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Protein Regulation of Carotenoid Binding:
Gatekeeper and Locking Amino Acid Residues
in Reaction Centers of Rhodobacter sphaeroides

1978). Also, all RCs from naturally occurring species of
photosynthetic bacteria contain a carotenoid molecule
bound in a 1:1 stoichiometric ratio with P (Boucher et
al., 1977; Cogdell et al., 1976). When light is absorbed,
the excited singlet state P* becomes oxidized, and the
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Reaction centers from the bacterium Rhodobacter
(Rb.) sphaeroides provide a valuable opportunity to ex-Summary
plore the molecular details controlling the involvement
of carotenoids in the process of photoprotection. ThisX-ray diffraction was used to determine high-resolu-
is because the structure of this protein has been deter-tion structures of the reaction center (RC) complex
mined by X-ray diffraction (Allen et al., 1988; Arnoux etfrom the carotenoidless mutant, Rb. sphaeroides
al., 1989; Chang et al., 1986, 1991; Ermler et al., 1994;R-26.1, without or reconstituted with carotenoids. The
Feher et al., 1989; Komiya et al., 1988; McAuley et al.,results are compared with the structure of the RC from
2000; Yeates et al., 1988), and RCs from the carot-a semiaerobically grown Rb. sphaeroides strain 2.4.1.
enoidless strain R-26.1 can be reconstituted with carot-The investigation reveals the structure of the carot-
enoids having different conjugated chain lengths andenoid in the different protein preparations, the nature
functional group substitutions (Agalidis et al., 1980;of its binding site, and a plausible mechanism by which
Chadwick and Frank, 1986; Frank et al., 1986). For exam-the carotenoid is incorporated unidirectionally in its
ple, spheroidene may be readily incorporated intocharacteristic geometric configuration. The structural
R-26.1 RCs, where it exhibits the same spectroscopicdata suggest that the accessibility of the carotenoid
and functional characteristics of natural spheroidene into the binding site is controlled by a specific “gate-
Rb. sphaeroides wild-type strain 2.4.1 (Agalidis et al.,keeper” residue which allows the carotenoid to ap-
1980; Chadwick and Frank, 1986; Frank et al., 1986;proach the binding site from only one direction. Carot-
Frank and Violette, 1989). Spectroscopic studies on thisenoid binding to the protein is secured by hydrogen
and other carotenoid-containing Rb. sphaeroides RCsbonding to a separate “locking” amino acid. The study
have established an essential role for BChlB in mediatingreveals the specific molecular interactions that control
triplet energy transfer (Chadwick and Frank, 1986; De-how the carotenoid protects the photosynthetic appa-
Winter and Boxer, 1999; Frank, 1990; Frank et al., 1986,ratus against photo-induced oxidative destruction.
1993, 1996; Frank and Violette, 1989; Schenck et al.,
1984; Takiff and Boxer, 1988a, 1988b; Taremi et al., 1989)

Introduction and have elucidated the energetic requirements. An im-
plicit assumption in all of these studies, however, is that

Reaction center complexes isolated from purple nonsul- the reconstituted carotenoid binds in the same position
fur photosynthetic bacteria contain a bacteriochloro- and with the same structure as the carotenoid in native
phyll (BChl) dimer as a primary electron donor (P), two RCs. High-resolution structures of these reconstituted
monomeric accessory BChls (BChlA and BChlB), two RCs are needed to verify whether this is indeed the case.
bacteriopheophytins (φA and φB), and two quinones (QA This paper presents high-resolution structures of
and QB) (Blankenship et al., 1995; Clayton and Sistrom, three RC protein complexes from the carotenoidless

mutant, Rb. sphaeroides R-26.1, either without carot-
enoids or reconstituted with either spheroidene or 3,4-*Correspondence: harry.frank@uconn.edu
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Table 1. Data Collection and Refinement Statistics

R-26.1 Carotenoidless R-26.1 Reconstituted R-26.1 Reconstituted with
RC with Spheroidene 3,4-Dihydro-Spheroidene

PDB ID code 1RG5 1RGN 1RQK

Data Collection

Resolution range (Å) 23.3–2.5 24.0–2.8 15.3–2.7
Space group P312 P312 P312
Data measured at: SRS Daresbury, ESRF Grenoble, In-house rotating anode

