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ABSTRACT. Bacteriochlorophyll (BChl) structural requirements for formation of the core light-harvesting

complex (LH1) and its structural subunit complex

were examined by reconstitution with BChl analogs

and theo- and 3-polypeptides ofRhodospirillum rubrumand Rhodobacter sphaeroidesComparable
results were obtained with most of the BChl analogs and the polypeptides of each bacterium, indicating
the conservation of BChl binding sites. These systems showed the following common requirements for
formation of the subunit complex and LH1: (1) Mg or a metal of similar size and coordination chemistry
(e.g., Zn, Cd, Ni), (2) a bacteriochlorin oxidation state of the macrocyclic ring, (3f-@d®omethoxy
group, and (4) an intact ring V. Some structural features were not as critically important. For example,
the subunit complex and LH1 could be formed with both sets of polypeptides andB&hivell as with

analogs containing either short (ethanol) or long

(phytol) esterifying alcohols. Two derivatives were

identified that behave differently with the two sets of polypeptides. The 3-acetyl group is required to
form LH1 in both bacteria, although a subunit-type complex was readily formed with [3-vinyl]BChl
and the polypeptides d®s rubrum but formed only slightly under special conditions with polypeptides
of Rb. sphaeroides [13*-OH]BChl g, formed both subunit- and LH1-type complexes with tkeand
B-polypeptides oRh sphaeroidesut not with those oRs rubrum Thus, some subtle differences in

the BChl binding sites exist in the LH1 complexes of these two bacteria.

The light-harvesting (LH) complexes of photosynthetic
bacteria, which consist of integral membrane protein, bac-
teriochlorophyll (BChl), and carotenoid, exhibit a highly

or more types of accessory BChl-containing light-harvesting
complexes. On the basis of analytical determination of BChl
to reaction center (RC) ratios, native LH1 B rubrum

associated structure which contains multiple copies of two was estimated to contain 12 copies of each of dheand
small polypeptides. These polypeptides occur in a 1:1 3-polypeptides, 24 BChl, and 12 carotenoid (Loach &

stoichiometry and bind two or three BChl molecules @gr
pair, depending on whether the light-harvesting complex is
a core (LH1) or an accessory (LH2) complex (Cogdell, 1986;
Drews, 1985; Thornber, 1986; Zuber & Brunisholz, 1991).
All wild-type bacteria contain LH1, and many contain one
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BChl b, bacteriochlorophylb, BPh, bacteriopheophytin; HmIX DME,
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complex, a reconstituted complex exhibiting absorption and CD spectra
highly similar to those of the native subunit complex but containing a
BChl analog; subunit-typefj complex, a reconstituted complex
exhibiting absorption and CD spectra highly similar to those of the
native subunit complex but containing only thgolypeptide and BChl;
LH1-type complex, a reconstituted complex containing a BChl analog
and displaying absorption and CD spectra highly similar to those of
native LH1; RC, reaction center; PRC, photoreceptor complex consist-
ing of the RC and LH1; CD, circular dichroism; OGj-octyl
[-D-glucopyranoside; HFA, hexafluoroacetone trihydrate; near-IR, near
infrared.
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Sekura, 1968; Loach, 1980; Miller et al., 1987). According
to a recent study using cryoelectron microscopy, it has been
proposed that there are d6 andS-polypeptides, 32 BChl,
and 16 carotenoid per RC (Karrasch et al., 1995). Structur-
ally, LH1 is thought to consist of a repeating subuaif?;--
2BChl, which has been isolated and characterized from seven
different bacteria (Loach et al., 1985; Miller et al., 1987;
Heller & Loach, 1990; Chang et al., 1990a; Meckenstock et
al., 1992; Jirsakova & Reiss-Husson, 1994; Parkes-Loach
et al., 1994; Kerfeld et al.,, 1994). This isolated subunit
complex can be reassociated to form native LH1 as well as
reversibly dissociated to its individual components (Miller
et al., 1987; Parkes-Loach et al., 1988; Ghosh et al., 1988;
Loach et al., 1994; Davis et al., 1995). Thus, reconstitution
of the subunit complex and LH1 from BChland isolated

o- andg-polypeptides provides an important tool for analysis
of structure-function relationships.

