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Model for the Light-Harvesting Complex | (B875) of
Rhodobacter sphaeroides
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ABSTRACT The light-harvesting complex | (LH-I) of Rhodobacter sphaeroides has been modeled computationally as a
hexadecamer of ap-heterodimers, based on a close homology of the heterodimer to that of light-harvesting complex Il (LH-1I)
of Rhodospirillum molischianum. The resulting LH-I structure yields an electron density projection map that is in agreement
with an 8.5-A resolution electron microscopic projection map for the highly homologous LH-I of Rs. rubrum. A complex of the
modeled LH-1 with the photosynthetic reaction center of the same species has been obtained by a constrained conforma-
tional search. This complex and the available structures of LH-II from Rs. molischianum and Rhodopseudomonas acidophila
furnish a complete model of the pigment organization in the photosynthetic membrane of purple bacteria.

INTRODUCTION

The photosynthetic unit (PSU) of purple bacteria is a nanofophylls (BChls) and carotenoids, of all the pigment protein
metric assembly in the intracytoplasmic membranes andomplexes (van Grondelle et al., 1994; Hu and Schulten,
consists of two types of pigment-protein complexes, thel997a). To understand the mechanisms underlying the ef-
photosynthetic reaction center (RC) and light-harvestindicient excitation energy transfer in the bacterial PSU, struc-
complexes (LHs). The LHs capture sunlight and transfer theural information of each component and of the overall
excitation energy to the RC where it serves to initiate aassembly of all the components is needed. Structures of the
charge separation process (Fleming and van Grondell&kC are known forRhodopseudomond®&ps) viridis (De-
1994; Lancaster et al., 1995; Parson and Warshel, 199%enhofer et al., 1985) as well as fl@b. sphaeroidegAllen
Woodbury and Allen, 1995; Hu et al., 1998). In most purpleet al., 1987; Ermler et al., 1994). Recently, high-resolution
bacteria, the PSUs contain two types of LHs, commonlycrystal structures of LH-1l complexes from two species
referred to as B875 (LH-I) and B800-850 (LH-I) com- (Rps. acidophilaand Rs. molischianuinhave been deter-
plexes according to their in vivo absorption maxima in theyined (McDermott et al., 1995; Koepke et al., 1996). How-
near-infrared (Zuber and Brunisholz, 1991). Electron mi-gyer, the structure of LH-I, the key intermediary for exci-
crographs have shown that LH-I surrounds directly the RGation transfer between the LH-lls and the RC, has been
(Miller, 1982; Stark et al., 1984; Engelhardt et al., 1986;)5cking. We report in this article a computationally modeled
Meckenstock et al.,, 1992; Boonstra et al., 1994; Walz and,ctyre of LH-I ofRb. sphaeroideand its complex with
Ghosh, 1997), forming the core of the PSU. In some Speg,e nhnotosynthetic reaction center. This structure provides
cies, such aRkhodospirillum(Rs) molischianumthe asso- the missing element for a complete model of the pigment

C|at|onto1:j ';H'I ‘;Td F?CC |§thso tsltropg t.:]at LH'tI clannot t;? organization in the bacterial PSU and opens the door to a
separated from the without osIng Its spectral proper Ie%ystematic interpretation of spectroscopic observations of

(RBhoodnstt)rat etha)\I., 1;? 94);. dm other sdper:nes, such a‘cl’ight harvesting in bacterial photosynthesis (van Grondelle
odobacter(Rb) sphaeroides pure and homogeneous et al., 1994; Pullerits and Sundstrom, 1996). A full account

LH-1 complexes can be isolated (Boonstra et al., 1993).

on electronic excitation transfer in the bacterial PSU is
LH-1I complexes surround the LH-I complex and transfer _. .
given in Hu et al., 1998.

energy to the RC via LH-I (Monger and Parson, 1977; van All light-harvesting complexes of purple bacteria display
Grondelle et al,, 1994). There exist multiple LH-1Is in the a remarkably similar architecture (Zuber, 1985; Zuber and

PSU; the number of LH-lIs varies according to growth . ) o .
conditions such as light intensity and temperature (Aagaargrunlsholz, 1991). The basic structural unit is a heterodimer

and Sistrom, 1972; Drews and Golecki, 1995), of two short peptides, commonly referred tocaapoprotein

Excitation energy migration from light-harvesting com- 2nd B-apoprotein, noncovalently binding BChls, and caro-
tenoids. These heterodimers form ring-shaped functional

plexes to the RC involves the chromophores, bacteriochlo= ’

light-harvesting complexes. For LH-Is, the complex can be
reversibly dissociated into the constituting subunits by ad-
dition of detergents (Ghosh et al., 1988). These structural
Add - s 10 br. Klaus Schulten. Departmont of Phyel subunits can be isolated and subsequently reconstituted
Becli?r?gnr?npsr;irt]utfgﬁ;sur?iverr.sityaci‘slIIincoi; 285 N?Iﬁ;trg;]zr\lvsoAvenyusel?soaCk to an Ollgomenc LH-l (Kar_rasch et al., 1995; LO"?‘Ch
Urbana, IL 61801. Tel.: 217-244-1604; Fax: 217-244-6078; E-mail: and Parkes-Loach, 1995). The size of the complexes differs
kschulte@ks.uiuc.edu. for LH-1 and LH-1l and is species dependent. LH-IIs from
© 1998 by the Biophysical Society Rps. acidophilaandRhodovulum sulfidophiluwere deter-
0006-3495/98/08/683/12  $2.00 mined by electron microscopy (Savage et al., 1996) and
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x-ray crystallography (McDermott et al., 1995) to be al., 1994). However, earlier models differ from the LH-I
nonamers of thexB-heterodimers. The crystal structure of model ofRs. rubrumby Karrasch et al. in both number and
LH-1l from Rs. molischianundisplayed an octamer (Ko- arrangement of LH-I subunits in the ring. LHHRC com-
epke et al., 1996). An 8.5-A resolution electron microscopyplexes from bothRps. viridis (Miller, 1982; Stark et al.,
projection map has been determined from a two-dimen41984) andRps. marina(Meckenstock et al., 1992), for
sional crystal of reconstituted LH-I d®s. rubrumby Kar-  example, were proposed to contain 12 subunits with six-fold
rasch et al. (1995). The projection map showed LH-I as aymmetry. However, the low resolution (40-50 A) of im-
ring of 16 subunits; each subunit apparently corresponds tages in earlier models might not be sufficient to unambig-
an aB-heterodimer (Karrasch et al., 1995). The ring has aJous|y resolve the symmetry of the ring.
diameter of 116 A with a 68-A hole in the center that, as |n this work, we assume that LH-I d&b. sphaeroides
pointed out by Karrasch et al., is large enough to incorporat@ike LH-1 of Rs. rubrum is a circular aggregate of 16
a reaction center in vivo. A recent report of an electrongypunits. The reason for choosiRp. sphaeroidefor our
micrograph of a two-dimensional crystal of the LH-RC  modeling work is that it is the only BChl-a-containing
complex fromRs. rubrumfurther confirms the location of = species for which a high-resolution crystal structure of the
the RC in the center of LH-I (Walz and Ghosh, 1997).  Rc is known (Allen et al., 1987; Ermler et al., 1994). The
Based on the 8.5-A resolution projection map (Karraschyiher known bacterial RC structure is from a BChi-b-con-
et al, 1995), several researchers constructed illustrativgyining speciesRps. viridis (Deisenhofer et al., 1985),
models of LH-I by replicating the3-heterodimer of LH-Il  \yhich contains an additionay-polypeptide in the LH-I
16 times geometrically to fill the contour peaks of the g\ punit (Brunisholz et al., 1985).
observed projection map (Papiz et al., 1996; Pullerits and | | of Rb. sphaeroidesontains BChl-a (Zuber and