Beamline 9.6 Beamline ID14-3 generator Nonius FR591
Detector ADSC Quantum4 MAR CCD MacScience DIP2020
Temperature (K) 298 100 298
Cell (Å) (a � b, c) 144.0, 190.1 139.8, 184.0 141.7, 187.2
Unique reflections 78,686 46,063 57,643
Redundancy (last shell) 4.7 (4.8) 3.9 (3.5) 2.1 (2.0)
Completeness (%) 99.1 (99.0) 89.0 (91.4) 96.2 (95.1)
Average I/� 11.0 (2.2) 22.5 (3.2) 7.3 (1.5)
Rmerge

a 0.074 (0.864) 0.055 (0.342) 0.107 (0.786)

Refinement

R factorb 0.155 0.189 0.162
Rfree

b 0.182 0.232 0.194

Ramachandran Plot

Most favored and allowed regions/ 99.7/0.0 99.7/0.0 99.7/0.0
disallowed regions (%)

Rms deviation bond lengths (Å) 0.017 0.019 0.016
Rms deviation bond angles (�) 1.7 1.9 1.7
Coordinate errorc (Å) 0.16/0.10 0.40/0.19 0.25/0.14
No. of all atoms/water molecules 7451/243 7289/173 7522/208

refined
Average/Wilson plot B factors (Å2) 52.9/57.4 70.6/79.5 47.6/53.0

Values in parentheses are for the highest resolution bin (approximate interval, 0.05 Å).
a Rmerge � �|Ihkl � �Ihkl	|/�Ihkl.
b R � �|Fo(hkl)| � |Fc(hkl)|/�|Fo(hkl)| for all data except for 5% that was used for the Rfree calculations.
c Estimated standard uncertainty; first value calculated using the method of Cruickshank (Cruickshank, 1999), second one based on maximum
likelihood as implemented in REFMAC (Murshudov et al., 1997).

dihydrospheroidene (also known as methoxyneurospor- enoid and is ideal for this analysis. The AM260W
mutation is in the QA binding site on the opposite sideene) (Table 1). The results are compared with the struc-

ture of the RC from a semiaerobically grown Rb. sphae- of the RC from where the carotenoid is bound and intro-
duces no changes to the RC protein in the vicinity ofroides mutant strain AM260W (McAuley et al., 2000)

containing spheroidenone (Figure 1). The Rb. sphae- the carotenoid. The present study pays particular atten-
tion to the structure of the carotenoid and the natureroides AM260W mutant structure is our highest resolu-

tion structure of an RC that naturally contains a carot- of its binding site in the protein and reveals a novel
mechanism by which the carotenoid binds to the protein
unidirectionally in its characteristic 15-15
-cis geometric
configuration. This information is important for elucidat-
ing the role the protein plays in controlling the high
efficiency of triplet energy transfer from the primary do-
nor to the carotenoid in RCs and for understanding how
the protein uses carotenoids as protective devices
against photooxidation.

Results and Discussion

Reaction centers isolated from semiaerobically grown
Rb. sphaeroides wild-type contain a spheroidenone
molecule (Figure 1) residing �11 Å from the primary
electron donor and in van der Waals contact with the
accessory BChlB (Figure 2) (McAuley et al., 2000). If the
Rb. sphaeroides cells are grown anaerobically, the RCs
contain spheroidene (Figure 1) in the same location (Ar-Figure 1. The Structures of the Carotenoids in the RCs Studied in

the Present Work noux et al., 1989; Yeates et al., 1988). In both of these
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Table 2. Amino Acid Residues and Cofactors Comprising the
Carotenoid Binding Site with the Distances of Closest
Approach and Contact Surface Areas between the Atoms of the
Residues and the Atoms of the Carotenoid, Spheroidenone

Distance of Closest Contact Surface
Approach (Å) Area (Å2)

BChlB 3.4 101.2
Trp M66 4.0 14.8
Phe M67 3.6 59.6
Phe M68 3.2 39.9
Ile M70 3.6 33.7
Gly M71 3.3 28.5
Ile M72 4.4 12.1
Phe M74 3.5 46.4
Trp M75 3.1 (H bond) 45.2
Phe M85 3.9 30.0
Leu M89 4.1 9.2
Phe M105 4.4 26.9
Trp M115 3.7 31.2
Leu M116 4.3 15.3
Ser M119 3.5 36.6
Phe M120 4.1 38.4
Met M122 3.7 17.5
Phe M123 4.2 38.8
Trp M157 3.3 63.9
Met M158 4.1 4.7
Leu M160 3.8 30.5
Gly M161 3.7 31.2
Phe M162 3.8 44.6
Trp M171 3.5 35.9
Val M175 3.5 37.9
Pro M176 4.5 1.1
Tyr M177 3.7 52.0
Gly M178 3.8 18.2
Ile M179 3.7 30.1
His M182 3.6 41.5