Recently, a crystal structure of LH2 has been reported
(McDermott et al., 1995). Many of the structural features
of LH2 undoubtedly have relevance to the structure of LH1
and its subunit complex discussed in this paper. Inthe LH2
structure, there are two concentric cylinders of helical protein
subunits which enclose the pigment molecules. At one “end”
of the cylindrical structure, nine BChl molecules are posi-
tioned between the outer helices constituted bystpelypep-

© 1996 American Chemical Society
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Ficure 1: Amino acid sequences of tle andj-polypeptides of four bacteria. Rs rubrum (Brunisholz et al., 1981; Gogel et al., 1983;
Brunisholz et al., 1984; Bard et al., 1986); VRps viridis (Brunisholz et al., 1985; Wiessner et al., 1990)Rb, sphaeroidegTheiler et

al., 1985; Kiley et al., 1987); dRb capsulatugTadros et al., 1984, 1985; Youvan et al., 1984). For ease of comparison, the common
histidine residue nearest the C-terminus, which is the likely Mg-binding residue, was used for alignment and defined as the zero position.

tides, with the bacteriochlorin rings positioned perpendicular type and LH1-type complexes (Parkes-Loach et al., 1990).
to the transmembrane helix axis. At the other “end” of the From these studies, several structural requirements were
cylindrical structure, an additional 18 BChlmolecules are  observed: the Mg atom is required, presumably for coordi-
sandwiched between the two rings of helices and form a nating a ligand provided by the protein, the acetyl group at
continuous overlapping ring. The BChl in this latter ring position C3 is important, presumably for participating in
are thought to be responsible for the 850 nm absorption bandhydrogen bonds with the protein, the carbomethoxy group
of LH2 and are believed to exist in a structural environment at position C13is important for hydrogen bonding, either
with some similarity to those of the BChlin LH1. Asimilar by influencing the binding of the 2&arbonyl group or by
but somewhat larger ring @f;8:-2BChl units has also been influencing the overall geometry, and the bacteriochlorin
proposed for LH1 structure based on electron cryomicroscopy oxidation state of the macrocycle was required, suggesting
measurements (Karrasch et al., 1995). The BChl thoughta highly restrictive overall geometry of the binding site. In
to be responsible for the 850 nm absorbance of LH2 are a somewhat different approach, Berger et al. (1992) recon-

coordinated to His O (see Figure 1 for the amino acid
numbering scheme) of the- andS-polypeptides of LH2 as
predicted (Zuber & Brunisholz, 1991; Robert & Lutz, 1985).
Two different repeating.,51-2BChl units can be considered
in the LH2 structure, one of which is remarkably similar to

stituted LH1 with the polypeptides frorRs rubrum and
BChl a analogs using DMSO/HPLC methodology. Of the
analogs they examined, only BCh} and BChlb formed
LH1-type complexes. In competition studies, they found that
analogs such as pyro-BCajy and [13-OH]BChl agq bound

a recent suggestion for the subunit structure of LH1 (see to the protein but did not form red-shifted species.

Figures 5A and 5C of Loach & Parkes-Loach, 1995). The

Some of the amino acid side chain groups responsible for

only apparent hydrogen bonds to BChl observed in the 850 binding BChl have been tentatively identified. On the basis
nm component of LH2 were between the 3-acetyl oxygens of resonance Raman data, histidine was proposed to provide
(see Figure 2 for the structure of BChl and the numbering the coordinating ligand to each Mg (Robert & Lutz, 1985;
system used for its atoms) and Tyr 13 and Trp 14 of the Chang et al., 1990b). Consistent with this view, mutants in

o-polypeptides (McDermott et al., 1995). A role for these
amino acids in hydrogen bonding to BChl had previously

which His O of theo-polypeptide was changed to other amino
acids failed to form LH1 complexds vivo (Bylina et al.,

been shown from site-directed mutagenesis and resonancd988). In addition, from the crystal structure of LH2, His O
Raman studies (Fowler et al., 1994). From resonance Ramarof the a- and 5-polypeptides have been shown to provide
spectroscopy (Sturgis et al., 1994) and reconstitution experi-the ligands to the BChl assigned to the 850-nm component
ments with BChl analogs (Parkes-Loach et al., 1990) and (McDermott et al., 1995). From reconstitution studies with

selectively-modified polypeptides (Meadows et al., 1995;

shortened LH15-polypeptides, His 0 (and not His18) of

Loach & Parkes-Loach, 1995), additional hydrogen bonding the 3-polypeptide has also been assigned this role for the

is expected to exist in LH1 and its subunit complex. The

LH1 complex as well (Meadows et al., 1995). The require-

fact that it has so far not been possible to isolate a stablement for the 3-acetyl and the Z8arbomethoxy groups
subunit complex from LH2 also suggests that additional implies that the protein supplies specific hydrogen bond

binding elements exist in LH1 to stabilize its subunit
structure.