Slllmdstrom, 19|96]2' In thfis article, V\;]e present instead ahisholz, 1991) as well as the carotenoids spheroidene
a -ato.m model of LH-l rngb. sphaeroidedased on nd spheroidenone (Hunter et al., 1988) as pigments. It had
established structure prediction tools. The tools employeqleq, yetermined that the ratio of BChl to carotenoid is 1:1

are the same as what we have used to predict the structure | (Hunter et al., 1988). Thus, eaak-heterodimer

of Ll—il-llt:om Rts.l nlollstchla?un::]nd totdgtet:m|ne subsfet-h binds two BChls and two carotenoids (Zuber and Brunish-
quently Ihe crystal STucture Tor the protein by means ot the Iz, 1991). Then- and theB-apoprotein of LH-I fromRb.

molecular replacement method (Hu et al., 1995; Koepke ©Sphaeroidesconsist of 58 and 49 residues, respectivel
al., 1996). We are obligated to caution the readers that o b ' P y

structure of LH-1 represents only a model verified by Iow-u(rKlley etal, 1987; Theiler et al, 1984)'
. : . We modeled LH-I ofRb. sphaeroideas a hexadecamer
resolution electron microscopic data. In the case of LH-II of

Rs. molischianur(Hu et al., 1995; Koepke et al., 1996), the °f.|g‘gﬂ?ﬁ;ﬁg‘.’;grznté“l'\'/lzgt‘r?og‘st"#j::ga‘iep{ogo;’:gt & ?ﬁat
modeled structure served as the starting point of the analys}g1I N Vaterl - W
nsure validity of our approach. First, a sequence homology

of x-ray diffraction data, whereas in the present case it is thé . )
final result. The ultimate test of the correctness of our LH-IOf the a-heterodimer of LH-I fromRb. sphaeroidew that

model rests upon availability of high-resolution x-ray or ©f LH-Il of Rs. molischianumGermeroth et al., 1993)
electron microscopic data. The models of LH-I and theprowdes an opportunity to accurately model the structure of

LH-I—RC complex presented here has been briefly outiN @B-heterodimer by means of homology modeling. The

lined previously (Hu et al., 1997; Hu and Schulten, S€duence of LH-II fronRs. molischianuris aligned to that
1997a,b). of LH-I from Rb. sphaeroidesn Fig. 1, along with se-
The organization of LH-I complexes around the RC is9uénces of other light-harvesting complexes. &r@popro-
still a matter of debate. Questions have been raised as {§ Of the LH-Il complex fromRs. molischianurs aligned
whether the dissociation and reconstitution process emdith LH-Il complexes and LH-I complexes from other
ployed (e.g., in Karrasch et al., 1995) introduces artifacthotosynthetic bacteria, respectively. Th@poproteins of
that render the reconstituted LH-1 complexesRsf. rubrum ~ Poth LH-Is and LH-lIs are aligned altogether. Sequence
(Karrasch et al., 1995) a variant of native LH-I complexes.Similarity of the LH-II complex fromRs. molischianunto
These concerns were alleviated by the observation that tHeoth LH-IIs and LH-Is clearly demonstrates the dual char-
two-dimensional crystal of the LH--RC complex, formed  acteristics of the LH-II complex froriRs. molischianunas
under mild crystallization conditions under which no disso-first pointed out in Germeroth et al., 1993. Additional se-
ciation of the LH-RC complex can be detected, dis- quence analysis revealed that LH-II Bfs. molischianum
played the same LH-I ring size as the reconstituted LH-Ihas the highest sequence similarity to LH-Is among all the
(Walz and Ghosh, 1997). Furthermore, the gross morpholkH-lIs for which sequences are available. Second, the pro-
ogy of the core photosynthetic unit, which consists of atocol for aggregating thex3-heterodimers into a 16-fold
central core RC surrounded by an LH-I ring, is consistentsymmetrical hexadecamer had proven successful in model-
with earlier models of the PSU for both BChl-b- and BChl- ing the octameric LH-II ofRs. molischianuithe modeled
a-containing bacteria based upon electron microscopy anidH-1I was accurate enough to serve successfully as a probe
image processing (Miller, 1982; Stark et al., 1984; En-model in the molecular replacement method (Koepke et al.,
gelhardt et al., 1986; Meckenstock et al., 1992; Boonstra €1996; Hu et al., 1995).
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Rb. sphaeroides Light-Harvesting Complex |

O-apoprotein

Rs. molischianum B800-850
Re. gelatinosus DSM 149 B870
Rs. rubrum B870

Rb. capsulatus B870

Rb. sphaeroides B870

Rps. marina B880

Rp. viridis B1015

Rs. molischianum B800-850

Rp. viridis B1015

Re. gelatinosus DSM 149 B800-850
Rb. sphaeroides 2.4.1 B800-850
Rb. capsulatus B800-850