The values were calculated from the X-ray structure of the AM260W
mutant of Rb. sphaeroides (McAuley et al., 2000; PDB ID code 1QOV)
determined at 2.1 Å resolution.

enoid. The residues are listed in Table 2 together with
their distances of closest approach and the contact sur-
face areas between the atoms of the residues and the

Figure 2. Two Views of the Binding of the Carotenoid Spheroide- atoms of the carotenoid, spheroidenone. The values
none, in Green, in the RC from the Rb. sphaeroides AM260W Mutant were calculated as described in (Sobolev et al., 1999)
Determined at 2.1 Å Resolution

from the X-ray structure of the AM260W mutant of Rb.
(A) Top view showing the proximity of the carotenoid to the BChl sphaeroides (McAuley et al., 2000; PDB ID code 1QOV)
dimer, P, and the accessory BChlB (both in red), and its position

determined at 2.1 Å resolution. Twenty-three of therelative to the � helices in the M subunit of the RC.
amino acids and the BChlB generate hydrophobic-(B) Side view showing the protrusion of the methoxy-head and tail

regions of the carotenoid from the protein. This view also shows hydrophobic, stabilizing contacts with the carotenoid.
that the carotenoid is located at the top, or at the edge, of the Among these are 15 aromatic amino acids, including 8
transmembrane region of the RC. The chain shown in orange is the phenylalanines, 5 tryptophans, 1 tyrosine, and 1 histi-
phytol tail of φB. This structure has PDB ID code 1QOV. dine, which together comprise more than 50% of the

ligand-protein complementarity surface area; the total
theoretical surface of carotenoid in a 15-15
-cis configu-cases, the carotenoid adopts a 15-15
-cis geometric

isomeric configuration (Figure 2A) and lies in a plane ration is �1200 Å2. BChlB has the largest single contribu-
tion in the carotenoid binding pocket (Table 2). The BChlBroughly parallel to the surface of membrane (Figure 2B).

The carotenoid is located wholly within the M subunit macrocycle and its phytol tail are in contact with the
carotenoid. Nineteen residues possess some degree ofof the RC complex and wraps itself around two trans-

membrane helices spanning residues M54–M77 and hydrophobic-hydrophilic, destabilizing interactions with
the carotenoid. Figure 3A shows the entire carotenoidM114–M139, respectively (Figure 2A). The carotenoid is

found between the second of these helices and a third binding site with the electron density for the AM260W
mutant (McAuley et al., 2000). Figures 4A–4D show thetransmembrane helix containing amino acids M145–

M168. The carotenoid binding pocket is constructed close-up details in the “methoxy-head,” “cis-bond,”
“end-of-conjugation,” and “tail” regions of the carot-from 29 amino acids and the accessory bacteriochloro-

phyll, BChlB, all of which come within 4.5 Å of the carot- enoid, respectively.
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which Trp M75 can reside; otherwise it would clash with
the protein. Thus, neighboring residues are responsible
for positioning Trp M75 in a suitable conformation for
hydrogen bonding to the carotenoid. Also, this region
of the carotenoid binding site involving Trp M75 and
Phe M85 is very ordered. In contrast, on the opposite
side of the carotenoid binding site, Phe M67 and Phe
M68 (see Figure 4A) are able to adopt a number of
conformations in the carotenoidless RC, which suggests
that they can adjust their positions to allow the carot-
enoid easier access to the binding site.

The hydrogen bond involving Trp M75 is probably
the most energetically stable single protein contact for
carotenoid binding, and as suggested by previous struc-
tures (Arnoux et al., 1989; Chirino et al., 1994; McAuley
et al., 2000), it is very important for “locking” the carot-
enoid in its site and ensuring secure, unidirectional bind-
ing. Carotenoids lacking the methoxy group are often
removed during purification of the RCs (R.J.C., unpub-
lished data). Analyses of the carotenoid composition of
whole cells of Rb. sphaeroides strain GA reveal that
three primary carotenoids, neurosporene, chloroxan-
thin, and 3,4-dihydrospheroidene, are present in the per-
cent ratio 48:37:14 (Takaichi, 1999). Neurosporene lacks
an oxygenated functional group, chloroxanthin has a
hydroxy-head group, and 3,4-dihydrospheroidene has a
methoxy-head group (Figure 1). Analysis of the pigment
composition of RCs isolated from this strain shows that
3,4-dihydrospheroidene is bound in 94% of the RCs
isolated from this strain (Cogdell, 1978), illustrating the
importance of the methoxy-head group in binding. Also,
apparently the carbonyl group on spheroidenone is un-
important to carotenoid binding, because it has no sig-
nificant or obvious interactions with amino acid residues
in the binding site.