donors. From site-directed mutagenesis experiments utilizing
resonance Raman measurements, evidence was obtained that

Using the reconstitution methodology, several analogs of in LH1 Trp 11 is involved in hydrogen bonding to the €3

BChl a were tested for their ability to bind to the- and
B-polypeptides oRhodospirillum rubrumand form subunit-

carbonyl group of one of the BChl molecules (Olsen et al.,
1994). Finally, from comparative reconstitution studies, Tyr
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@ H, @ Macrocycle Central  Esterifying
' CH, H Abbreviation modification(s) metal  alcohol
CH CH,
BChl a, unmodified Mg P
BChl ag, unmodified Mg gg
BChl a, unmodified Mg e
BPh a, unmodified none p
Cd(II)BPh a, unmodified cd o)
Zn{II)BPh a, unmodified Zn p
Ni(II)BPh a, unmodified Ni P
Cu(II)BPh a, unmodified Cu p
BChl b, ¢ Mg P
pyro-BChl a, E Mg p
pyro-BChl a. E Mg eg
CHL a, A+ B Mg P
Chl b, A + B Mg
(*where 7-CH, is replaced by CHO)
BChl e, F Mg tme?
[3-vinyl]-BChl a, A Mg p
[13,-OH]-BChl a, D Mg o)
[3-acetyl]-Chl a, B Mg p
® = X = m(methyl)
CH; 13'a-Oxa- [13%-0x0] G Mg m
-BChl a,
~ CH
N = e(ethyl)
HC tme = trimethyl ester
~
HZM\/Y\/Y = gg(geranylgeranyl)
~
N =
H\Z\C/Y\/Y\/Y\/Y p (phytyl)
"'\/CHZOH = egl(ethylene glycol)

H,C

Ficure 2: Structures of BChh and its analogs used in these experiments.

4 of the 5-polypeptide ofRhodobacter sphaeroides Trp MATERIALS AND METHODS
4 of thef-polypeptide oRs rubrumhas also been implicated _ _
as providing a hydrogen for hydrogen bonding to BChl _ n-Octyl 5-p-glucopyranoside (OG) was obtained from the
(Loach et al., 1994). S|gma Chemical Co. All solvents were obtained from
In this paper, the examination of polypeptide interactions Burdick and Jackson and were HPLC grade. Hexafluoro-
with BChl analogs has been extended to includesthand ~ acetone trihydrate (HFA) was purchased from Aldrich
B-polypeptides ofRh sphaeroides This bacterium was  Chemical Co. BChh containing phytol as the esterifying
chosen because it has only about 30% amino acid sequenc@lcohol (BChlay) was purchased from the Sigma Chemical
identity in its LH1 and reaction center (RC) polypeptides CO. and also was isolated from the R26 mutantRif
compared to those oRs rubrum indicating substantial ~ SPhaeroidegollowing the procedures of Berger et al. (1987)
divergence on an evolutionary time scale. Also, it has a and Michalski et al. (1988) as modified in Meadows et al.
secondary LH complex, LH2, whereRs rubrumdoes not, (1995). BChla containing _ge_ranylg_eranlol as the esterifying
and the absorption spectra, circular dichroism (CD) spectra,@lcohol (BChlagy) was similarly isolated from the G-9
and resonance Raman spectra (Robert & Lutz, 1985) of LH1 carotenoidless mutant &s rubrum
are somewhat different from those BE rubrum (Kramer The preparations of the polypeptides used in these studies
et al., 1984; Cogdell & Scheer, 1985; Chang et al., 1990b). and all reconstitution assay procedures were as previously
New derivatives of BChl have also been examined in described (Parkes-Loach et al., 1990; Loach et al., 1994;
reconstitution with theo- and g-polypeptides of bottRs Davis et al., 1995). All BChl analogs used were obtained
rubrumandRb. sphaeroides The new BChl analogs include  as reported before (Parkes-Loach et al., 1990) except for the
BChl with modifications of the side chain at C3, modifica- following: [3-vinyl]BChl a, and [13-OH]BChl a4y were
tions of ring V, or bacteriopheophytin (BPh) containing prepared as described in Struck et al. (1990a) and Berger
metals other than Mg. The results illuminate common et al. (1992), respectively; BCht; trimethyl ester and
elements of binding in these two divergent photosynthetic 13'a-oxa-[13-0x0]BChl a,, were prepared as described
bacteria as well as uncover some interesting features uniquen Struck et al. (1990b); and metal substituted BPh
to each species. A preliminary report of some of these resultsderivatives were prepared as described in Hartwich et al.
has been given (Parkes-Loach et al., 1995). (1995).
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Ficure 3: Absorption spectra of the reconstituted subunit-type (A)
and LH1-type (B) complexes d®s rubrum (dashed line) an&kh.
sphaeroidegsolid line). Bchlayg dissolved in acetone was added
to the polypeptides in 0.90% OG to give a final concentration of 1
uM under subunit-forming conditions. Th&nax of BChl agq in
0.90% OG without protein was at 777 nm (not shown). The
concentration of each of the- and-polypeptides oRs rubrum
was 0.009 mg/mL, while that of each of the andS-polypeptides