Rps. acidophila Ac70.50 B800-850
Rps. palustris 2.6.1 B§00-850

snpkddYKIWLVINPSTWLPVIWIVATVVAIAVHAAVLAAPGFNWIALGAAKsaak----
————— MWRIWRLFDPMRAMVAQAVFILLGLAVLIHLMLLGTNKFNWLDGAKKApvasa——-
————— MWRIWQLFDPRQALVGLATFLFVIALLIHFILLSTERFNWLEGASTQpvQts———
--mskf YKIWLVFDPRRVFVAQGVFLFLLAVLIHLILLSTPAFNWLTVATAKhgyvaaaq
--mskf YKIWMIFDPRRVFVAQGVFLFLLAVMIHLILLETPSYNWLEI SAAKynrvavae
————— MWKVWLLFDPRRTLVALFTFLFVLALLIHFTLLSTDRFNWMOGAPTApagts———
eyrtasWKLWLILDPRRVLTALFVYLTVIALLIHFGLLSTDRLNWWEFQRGLpkaa-—--

snpkddYRIWLVINPSTWLRVIWIVATVVAIAVHAAVLAAPGFNWIALGAAKsaak---—
eyrtasWKLWLILDPRRVLTALFVYLTVIALLIHFGLLSTDRLNWWEFQRGLpkaa----
- - -mnQGRVWRVVKPTVGVERVYLGAVAVTALI LHGGLLAKTDWFGaywnggkkaaaa---
-—-mtNGRIWLVVKPTVGVPLFLSAAVIASVVIHAAVLTTTTWLPayyggsaavaae———
- - -mMNAKIWTVVKPSTGI PLILGAVAVAALIVHAGLLTNTTWFAnywngnpmatvvava
- --mnQGRIWTVVNPSVGLPLLLGSVTVIAILVHAAVLSHTTWFPaywggglkkaa--—-
~--mMnQGRIWTVVNPGVGLPLLLGSVTVIAILVHYAVLSNTTWF Pkywngatvaapaaa—

-apoprotein

Rs. molischianum B800-850

Rc. gelatinosus DSM 149 B870

Rs. rubrum B870

Rb. capsulatus B870

Rb. sphaeroides B870

Rps. marina B880

Rp. viridis B1015

Rc. gelatinosus DSM 149 B800-850
Rb. sphaeroides 2.4.1 B800-850
Rb. capsulatus B800-850

Rps. acidophila Ac70.50 B800-850
Rps. palustris 2.6.1 B§00-850

- —— -AERSLSGLTEEEATAVEDOFKTTFSAFI I LAAVAHVI VWWKPWE - —— - ————
- -aeRKGSISGLTDDEAQEFHKFWVQGFVGRTAVAVVAHFLVWUWRPWL - —— —————
--eVKQESLSGITEGEAKEFHKI FTSSILVEFGVAAFAHLLVWIWRPWVDgPNgys -
- adkNDLSFTGLTDEQAQELHAVYMSGLSAFT AVAVLAHI AVMIWRPWE - —— —————
-adkSDLGYTGLTDEQAQELESVYMSGLWPFSAVAT VAHLAVY IWNRPWE - -~ -~ ——-
aeidRPVSLSGLTEGEAREFEGVFMTSFMVETAVATVAHILAWMWRPWi pgpegia-
- -adLKPSLTGLTEEEAKEFEGI FVTSTVLYLATAVIVEYLVWTAKPWL apipkgwv
2ddaNKVWPSGLPTAEAEELQKGLVDGTRIFGVIAVLAHILAYAYTPWLh-~——— -~
-dd1NKVWPSGLTVAEAEBVEKQLILGTRVEGGMAL TAHFLAARATPWIg———————
-mtdDKAGPSGLSLKEAEETHSYLIDGTRVFGAMALVAHILSATATPWlg———————
--adDVKGLTGLTAAESEELEKHVIDGTRVEFFVIAI FAHVLAFAFSPWlh~— -~ —~-
addpNKVWPTGLTIAESEELEKHVIDGSRIFVATIATVAHFLAYVYSPWlh--—————
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FIGURE 1 Sequence alignment of the and B-apoproteins of the LH-Il complex dRs. molischianumvith a- and B-apoproteins of LH-1I and LH-I
complexes from other photosynthetic bacteria. Bold and shadow fonts indicate highly and nearly conserved residues, respectivelyapaprdtein,

the LH-Il complex fromRs. molischianunis aligned with LH-1l complexes from other photosynthetic bacteria on the top panel and with LH-I complexes

on the bottom panel. Alignment was done using the program MACAW (multiple alignment construction and analysis workbench) (Schuler et al., 1991).

MATERIALS AND METHODS

LH-II of Rs. molischianumor the aligned LH-I core segmeatTyr-5 to
a-Lys-50, thea-apoproteins are 30% identical and 56% homologous; for
LH-I of Rb. sphaeroidesiad been modeled as a hexadecamewgf the aligned LH-I core segmeptThr-10 to3-Phe-49, theg8-apoproteins are
heterodimers utilizing a two-stage protocol as described previously (Hu e0% identical and 67% homologous. A consensus assignment for the
al., 1995, 1996; Koepke et al., 1996). In a first step, diieheterodimer  secondary structure of the andB-apoprotein of LH-I ofRb. sphaeroides

was constructed by means of homology modeling using digehet- listed in Fig. 2, was derived by means of multiple secondary structure
erodimer of LH-1I of Rs. molischianunas a template. Our protocol em- prediction methods (Engelman et al., 1986; Persson and Argos, 1994;
phasizes both sequence homology and secondary structure identity &eourjon and Deleage, 1994; Holley and Karplus, 1991) as had been done
search criteria in choosing templates for homology modeling. As shown irin the case of LH-II ofRs. molischianuniKoepke et al., 1996; Hu et al.,

Fig. 2, the sequence of LH-I d®b. sphaeroidess homologous to that of 1995, 1996). Also listed in Fig. 2 are the secondary structure identities of

c-apoprotein
CCCCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCHHHHHHHHHHHHHHEHE
MSKFYKIWMIFDPRRVFVAQGVFLFLLAVMIHLILLSTPSYNWLEISAAKYNRVAVAE