Several regions of �-� stacking interactions between
Figure 3. The Carotenoid Binding Site the conjugated polyene portion of carotenoid and the

aromatic amino acid side chains, and the BChlB, stabilizeThe carotenoid binding site showing (A) the electron density for
the AM260W mutant of Rb. sphaeroides containing spheroidenone the carotenoid binding in addition to hydrogen bonding
(McAuley et al., 2000) and (B) the electron density and structure (in to Trp M75. The most important of these is the interac-
yellow) of the RC from the carotenoidless mutant Rb. sphaeroides tion between the 15-15
-cis double bond region of the
R-26.1 in the absence of a bound carotenoid overlaid with the struc-

carotenoid and the acetyl group and the peripheral car-ture of spheroidenone (in green). Note that when the carotenoid is
bon-carbon � bond of ring I of the BChlB macrocycleabsent (in [B]), the binding site contains a single LDAO detergent

molecule and the “gatekeeper” Phe M162 side chain. This conforma- (Figures 2A and 4B). Although the conjugated planes of
tion of Phe M162 contrasts with that shown in (A), where, in the the BChlB and the carotenoid are not exactly parallel
presence of the carotenoid, it is found in an alternate position out- (dihedral angle �20�), the distances between their atoms
side the binding site. Note also the locations of the BChlB phytol in the overlapping region are in the 3.2–3.4 Å range.
tail and Phe M67 (in [A]), which stabilize the carotenoid in place.

This relative arrangement of carotenoid and the BChlBThis structure has PDB ID code 1QOV.
macrocycle is critical for the effectiveness of the triplet
quenching properties of carotenoid, because triplet-

Both ends of carotenoid molecule in Rb. sphaeroides triplet energy transfer requires van der Waals contact
RCs are solvent accessible in the crystal structure (see between pigments for efficient electron exchange (Dex-
Figure 2), but these areas constitute only about 15% of ter, 1953). �-� stacking interactions are also found near
the carotenoid complementarity surface. The hydro- the end-portion of the carotenoid conjugated system
philic methoxy-head of spheroidenone is involved in a where the C11
-to-C9
 segment (see Figure 1) of the
single carotenoid-protein hydrogen bonding interaction polyene chain comes in proximity to the indole ring of
formed between the methoxy oxygen of carotenoid and Trp M157 (Figure 4C). Here the dihedral angle between
the hydrogen on the indole group N atom of Trp M75. interacting moieties is �15�. A parallel arrangement is
The OCar–NM75 distance was found to be 3.3 Å for spheroi- not possible due to presence of the C9
-methyl group
denone, 2.9 Å for spheroidene, and 3.4 Å for 3,4-dihy- of the carotenoid. However, there is still close distance
drospheroidene. The orientation of the Trp M75 side between atoms C11
 and the nitrogen on Trp M157,
chain is held in place by a �-� stacking interaction with which is 3.1 Å for spheroidenone, 3.0 Å for spheroidene,

and 3.1 Å for 3,4-dihydrospheroidene. Another regionthe Phe M85 (Figure 4A). This is the only position in
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Figure 4. Close-up Details in Regions of the
RC Binding Site Containing the Carotenoid,
Spheroidenone

Close-up details in the (A) “methoxy-head”,
(B) “cis-bond”, (C) “end-of-conjugation,” and
(D) “tail” regions of the RC binding site con-
taining the carotenoid, spheroidenone. The
dashed line in (A) corresponds to a hydrogen
bond between the methoxy-head group of
the carotenoid and Trp M75.

of potential �-� stacking exists near the head portion NM75 distance of 2.9 Å, was found to be the shortest of all
three RC proteins examined here. This set of disparateof the carotenoid; viz. between the C4-C6 segment of

the carotenoid and the phenyl ring of Phe M67 (Figures situations for the different carotenoid molecules indi-
cates flexibility in the head region consistent with the3 and 4A). In this case, the dihedral angle between inter-

acting conjugated planes is �40�, but the close distance variation in functional group substitutions, e.g., car-
bonyl, methoxy, hydroxy, etc., that are able to be accom-of 3.3–3.5 Å between the nearest atoms in the overlap-

ping regions suggests the presence of �-� stacking modated by the protein.
When the carotenoid is absent from the RC, the carot-interactions. This is most clear for the structure con-

taining spheroidenone. enoid binding pocket is found to be smaller because
the BChlB phytol tail adopts a different conformationComparisons of the structures of main chain atoms

in the vicinity of the carotenoid binding site show that directed away from the carotenoid site. This changes the
shape of approximately one-third of the binding pocketthe structures are almost identical. Matching of the M55-