of Rh sphaeroidesvas 0.013 mg/mL. The concentration of OG
was 0.66% for theR. rubrum samples and 0.60% for thRh.
sphaeroidesamples. LH1 was formed by cooling the samples at
4 °C overnight. For further details, see Loach et al. (1994).

Absorption spectra were recorded with a Shimadzu UV-
160 spectrophotometer interfaced to either an Apple lle or
Goldstar microcomputer. To reduce the effects of scattered
light, opal glass was placed between the sample and th
detector. CD spectra were recorded using a Jasco J500
spectropolarimeter interfaced to a Leading Edge microcom-

puter.

RESULTS

€,

Biochemistry, Vol. 35, No. 9, 1996075

conditions result in nearly quantitative formation of the
subunit complex with native BChl and tlee andj-polypep-
tides of eitheRs rubrum or Rhb. sphaeroidegMiller et al.,
1987; Chang et al., 1990a; Loach et al., 1994). For a
guantitative comparison of the relative association constants
of bound analogs, absorption spectra were always recorded
at 0.90% and 0.75% OG. In cases involving analogs where
the subunit-type complex was incompletely formed under
these conditions, such formation could often be enhanced if
desired, by using higher concentrations of protein and analog.

The term stable will be used to indicate when a complex
is readily formed as indicated by a complete shift of the Q
band to the proper location of either a subunit-type or a LH1-
type complex under the standard conditions used. A large
KassocOf the order of magnitude of the native system (Loach
& Parkes-Loach, 1995; Davis, 1995) is implied in this case.
The term kinetically stable will be used to indicate that the
absorption spectrum of the subunit-type complex does not
change on standing for at least 24 h and a LH1-type complex
does not change at€C for several days. When a subunit-
type complex is kinetically unstable, the @bsorption band-
shift to shorter wavelengths is typically irreversible. A LH1-
type complex may be kinetically unstable upon warming to
room temperature and show a blue shift of thel§and to
that indicative of subunit complex formation. These changes
are usually completely reversible upon cooling the sample
to 4 °C. On the other hand, LH1-type samples that are
kinetically unstable and undergo ay®@and shift to that
characteristic of free BChl (777 nm) are typically irreversible.

Analogs Forming Subunrifype and LHiType Complexes
Of all the analogs tested for their ability to support
reconstitution, only two types of changes could be made
without decreasing the ability to form subunit-type and LH1-
type complexes. Three BChl analogs with different esteri-

ing alcohols at position C¥{phytyl, geranylgeranyl, ethyl;

ee Figure 2) formed native-like subunit and LH1 complexes
with either thea- andS-polypeptides oRs rubrumor Rb.
sphaeroidegTable 1). With both sets of polypeptides, the
analog with the shortest esterifying alcohol (ethanol) formed
a less stable subunit-type complex as evidenced by the

Reconstitution experiments were performed using low significant amount of absorbance near 780 nm indicating free

concentrations (310 «M) of both the BChl analogs ang-
and g-polypeptides ofRs rubrum or Rb sphaeroides

BChl (Figure 4). All three derivatives formed stable LH1-
type complexes, although a small amount of absorbance at

Several criteria were used for evaluating the formation of 780 nm persists for the system containing B&hl This is

native-like complexes.