Prediction®
Rb. sphaeroides

Alignment YKIW++ +P + ++A+ +H +L+ P +NW+ + AAK

Rs. molischianum SNPKDDYKIWLVINPSTWLPVIWIVATVVAIAVHAAVLAAPGFNWIALGAAKSAAK

X—Rayb CCCCC333333CCCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCHHHHHHHHHEHEHC
f-apoprotein

Prediction® CCCCCCCCCHHHHHHHUHHHHHHHHHHHHHHHHHHHHHHHHHCCC

Rb. sphaeroides MADKSDLGYTGLTDEQAQELHSVYMSGLWLFSAVAIVAHLAVYIWRPWF
Alignment +GLT+E+A +H + + F +A VAH+ V++W+PWF

Rs. molischianum AERSLSGLTEEEAIAVHDQFKTTFSAFITILAAVAHVLVWVWKPWF
X- Rayb CCCCCCCCCHHHHHHHHHHHHHHHHHHHHEHHHHHEEEHHHCCCC

FIGURE 2 Sequence alignment @f andB-apoproteins of LH-I fronRb. sphaeroideand of LH-II from Rs. molischianurbased on BLAST (Altschul

etal., 1990), along with secondary structure informatf@®condary structure derived from consensus assignment for LH-I employing hydropathy analysis
(Engelman et al., 1986), multiple sequence alignment propensity analysis (Persson and Argos, 1994), SOPM (Geourjon and Deleage, 1994), and
Holley-Karplus analysis (Holley and Karplus, 1991). H, helix;Esheet; C, coil; 3, three-turn helifSecondary structure of LH-II dRs. molischianum

as determined by the method of Kabsch and Sander (1983) from the coordinates of LRsll miblischianunfKoepke et al., 1996).
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the crystal structure of LH-II oRs. molischianunfKoepke et al., 1996).

Journal Volume 75 August 1998

iterative process was terminated when the final radii at the end of two

The secondary structure identities of the two proteins are in agreement. Weonsecutive runs differed by less than 0.10 A. At the end, the hexadecamer

concluded then that thep-heterodimer of LH-II ofRs. molischianuns a
good template for LH-I1 oRb. sphaeroides

Consequently, the3-apoprotein of LH-I was modeled as a single
membrane-spanning helix as in LH-Il. Theapoprotein of LH-I was
modeled as a membrane-spanning helix linked to a short helical segment

was minimized again with the Powell algorithm until it converged or until

a limit of 700 cycles was reached. This protocol, energy minimizations

perturbed by successive molecular dynamics equilibration, constitutes a
simulated annealing procedure.

at The molecular dynamics simulations and energy minimizations were

the amino terminus and to an interfacial amphiphilic helix at the carboxycarried out using the program X-PLOR (Brger, 1996). In all simulations,

terminus. The carboxyl-terminal sequence of tha@poprotein of LH-I
from Rb. sphaeroidess longer than that of LH-1I fronRs. molischianum

LH-I was placed in a vacuum as the vacuum environment is believed to be
similar to a lipid bilayer in terms of hydrophobicity. The Engh and Huber

Secondary structure analysis indicates that the extra residues have a highrameter set (Engh and Huber, 1991) was used for the protein. The
propensity to form am-helix (see Fig. 2) and should extend the interfacial parameter file used for BChl-a is the same as in Koepke et al., 1996; the
amphiphilic helix. parameter set for the spheroidene was constructed with the program
The two conserved histidines near the carboxy termini ofdhend QUANTA (MSI, 1994) using the CHARMm (Brooks et al., 1983) force
B-apoprotein were widely considered as ligands of the two B875 BChisfield.
(Zuber and Brunisholz, 1991; Olsen and Hunter, 1994). Despite a large In the above, we placed theapoprotein on the inside and tigeapo-
difference in absorption maxima (875 versus 850 nm), LH-Rbf spha-  protein on the outside of the LH-I ring in analogy to LH-Is (McDermott
eroidesand LH-II of Rs. molischianunshow strikingly similar resonance et al., 1995; Koepke et al., 1996). This is apparently consistent with
Raman spectra (Germeroth et al., 1993), which are known to be sensitiveurface-specific iodination of both the photosynthetic membranes and the
to hydrogen bond patterns of the 2-acetyl and the 9-keto groups of BChl-&solated PSU (Jay et al., 1984); the work indicated {Batpoprotein of
(Robert and Lutz, 1985; Germeroth et al., 1993). Accordingly, the BChl-aRps. viridisis situated on the outside of the LH-I ring.
binding site of LH-I ofRb. sphaeroideshould be similar to that of LH-II Five initial structures for the hexadecamer were built, with initial radii
from Rs. molischianuniThe BChls were placed into theg-heterodimer of ~ of 51, 53, 55, 59, and 81 A. All five hexadecamers converged in the
LH-I at positions analogous to those in LH-II froRs. molischianumrand optimization procedure (see Fig. 3) to a radius of 54 A as defined through
so was the spheroidene. Only one spheroideneogeheterodimer was  the central axes of the outer helical ring. The root mean square (rms)
included in the model. deviation of G, atoms among all five optimized models ranged from 0.3 to
In a second step, theB-heterodimers were aggregated into a circular 0.7 A. The structure with the lowest conformational energy was chosen as
hexadecameric complex by means of molecular dynamics simulations antthe final model. We note that all five models can be considered essentially
energy minimization under the constraint of a 16-fold symmetry axis. Anthe same as they show rms deviations in a range (0.3—0.7 A) compatible
iterative protocol consisting of multiple dynamics and minimization cycles, with that of high-resolution crystal structures of proteins determined at
shown in Fig. 3, was employed to optimize the hexadecamer structuredifferent laboratories (Flores et al., 1993).
Each cycle started with a 200-step rigid body minimization (with the entire  The modeled LH-I complex was subsequently docked to the photosyn-
protomer as a rigid body), followed by a 2.5-ps rigid body dynamics run atthetic reaction center to form the LH-{RC complex. Coordinates of RC
600 K, then a 5-ps constrained molecular dynamics run at 300 K, endingvere taken from the 2.65-A resolution structure of the photosynthetic
with a 200-step constrained Powell minimization. The positions of all C reaction center oRb. sphaeroidefProtein Data Bank accession number
atoms were fixed (constrained) during the last two steps of the cycle. Th&PCR] as published previously (Ermler et al., 1994). Two approaches had
radius of the hexadecamer was monitored to detect convergence. THeeen attempted in searching for the minimal energy conformation of the
LH-I—RC complex, i.e., a rigid body minimal energy search and a con-
strained conformational search. In the former approach, the RC structure
was placed inside the LH-I ring and was allowed to rotate and translate as
arigid body. In the latter approach, both LH-I and RC were treated as rigid
bodies and two constraints were enforced in the search: first, the planes of
tryptophan residues in both the RC and LH-I (see Results) were con-
strained to be parallel to the plane of the membrane, i.e.xtlyeplane;
second, the pseudo 2-fold symmetry axis of the RC was aligned with the
16-fold symmetry axis of LH-I. As a result, only two degrees of freedom
for the rigid body movement of the RC inside the LH-I ring remained:
translation along the axis ) and rotation around the symmetry ax.(
Shown in Fig. 4 is the energy landscape governing the constrained con-
formational search. The interaction energy between LH-I and RC is a
sensitive function oZ and 6. A unique minimum, actually shown as a
maximum in Fig. 4a, exists for the LH4-RC complex aZ = 0 and6 =
4.6°. For the stated value (0), the planes of tryptophans of LH-1 and RC
are co-planar. None of the rigid-body minimal energy searches initiated at
various initial configurations yielded a minimum as low as the one deter-
mined by the constrained conformational search.