M190 regions of the R-26.1 carotenoidless RC and the from a tunnel to a solvent-accessible channel. The cen-
tral portion of the pocket contains a stretch of electronAM260W mutant RC reveals that the rms coordinate

displacement for the main chain atoms is only 0.34 Å. density, which can be fitted with a single LDAO deter-
gent molecule (Figure 3B). The carotenoid tail regionSimilar comparisons to the AM260W structure for R-26.1

RCs reconstituted with spheroidene or 3,4-dihydro- of the pocket space has new electron density, which
clearly indicates an alternative conformation to thatspheroidene show average coordinate displacements

of 0.29 and 0.16 Å, respectively. These values are not found in carotenoid-containing RCs, of the phenylala-
nine side chain of residue M162. This conformation ofsignificant given the resolution and accuracies of the

structures. Figure 5 shows the three carotenoid struc- the Phe M162 is the one most expected for phenylala-
nine side chains, it being found in �46% of phenylala-tures overlaid on top of each other as a result of these

comparisons. It is important to note that the close agree- nine residues in high-resolution protein structures (Pon-
der and Richards, 1987). However, this conformationment in the structures shown in the figure derives from

overlaying the surrounding M chain protein and not from would interfere sterically with the carotenoid if the carot-
enoid were also present in the binding site. Figure 3Bsuperimposing the carotenoid molecules themselves.

Thus, it is clear that the 15-15
-cis bond is in an identical illustrates this by showing the structure and electron
density for the carotenoidless R-26.1 RC with the spher-position relative to the BChlB macrocycle in both natural

and carotenoid-reconstituted structures. The conforma- oidenone molecule overlaid where it is found in the
AM260W mutant. When the carotenoid is bound, thetions of the three molecules differ slightly at the noncon-

jugated tail region and in the methoxy-head area. The phenylalanine side chain is rotated to a position outside
the binding site (Figure 3A). Thus, Phe M162 acts as amethoxy group of the spheroidene molecule was found

to be rotated by 180� relative to its orientation in the “gatekeeper” residue, preserving the integrity and struc-
ture of the binding site in the absence of the carotenoid,spheroidenone- and 3,4-dihydrospheroidene-containing

structures but still forming a hydrogen bond to the M75- yet having the ability to change its conformation and
move away from the site when the carotenoid is pre-Trp indole group. This hydrogen bond, which has a OCar–



Structure
770

rather high at �70 kcal/mol (Morrison and Boyd, 1983).
By analogy, in the retinal binding protein, rhodopsin, the
protein is not able to generate the 11-cis isomer of retinal
from the all-trans form even though the difference in
binding energy for the 11-cis isomer is higher than the
barrier to isomerization (Birge, 1981). Thus, it would be
very unusual for the photosynthetic bacterial RC to in-
duce isomerization of the carotenoid by simply binding
the molecule to the protein. Also, although all-trans reti-
nal does not bind to rhodopsin, the 11-cis and 9-cis
isomers spontaneously enter the binding site (Birge,
1981). This may provide a clue to how the carotenoid
binds to the RC. Regardless, the structural data pre-
sented here completely rule out the binding of the carot-
enoid to the RC in an all-trans form. There would be tooFigure 5. The Three Carotenoid Structures Discussed in the Text
many clashes with the protein. Moreover, the carotenoidOverlaid by Matching the Surrounding M Chain Protein of the RC

Proteins binding site in the RC most certainly cannot accommo-
The circles near the ends of the carotenoids correspond to oxygen date the molecule undergoing a sweeping trans-to-15-
atoms. Spheroidenone was present in RCs from the semiaerobically 15
-cis isomerization while bound to the protein.
grown cells, whereas spheroidenone and 3,4-dihydrosperoidene An alternative interpretation for the mechanism by
were reconstituted into RCs isolated from R261.1.

which carotenoids end up in a cis-isomeric form upon
binding is that a fraction of the molecules are initially

sented for binding. A similar effect is not expected from converted into the 15-15
-cis configuration before being
the other two phenylalanines, Phe M123 and Phe M120, incorporated. Thermal isomerization, which includes the
in the vicinity of the carotenoid tail because the most processes of spontaneous isomerization at room tem-
preferred conformations of these residues are not per- perature and isomerization upon heating in the absence
mitted owing to potential clashes with other M chain of light or catalysts, can be very efficient, depending on
residues. the carotenoid and solvent system, and usually gener-

