-
tions of new LH maquettes based not only on sphâ31 but
also on rrR36 and virâ39. Such investigations should not

FIGURE 8: 3D homology models of sphâ31 (transparent yellow)
and LH1â24 (blue) overlaid on the crystal structure of native LH2
(red and green shades ofR- and â-chains, respectively) subunit
complexes by aligning the BChls (purple) in each model.

FIGURE 9: Structural alignments of sphâ31 (green) and rrR36 (red)
on theâ-chain ofPs. molischianum(PDB entry 1LGH). This chain
is packed against theR-chain of a neighboring B820 subunit (gray)
as demonstrated by the white surfaces.
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rely exclusively on spectroscopic assays but must obtain
direct information about the actual oligomeric state of the
LH species in solution. We are currently exploring the
possibilities of using analytical ultracentrifugation and light
scattering techniques for this purpose.

SUPPORTING INFORMATION AVAILABLE

(1) A calibration curve for the temperature-dependent
water absorption band at 966 nm and (2) deconvolution of
room temperature spectra of sphâ31 and LH1â24 into free
BChl and B820 spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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