@ﬁtial conﬁguratio@

l Rigid body minimization (200 cycles) |

l Rigid body dynamics (600 K, 2.5 ps) |

Molecular Dynamics (300 K, 5 ps)
(Fixed Backbone)

Powell Minimization (200 cycles)
(Fixed Backbone)

Radius Convergence
R-R(old) <0.10A ?

RESULTS
LH-I of Rb. sphaeroides

The modeled structure of LH-1 dRb. sphaeroidess pre-

sented in Fig. 5. Sixteenp-heterodimers form a hollow

FIGURE 3 Optimization protocol for aggregating the hexado:—:calmericcyIInder with thea-apoprotein positioned to the inside and

LH-I1 complex. A 16-fold rotational symmetry was enforced throughout the the B-apoprotein to the outside. The diameter of the inner
simulation. helical ring is 78 A as defined through the central axes of

Powell Minimization
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map that we used for comparison is a rotationally filtered
map (Fig. 6ain Karrasch et al., 1995) arrived at by imposing
16-fold rotational symmetry. The unfiltered map (Fig. 4 in
Karrasch et al., 1995) displayed densities for the inner and
outer helices with approximately the same number of con-
tours in a way that is quite similar to our calculated projec-
tion map. The minor difference in density in the region
between the inner and outer helices may be attributed to
differences in the length of the two termini of theapo-
protein of LH-I of Rb. sphaeroideand ofRs. rubrum(see
Fig. 1).
Shown in Fig. 6a is a stereo diagram of the modeled
structure of a singleB-heterodimer of LH-1, which consists
of thea- and thegB-apoprotein binding a pair of B875 BChls
and a carotenoid molecule, spheroidene. Residuaspl2
to «-Thr38 of thea-apoprotein form a straight-helix that
spans the photosynthetic membrane and is oriented perpen-
dicular to the membrane within 1°. In addition to this helix,
the a-apoprotein possesses also two short helical segments
at both the amino and the carboxy terminus. The carboxyl-
terminal interfaciake-helix is 16 residues long{Asn42 to
a-Ala57) and amphiphilic. ResiduglsThrl3 toB-Arg46 of
the B-apoprotein also form a trans-membranéelix, how-
ever, with a tilt of ~8°. We note that there exists an
uncertainty in the amino-terminal region of theapopro-
tein in our LH-I model, which arises from the fact that the
amino-terminal region of thex-apoprotein in LH-1 is no
longer the ligation site of a BChl molecule due to lack of the
[ ] B800 BChl in LH-1 in comparison with LH-II. Also,
D g e spheroidene is simply placed in a binding pocket in analogy
to the binding site of lycopene in LH-II d®s. molischianum
(Koepke et al., 1996).
FIGURE 4 Energy diagrams for the constrained conformational search The B875 BChls a_re SandWIChEd_betWeen the hgllces of
of the LH-I-RC complex. &) Interaction energy between LH-I and RC as thea- andB-apoproteins; they are oriented perpendicular to
a function ofZ and 6. Z represents translation of the RC along thaxis,  the plane of the membrane. The Mg—Mg distance between
and6 stands for rotation of the RC along its pseudo 2-fold symmetry axis.neighboring B875 BChls is 9.2 A within thexB-het-
T o st B o oot o ity o fowmer and 9.3 A betweenneighboring heteroimers. We
better view.Z Ec, in angstroms and is in degrees.k) Interactior? energy denote by B875a the B875 BCI‘!l ligated to MpOprOt,em
between LH-I and RC as a function 6ffor Z = 0. and by B875b the B875 BChl ligated to tifeapoprotein.
The binding site for the B875 BChls in onepB-het-
erodimer is depicted in Fig. B. The central Mg atoms of
the helices, and that of the outer helical ring measures 10the BChlis are ligated to two conserved histidined{is32
A. The overall diameter of the LH-I complex is 118 A. and g-His39. The distance between the Mg atom of B875a
An x-ray projection map of the modeled hexadecamericand the N, atom ofa-His32 is 2.4 A and that between the
complex was generated utilizing the program X-PLORMg atom of B875b and the M atom of B-His39 measures
(Briinger, 1996) and the program NPO in the CCP4 packagalso 2.4 A. The 2-acetyl carboxyl oxygen {§) atoms of
(CCP4, 1994). The calculated x-ray projection map of LH-Ithe two BChl molecules are hydrogen bonded to the N
of Rb. sphaeroidesvas superimposed onto the measuredatom ofa-Trp43 and the I\, atom of 3-Trp48, respectively.
8.5-A electron microscopy projection map of LH-1 8fs.  The hydrogen bond distance measures 2.9 A for the former
rubrumas published previously (Karrasch et al., 1995). Theand 2.7 A for the latter. The suggested hydrogen bonds are
two independently determined maps are presented in Fig. Gonsistent with resonance Raman spectra and the observed
¢ and exhibit good agreement. Peaks of the contours displagbsorption spectra shift of LH-I dRb. sphaeroideand its
a perfect match, which indicates that the membrane-spamutants (Olsen et al., 1994; Sturgis et al., 1997).
ning helices in the model are positioned correctly. We note In analogy to LH-II ofRs. molischianuniKoepke et al.,
that the calculated map displays a denser projection densitiQ96; Hu et al., 1997), the two histidine residueslis32
for the outer helices than the experimentally measured mand -His39, which bind the central Mg atoms of the B875
It is important to realize that the experimental projectionBChls, appear to be involved also in hydrogen bonding of

a)