The crystal structures presented here show that re- ates a distribution of several different geometric isomers
constitution of spheroidene and 3,4-dihydrospheroi- (Koyama and Fujii, 1999; Kuki et al., 1991; Zechmeister,
dene into RCs prepared from the carotenoidless mutant 1944). Thermal conversion of trans carotenoids into cis
Rb. sphaeroides R-26.1 lead to carotenoid binding very forms may be facilitated by sonication of the carotenoid/
much the same as that found for natural spheroidenone. RC solution. This hypothesis was tested by preparing a
Most importantly, the position of the characteristic 15- solution of spheroidene in 15 mM Tris buffer (pH 8.0)
15
-cis bond of the carotenoid relative to the BChlB mac- containing 0.67% Triton X-100. One half of this solution
rocycle is virtually identical in all cases (see also Figure was sonicated in the dark for 45 min while the other
5) and is in close proximity to it, as is required for triplet- half was kept in the dark at room temperature and not
triplet energy transfer from the primary donor to the sonicated. HPLC analysis of the two samples revealed
carotenoid via the BChlB molecule. 32%  9% more of the central-cis-isomer relative to

The carotenoids used here for reconstitution into Rb. the all-trans isomer in the sample that was sonicated
sphaeroides R-26.1 RCs are initially primarily in an all- compared to the one that was not. Sonication is obliga-
trans geometric configuration because this is the domi- tory to achieving a high level of incorporation of the
nant isomeric form for these carotenoids prepared either carotenoid in the protein. The agitation may also facili-
synthetically (3,4-dihydrospheroidene) or from extrac- tate reconstitution by opening the protein binding
tion from Rb. sphaeroides wild-type cells (spheroidene). pocket for easier access by the carotenoid. The 15-15
-
The dominance of the all-trans configuration in the cell cis geometric isomer is one of the more stable configura-
extracts has been confirmed by high-performance liquid tions of carotenoids and could be selected from the
chromatography (Frank et al., 1997). Therefore, it is inter- distribution preferentially by the protein for binding. This
esting to ask how the carotenoids structures are iso- would also be consistent with a several-fold molar ex-
merized to the 15-15
-cis-isomeric form found in all cess of the carotenoid being required in the reconstitu-
RCs? One mechanism is that the RC protein acts as an tion procedure. It is also worthy of note that a locked-
isomerase. A carotenoid isomerase (CRTISO) enzyme 15-15
-cis isomer of spheroidene readily binds to R-26.1
exists in higher plants and cyanobacteria for the conver- RCs (Bautista et al., 1998), but attempts to reconstitute
sion of poly-cis-lycopene into the all-trans molecule a locked-13-cis-spheroidene were unsuccessful (H.A.F.
(Isaacson et al., 2002). From the available Rhodobacter and J. A. Bautista, unpublished data).
genomes, there does not appear to be any sequence The structure of the carotenoid binding site elucidated
closely related to the crtISO gene that codes for this from the present studies provides a reasonable scenario
enzyme. In any case, the enzyme is certainly not ex- for the path the carotenoid must take upon incorporation
pected to be present in the purified RC solutions used into the protein. The carotenoid must enter the protein
in this work for reconstitution of the carotenoids. One from the Trp M75 side; otherwise, Phe M162, in its pre-
could envision that the strength of binding of the carot- ferred conformation in the empty carotenoid binding site
enoid to the protein may be sufficient to overcome the (Figure 3B), would not be able to move out of the way.

Moreover, the bulky size of the methoxy-head groupbarrier for trans-to-cis isomerization, but this barrier is
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Crystallization of the Proteinssuggests that the floppy tail of the carotenoid must
Crystals were grown by the sitting drop vapor diffusion method frombe inserted first upon reconstitution. The carotenoid
droplets containing RCs at a final absorbance of 45 (at 800 nm in apushes past the gatekeeper residue, Phe M162, and is
1 cm cell), 0.1% w/v LDAO, 3.5% w/v 1,2,3-heptanetriol, 0.35–0.50 M

then fixed in place by a hydrogen bonding interaction trisodium citrate, and 10 mM Tris HCl (pH 8.0) at a temperature of
between the methoxy group of the carotenoid and the 16�C. The drops were equilibrated against a reservoir of 1.1–1.2 M

trisodium citrate. 4% v/v ethylene glycol was added to some dropsindole hydrogen on the locking residue, Trp M75.
to ease the further addition of this substance used as a cryoprotec-
tant in diffraction experiments carried out at 100 K. In these wells