- E (108 Kcal/mol)

b)

=
wn

E (10° Kcal/mol)
e
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FIGURE 5 Modeled structure of LH-I dkb. sphaeroidega) Side view.
a-Helical segments are represented as cylinders atipoproteins in blue

the 9-keto group of the B875 BChls. As depicted in Fig. 6
b, the distance between the;Natom of a-His32 and the
9-keto oxygen of B875b BChl is 3.6 A, and the distance
between the \, atom of 3-His39 and the 9-keto oxygen of
B875a BChl is 3.5 A. We note that a distance of 3.5 A
between donor and acceptor is not favorable for formation
of a strong hydrogen bond.

The suggested hydrogen bonds, however, are supported
by the observed resonance Raman spectra of different mu-
tants of LH-I of Rb. sphaeroidegOlsen et al., 1997).
Vibrations in the 1600—1700 cnt region are known to be
associated with the stretching modes of the conjugated
carbonyl group, i.e., the 2-acetyl and the 9-keto groups of
BChl-a (Robert and Lutz, 1985). The peak frequency for the
unbounded 9-keto group is1700 cm *. The peak shifts by
—40 cm ! upon hydrogen bonding. This characteristic peak
for the hydrogen-bonded 9-keto group has been observed in
the resonance Raman spectra of LH-I fr&b. sphaeroides
(Olsen et al., 1994, 1997). When all of the potential hydro-
gen-bonding side chains, except the Mg-binding histidines,
in the immediate surroundings of the 9-keto group were
mutated, the characteristic hydrogen-bonded 9-keto Raman
peak was not affected. However, when the central Mg-
binding histidine residue of thB-apoprotein was mutated,
the characteristic Raman peak was attenuated substantially
(Olsen et al., 1997), which suggests that the central Mg-
binding histidine residues also formed hydrogen bonds with
the 9-keto groups of the B875 BChls in LH-I. Each B875
BChl is then noncovalently bound to three side-chain atoms
of the a- or B-apoprotein such that the orientation of the
B875 BChils is spatially well defined. This spatial stability
may contribute to an overall geometrical rigidity of the
circular form of LH-I and may have implications for the
mechanism of light energy transfer in that the transition
dipole moments of the BChils are maintained in a well
ordered arrangement.

LH-I—RC complex

A constrained rigid-body minimal energy search was car-
ried out (see Materials and Methods) to place the photosyn-
thetic reaction center inside the LH-I ring. A unique, ener-
getically optimal configuration was reached. Fig. a/
presents the LH-+RC complex in van der Waals repre-
sentation demonstrating a tight fit of RC inside LH-I.

Spheroidenes are in yellowb)(Top view with carboxy termini pointing
upward; the apoproteins are represented asr&ing tubes. Same color
coding as ina. (Produced with the program VMD (Humphrey et al.,
1996).) €) Superposition of simulated x-ray projection map (cyan) of LH-I
of Rb. sphaeroidesnto the measured 8.5-A electron microscopic projec-
tion map (black) of LH-I ofRs. rubrum(Karrasch et al., 1995). The x-ray
projection map was calculated from structure factors generated from the
coordinates of the modeled LH-I structure Rb. sphaeroideswith car-
boxy termini at top, to 8.5-A resolution. Contours are in steps obOrgns

and B-apoproteins in magenta. The BChl-a molecules are in green withdensity; scale bar represents 20 A. The overall dimension of the cell is
their phytyl tails truncated for clarity and with Mg atoms as white spheres.120 x 120 A.
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FIGURE 6 @) Stereo view of theafB-
heterodimer of LH-1 ofRb. sphaeroides
Apoproteins are drawn as_ Qracing with
a-apoprotein in cyan ang-apoprotein in
magenta. BChls are in green, and
spheroidene is in yellowb] Stereo view of
the B875 bacteriochlorophylls and their
binding partners in anB-heterodimer. The
a- and B-apoproteins (blue and magenta,
respectively) in the nearby region are shown
in tube representation. Dashed lines repre-
sent metal and hydrogen bonds; numbers
indicate distances in angstroms. Produced
with the program VMD (Humphrey et al.,

1996). (b)

A striking feature of the LH-+—RC complex is the ar- Q, transition dipole moments of BChls as defined by the
rangement of tryptophans situated on the periplasmic siddongY axis of BChl that connects the N atom of pyrrol | and
Fig. 7 b shows the tryptophan residues in the LHRC  the N atom of pyrrol Il (Gouterman, 1961). The closest
complex. A plane of tryptophans common to both RC anddistance between the central Mg atom of the RC special pair
LH-I can be recognized. The presence of aromatic residueihacteriochlorophylls R and R) and the Mg atom of the
(mainly tryptophan and tyrosine) flanking membrane-spanBChls in LH-1 is 42.6 A. The distance between the Mg atom
ning segments has been well documented for bacterial poof the accessory BChl (bacteriochlorophyllg &nd B;) and
ins (Cowan et al., 1992; Weiss and Schulz, 1992), thehe LH-I BChls is shorter, the nearest distance measuring
bacterial reaction centers (Schiffer et al., 1992), and eukary35.7 A.
otic membrane proteins (Landolt-Marticorena et al., 1993).

Such a plane of tryptophans is also found in the crystal
structure of LH-II of Rs. molischianumKoepke et al.,
1996).

Depicted in Fig. 7c is the arrangement of BChls in the As discussed above, the planes of tryptophans in both the
LH-I—RC complex. The plane of the ring of BChls in LH-I LH-I—RC complex and the LH-Il complex are located in
encompasses also the reaction center special pgia@ the lipid-water interfacial region and, thereby, align the
Pg) and the so-called accessory bacteriochlorophylls (B pigment-protein complexes of the PSUs. Fig. 8 presents
and B). Table 1 lists coordinates,(y, 2) of the central Mg  LH-II in contact with the LH-HRC complex as aligned by
atoms of BChls, along with unit vectorsl{, U,, U,) for the  the planes of tryptophans: the LHHRC complex ofRb.

Pigment organization in the PSU
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sphaeroidesshown has been modeled in this work, and
LH-11 is from Rs. molischianunas described previously
(Koepke et al., 1996). As there exists, currently, no direct
evidence that indicates LH-Il oRb. sphaeroidess an
octamer or nonamer, we simply substitute the crystal struc-
ture of LH-II of Rs. molischianunKoepke et al., 1996) for
LH-1I of Rb. sphaeroidegor the purpose of illustration.
Such an assembly can be viewed as the most basic PSU.
Both LH-I and LH-II rings of BChls are positioned near the
periplasmic side of the photosynthetic apparatus. More im-
portantly, the B850 BChls of LH-II and the B875 BChls of
LH-I are all exactly co-planar. The shortest Mg—Mg dis-
tance between B875 BChls of LH-I and B850 BChlis of
LH-1l measures~22 A.

DISCUSSION

In this article, we modeled an atomic structure for LH-I of
Rb. sphaeroideby means of homology modeling, molec-
ular dynamics simulations, and energy minimization. Our
goal was to establish an atomic model of the pigment
organization in the bacterial PSU to guide and stimulate
further spectroscopic and biochemical experiments (Wu et
al., 1997; Pullerits and Sundstrom, 1996; van Grondelle et
al., 1994; Olsen et al., 1997). To better achieve this goal, we
provide readers with an assessment of the quality of the
model.

The correctness of LH-1 model d®b. sphaeroidesle-
pends on two key factors, i.e., the assumption of LH-I as a
hexadecamer ofB-heterodimers and the suitability of the
modeling protocol. The former assumption is based on the
observation that the reconstituted LH-I complex R§.
Cvtoplasm rubrumis a hexadecamer. As shown in Fig. 1, ieeand
B-apoproteins of LH-I ofRb. sphaeroidesire highly ho-
mologous to those of LH-I oRs. rubrum More impor-
tantly, our modeling work demonstrated that 16 is the small-
est number ofap-heterodimers that can form a circular
aggregate around the RC. There exist, however, certain
differences between the bacteril®b. sphaeroideandRs.
rubrum Rhodospirillum rubruntontains, for example, only
an LH-I complex in the PSU whereaRb. sphaeroides
possesses both LH-I and LH-II complexd3hodobacter
sphaeroidexontains an additional PufX protein (Farchaus
and Oesterhelt, 1989; Lee et al., 1989) that is abseRfsin

rubrum A number of studies have shown that strain®of
FIGURE 7 Structure of the LH-H-RC complex. &) van der Waals . .
representations of the complex with the periplasmic side on top. The L, M§phaer0|Qe$hat lack thePufX gene are mcapable of phO-
and H subunits of the RC are shown in yellow, red, and gray; thetOSynthetic growth (Farchaus et al., 1990; McGlynn et al.,
a-apoprotein and th@-apoprotein of the LH-I are in blue and magenta, 1994). It has been demonstrated that the PufX protein is
and the BChls are in greerb)(Distribution of tryptophan residues in the  involved, directly or indirectly, in ubiquinone/ubiquinol ex-
LH-I—RC complex. All tryptophans of the RC (yellow) and LH-I (ma- change between the RC and the cytochromg damplex

genta) are shown. The planes of the cylinder are parallel to the plane of th .
membrane. ) Arrangement of BChls in the LH--RC complex. The EBarZ etal, 1995)' HoweveRufX™ mutants inRb. spha—

BChls are represented as squares with B875 BChls of LH-I in green and th@rOidessti” prOd'Uce intact LH-1 complexes with a normal
special pair (R and R;) and the accessory bacteriochlorophylls,(@d  absorption maximum at 875 nm (McGlynn et al., 1994),

Bg) of the RC in red and blue, respectively; cyan bars represgnt Qwhich is an indication that PufX is not essential for LH-I

transition moments of bacteriochlorophylls as defined by the vector CONtormation and justifies a model of LH-I Iacking PufX.

necting the N atom of pyrrol | and the N atom of pyrrol Il (Gouterman, The a Iicability of the modelin rotocol to the circular

1961). Produced with the program VMD (Humphrey et al., 1996). pp ap .
aggregate has been tested by the successful modeling of the
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TABLE 1 Structural data for the LH-I-RC complex

X y z U, U, U,
LH-I 1 44.706 —12.591 71.986 0.634 0.760 0.147
2 47.167 —3.677 72.184 —0.452 —0.886 0.098
3 46.122 5.475 71.986 0.295 0.944 0.147
4 44.984 14.653 72.184 —0.079 —0.992 0.098
5 40.515 22.709 71.986 —0.089 0.985 0.147
6 35.952 30.752 72.184 0.307 —0.947 0.098
7 28.741 36.485 71.986 —0.459 0.876 0.147
8 21.448 42.169 72.184 0.646 —0.757 0.098
9 12.591 44.706 71.986 —0.760 0.634 0.147
10 3.677 47.167 72.184 0.886 —0.452 0.098
11 —5.475 46.122 71.986 —0.944 0.295 0.147
12 —14.653 44.984 72.184 0.992 —0.079 0.098
13 —22.709 40.515 71.986 —0.985 —0.089 0.147
14 —30.752 35.952 72.184 0.947 0.307 0.098
15 —36.485 28.741 71.986 —0.876 —0.459 0.147
16 —42.169 21.448 72.184 0.757 0.646 0.098
17 —44.706 12.591 71.986 —0.634 —0.760 0.147
18 —47.167 3.677 72.184 0.452 0.886 0.098
19 —46.122 —5.475 71.986 —0.295 —0.944 0.147
20 —44.984 —14.653 72.184 0.079 0.992 0.098
21 —40.515 —22.709 71.986 0.089 —0.985 0.147
22 —35.952 —30.752 72.184 —0.307 0.947 0.098
23 —28.741 —36.485 71.986 0.459 —0.876 0.147
24 —21.448 —42.169 72.184 —0.646 0.757 0.098
25 —12.591 —44.706 71.986 0.760 —0.634 0.147
26 —3.677 —47.167 72.184 —0.886 0.452 0.098
27 5.475 —46.122 71.986 0.944 —0.295 0.147
28 14.653 —44.984 72.184 —0.992 0.079 0.098
29 22.709 —40.515 71.986 0.985 0.089 0.147
30 30.752 —35.952 72.184 —0.947 —0.307 0.098
31 36.485 —28.741 71.986 0.876 0.459 0.147
32 42.169 —21.448 72.184 —0.757 —0.646 0.098
RC Pa —3.402 —2.049 68.512 —0.379 —0.860 —0.342
Pg 3.317 2.301 68.262 0.371 0.871 -0.321
Ba 3.369 —9.909 72.059 0.208 0.854 —0.476
Bg —2.852 10.539 70.886 —0.300 —0.870 -0.391