Conclusions 0.4–0.5 M trisodium citrate was used as a precipitant, and 1.4–1.6 M
The high-resolution structures of RC protein complexes trisodium citrate was placed in the reservoir. Crystals appeared
with reconstituted carotenoids presented here reveal a within 1–4 weeks and grew as trigonal prisms of variable size ranging

from 0.2 to 1.5 mm in the longest dimension, with the smaller onesremarkable similarity in the configurations of the bound
appearing in the wells containing ethylene glycol.carotenoids and the conformations of amino acid resi-

dues that comprise their protein binding sites. In addi-
X-Ray Diffraction Data Collection, Processing,tion, the structural data reveal a plausible mechanism
and Structure Refinementfor carotenoid insertion into the protein during reconsti-
The data processing and final structure refinement statistics are

tution. Accessibility of the carotenoid to the binding site listed in Table 1. X-ray diffraction data for the carotenoidless R-26.1
is controlled by Phe M162 acting as a gatekeeper, which RC and that reconstituted with 3,4-dihydrospheroidene were col-
allows the carotenoid to approach the binding site from lected at room temperature using capillary mounted crystals. Sam-

ples were of trigonal prism morphology with the prism length of atonly one direction. Secure carotenoid binding is ensured
least 1 mm to allow for multiple exposures in several separate por-by hydrogen bonding to the locking residue, Trp M75,
tions of the crystal. Diffraction experiments for R-26.1 RCs reconsti-and a stabilizing interaction with the phytol tail of the
tuted with spheroidene were performed at 100 K using smaller sized

BChlB molecule. Also, the mechanism by which the ca- crystals. These were gradually equilibrated in mother liquors con-
rotenoids bind to the protein in a characteristic 15-15
- taining increasing concentrations of ethylene glycol (5%–30% v/v)
cis configuration is indicated by these studies to be due before being looped and quickly placed in the stream of N2 at 100 K.

The effect of low temperature is evident in the smallest unit cell forto the preferential selection by the protein of the 15-
this RC.15
-cis geometric configuration from the distribution of

The data were indexed, integrated, and scaled using the HKLgeometric isomers of the carotenoid present in solution.
suite of programs (Otwinowski and Minor, 1997). All three structures
were phased by molecular replacement using the program AMoRe

Experimental Procedures (Navaza, 1994). The structure of the AM260W mutant of the RC from
Rb. sphaeroides determined at 2.1 Å resolution (McAuley et al.,

Cell Growth and Isolation of RCs 2000) was used as an initial model. Further processing was carried
Reaction centers were prepared from Rb. sphaeroides R-26.1 cells out using programs from the CCP4 package (CCP4, 1994). Manual
grown anaerobically in modified Huntner’s media (Cohen-Bazire et rebuilding of the models was performed using QUANTA (Accelrys).
al., 1957) and purified according to the procedures described pre- In the cases of the carotenoidless RC and the RC reconstituted
viously (Farhoosh et al., 1997). with 3,4-dihydrospheroidene, cardiolipin, LDAO detergent, heptane-

1,2,3-triol, and water molecules were added manually into the Fo-Fc

electron density maps or with the use of the X-SOLVATE tool ofIncorporation of Carotenoids into the RCs
from Rb. sphaeroides R-26.1 QUANTA (Accelrys). In the case of the RC reconstituted with spheroi-

dene, detergent and water molecules were identified and fitted, andThe spheroidene used in this study was extracted from anaerobically
grown Rb. sphaeroides wild-type strain 2.4.1 and purified by column a single phosphate ion was fitted in the cardiolipin binding region

identified in the two other structures. All refinements have beenchromatography as previously published (Polı́vka et al., 2001). The
3,4-dihydrospheroidene was obtained by synthetic methods de- carried out using a maximum likelihood method as implemented in

REFMAC (Murshudov et al., 1997). As there is a strong correlationscribed in the literature (Gebhard et al., 1990, 1991; Marui et al.,
2001). For reconstitution with spheroidene, RCs from Rb. sphaeroi- between occupancies and temperature factors, only the latter pa-

rameters were refined. The individual atomic temperature factors Bdes R-26.1 were introduced into an 8 ml vial, and 1% of Triton X-100
in 15 mM Tris buffer (pH 8.0) was added to obtain a final solution of were found to vary within the carotenoid structures. Their values

for the atoms in central portions of carotenoids were close to the0.67% Triton X-100. For reconstitution with 3,4-dihydrospheroidene,
LDAO was used throughout in place of Triton X-100. A 15-fold molar average B factor for all atoms of RC and for the atoms of the mac-

rocycle of the relevant BChlB. B factors for the atoms of the headexcess of spheroidene or a 5-fold molar excess of 3,4-dihydrospher-
oidene in petroleum ether relative to BChl was layered onto the and tail regions were higher.