Coordinatesy, y, 2) of the central Mg atoms of BChls and unit vecto (U,, U,) for the Q, transition dipole moments of BChls as defined by the long
Y axis of BChl that connects the N atom of pyrrol | and the N atom of pyrrol Il (Gouterman, 1961).

LH-1l complex fromRs. molischianurto produce a tertiary A combination of spatial and energetic order supports this
structure for the protein that served as a probe model in th&unction: the peripheral components absorb at higher en-
molecular replacement method (Koepke et al., 1996; Hu eérgy, and the core components absorb at lower energy. The
al.,, 1995). In modeling the structure of LH-I froRb.  LH-II complex, which surrounds LH-I, absorbs light at the
sphaeroidesno input was taken from the electron density highest energy (at 500 nm by carotenoids and at 800 nm and
projection map of LH-I fromRs. rubrum The fact that the 850 nm by BChis). The electronic excitation of carotenoids
modeled structure yielded a calculated electron density proand B800 BChls is transferred rapidly{ ps) in LH-1I to
jection map that agreed with the measured electron densitg circular aggregate of 16 BChls absorbing at 850 nm
projection map of LH-I fromRs. rubrumwithout adjust- (Shreve etal., 1991; Joo et al., 1996). The circular aggregate
ment is an indication that the helical segments in the modef B875 BChls in LH-1, which surrounds the RC, absorbs at
eled structure are positioned properly. 875 nm and, thereby, can trap the electronic excitation of
The modeling of LH-I and the LH-4-RC complex es- LH-Il. The energy cascade described naturally funnels en-
tablishes an atomic model of pigment organization of theergy from the outer regions of the antenna complex to the
bacterial PSU. Two significant features of the pigmentRC. The RC accepts excitation energy through two BChls
organization, as depicted in Fig. 8, are 1) the ring-like BChlthat form a strongly interacting dimer, the so-called special
aggregates within LH-1I and LH-I and 2) the co-planar pair. The special pair are in close proximity to two addi-
arrangement of these aggregates and the BChls in RC. Sutibnal BChls named accessory BChls (see Fig).7Inter-
planar pigment organization appears to be optimal for thestingly, the RC BChls absorb at slightly higher energies (at
function of the light-harvesting complexes, i.e., to transfer865 nm for the special pair and at 802 nm for accessory
excitation energy to the RC. BChls) than the B875 BChls of LH-I (Woodbury and Allen,
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FIGURE 8 Basic bacterial photo- A
synthetic unit (PSU), including the
LH-I—RC complex and LH-IIl. The
LH-I—RC complex of Rb. spha-
eroidesis modeled in this work; the
LH-1I is from Rs. molischianumas
described previously (Koepke et al.,
1996); bacteriochlorophyll molecules
are represented as squares. Colors are
the same as in Fig. 5. Produced with
the program VMD (Humphrey et al.,
1996).

Cytoplasm

1995). Energy transfer from light-harvesting complexes llcyanobacteriumSynechococcus elongatKrauss et al.,

and | to the RC occurs within 100 ps and with high effi- 1996).

ciency (near 95%) (Fleming and van Grondelle, 1994; Pul- A most interesting aspect of the pigment organization in

lerits and Sundstrom, 1996). Knowledge of the pigmenthe LH-FRC complex shown in Fig. € is the relative

organization established here provides a basis for studies efrangement of the BChls of LH-I, of the special paip (P

the pathways of excitation transfer and the underlying transand R), and of the accessory bacteriochlorophylls @hd

fer mechanisms (Hu et al., 1997; Ritz et al., 1998; Dam-Bg). The latter are spatially more proximate to BChls of

janovic et al., 1998; Zerner et al., 1998). LH-I. This suggests that the accessory bacteriochlorophylls
The BChls in the ring-like aggregates are in close prox-mediate the energy transfer from LH-I to the RC special

imity; their Mg—Mg distances of 8.9-9.2 A approach the pair. Indeed, the effective Hamiltonian approach in Hu et

small value (8.0 A) of the BChls in the RC special pair al., 1997, suggests that the energy transfer rate from LH-1 to

(Ermler et al., 1994). The resulting strong interaction be-the special pair is enhanced by an order of magnitude

tween the Q excited states of individual BChls is likely to through the accessory bacteriochlorophylls arranged as sug-

overcome thermal disorder and give rise to delocalizedyested in the present study.

coherent excitations, so-called excitons (Frenkel, 1931; The coordinates of the modeled LH-I complex and the

Franck and Teller, 1938; Dracheva et al., 1996; Sauer et algntire bacterial PSU model can be obtained from the authors

1996). Quantum chemical calculations of the circular ag-upon request.

gregate of 16 BChls in LH-Il (Zerner et al., 1998; Hu et al.,

1997; Ritz et al., 1998) revealed that the lowest-energy

exciton is optically forbidden, and hence, one expects that ifthis work was supported by the Carver Charitable Trust, the National

LH-II and, by analogy, in LH-I, the thermally relaxed ex- Institutes of Health (P41RR05969), and the National Science Foundation

citations in the PSU conserve light energy rather than enNSF BIR 9318159 and NSF BIR-94-23827(EQ)). We are grateful for

gage in fluorescence. Despite their lack of osciIIator?&'éi‘;tsgggg::)reso“rces at the San Diego Supercomputer Center

strength, the lowest-energy exciton state couples effectively '

to excitons of other light-harvesting complexes and to the

RC bacteriochlorophylls (Hu et al., 1997). In fact, an effec-
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