These variations in B factors could be taken to represent thesurface of the RC solution. The petroleum ether was then evaporated
with a stream of nitrogen. The resulting mixture was sonicated for degree of flexibility in the carotenoid molecules and the effects of

interactions between different parts of the carotenoids and their30–45 min at room temperature in the dark. The solution was then
diluted by a factor of five with 15 mM Tris buffer (pH 8.0) and loaded environments. The least flexibility and/or strongest interactions are

therefore expected for the central portions of carotenoids whereonto a 1 � 8 cm DEAE Sephacel column. The RCs containing the
bound carotenoid were washed using a buffer containing 15 mM the cis-bond is the midpoint, while the head and tail portions show

more flexibility or perhaps weaker interactions to the surroundingTris, 0.1% Triton X-100, and 100 mM NaCl (at pH 8.0) to remove the
excess unbound carotenoids. The purified RCs were then eluted protein.

To account for the high anisotropy of the experimental diffractionusing a buffer containing 15 mM Tris, 0.1% Triton X-100, and 300 mM
NaCl (at pH 8.0) and dialyzed overnight using Spectrapor standard data, the TLS (translation, libration, and screw tensors) thermal

mode of refinement was employed (Winn et al., 2001). In this mode,cellulose dialysis tubing (25 mm, M.W. cutoff 12,000–14,000 D)
against 15 mM Tris buffer containing 0.03% Triton X-100 (at pH 8.0). first the TLS components are refined for selected groups of atoms

or molecules to represent correlated atomic group motions. This isFinally, the RCs with the carotenoid incorporated were concentrated
for the crystallization trials by centrifugation at 3000 � g using an followed by the restrained refinement of atomic coordinates and

isotropic B factors representing the residual thermal contributions,Amicon microconcentrator (MW cutoff of 10,000 D). The absorption
spectra of Rb. sphaeroides R-26.1 RCs before and after reconstitu- which cannot be modeled by TLS tensors. The whole asymmetric

unit was assigned as a single TLS group in the structures reportedtion with the carotenoids have been published previously (Farhoosh
et al., 1997; Frank, 1999). here. This mode of refinement produced significant improvement
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over the non-TLS isotropic refinement by lowering the crystallo- Chadwick, B.W., and Frank, H.A. (1986). Electron-spin resonance
studies of carotenoids incorporated into reaction centers of Rhodo-graphic R factors and by improving electron density in disordered

regions. The same TLS mode of refinement was also applied for bacter sphaeroides R26.1. Biochim. Biophys. Acta 851, 257–266.
further refinement of the structure of the AM260W mutant of Rb. Chang, C.H., Tiede, D., Tang, J., Smith, U., Norris, J., and Schiffer, M.
sphaeroides RCs (McAuley et al., 2000) prior to its use as a starting (1986). Structure of Rhodopseudomonas sphaeroides R-26 reaction
model for molecular replacement calculations in this study (A.W.R., center. FEBS Lett. 205, 82–86.
unpublished results). This produced a significant drop of R factors Chang, C.-H., El-Kabbani, O., Tiede, D., Norris, J., and Schiffer, M.
for the AM260W mutant structure from 16.9% to 13.6% for R and (1991). Structure of the membrane-bound protein photosynthetic
from 18.6% to 15.3% for Rfree. More importantly, this produced im- reaction center from Rhodobacter sphaeroides. Biochemistry 30,
proved electron density maps which allowed better tracing of the 5352–5360.
difficult regions at the RC surface, including the phytol tails of the

Chirino, A.J., Lous, E.J., Huber, M., Allen, J.P., Schenck, C.C., Pad-BChlB and φB molecules. Unless otherwise stated, all further refer-
dock, M.L., Feher, G., and Rees, D.C. (1994). Crystallographic analy-ences to the structure of the AM260W mutant relate to the more
ses of site-directed mutants of the photosynthetic reaction centerfully refined structure (A.W.R., unpublished data). During all refine-
from Rhodobacter sphaeroides. Biochemistry 33, 4584–4593.ments, the models were monitored for geometrical quality using the
Clayton, R.K., and Sistrom, W.R., eds. (1978). The Photosyntheticprogram PROCHECK (Laskowski et al., 1993).
Bacteria (New York: Plenum Press).
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