Successful reconstitution of the likely due to the rapid degradation of BChl (compared

subunit-type complex was assumed (i) if the absorption with BChl a, or BChl ayg) which occurred during formation

spectrum in the near-IR exhibited a red shift of thelfand
comparable to BCha (645 cnt?) under subunit complex-
forming conditions (compared to the pigment’s &bsorption
maximum in the absence of protein) (Figure 3) and (ii) if it

of the subunit complex.

The other analog with which subunit-type and LH1-type
complexes were formed with both sets of polypeptides was
BChlb. As can be noted in Table 1, the red shifts observed

displayed a CD spectrum characteristic of that observed with upon forming subunit-type and LH1-type complexes with

the native subunit complex. Similar absorption (Figure 3)
and CD criteria were applied to evaluating the formation of
LH1-type complexes upon chilling or diluting the subunit-

the o- and 3-polypeptides oRh. sphaeroidesre the same
as those with ther- ands-polypeptides oRs rubrumand
represent the same magnitude of shifts in energy as observed

type complexes. Control experiments were conducted in all with BChl a (Parkes-Loach et al., 1990, 1994). This points
cases under identical conditions in the absence of protein.to a special interaction of the LH1 polypeptides from the

No evidence was found for formation of aggregated BChl
species with red-shifted \Qbands under the conditions of
the experiments except for the cases indicated below.

BChl b-containing bacteriumRhodopseudomonadgridis,
which displays a red-shifted \Qband to 1015 nm.
Analogs Unable To Form Subusiype and LHiType

For most experiments, a standard set of concentrationComplexes Many analogs failed to show evidence of
conditions were chosen to attempt reconstitution with BChl formation of subunit-type and LH1-type complexes (Table

analogs: 3uM each of thea- and -polypeptides and a
concentration of BChl or analog between 1 and\® These

1), even when the difference between the analog and BChl
a was minimal. Among these were compounds such as
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Table 1: Reconstitution Assay for Formation of Subunit- and LH1-Type Complexes with 88hhlogs and ther- and 5-Polypeptides of
Various Photosynthetic Bacteria

successful recén near-1RAmax
analog polypep subunit LH1 0.90% OG (free pigment) subunit conditions LH1 condition$

BChl ayg rub + + 77 818 868

sph + + 77 825 874
BChl a, rub + + 77 818 869

sph + + 77 822 874
BChl ae rub + + 774 815 869

sph + + 774 823 866
BChl b, rub + + 811 852 891

sph + + 811 853 901
BPha, rub - - 751 751, 851 752, 851

sph - - 751 849 848
pyro-BChlagg rub - - 778 777 779

sph - - 77 77 779
13'a-oxa-[13-0x0]BChlan, rub — - 840, 1007 839, 1010 839, 1010

sph - - 834, 1009 835, 1009 849, 1009
BChl e; trimethyl ester rub - - 771 772 770

sph - - 771 771 771
[3-vinyl]BChl &, rub + - 738 762 762

sph - - 738 744 742

vir - - 738 742 743
[13?-OH]BChl agq rub - - 774 775 773

sph + + 774 813 858

cap - - 774 782 779
Zn(1)BPha, rub + + 771 805 852

spif + + 771 813 831
Cd(Il)BPha, rub + + 772 804 855

sptt + + 772 812 852
Ni(I)BPh a, rub + + 785 805 853

sptt + + 785 812 865
Cu(ll)BPhay, rub - - 776 779 781

spit - - 776 777 nd
Mn(I)HmIXDME rub - - no nd nd

sph - - 42°F 42F nd
Chla rub - - 668 669 668

sph - - 668 670 670
Chlb rub - - 651 651 651

sph - - 651 651 651
[3-acetyl]Chla rub - - 688 688 688

sph - - 688 688 687

a A successful reconstitution is defined in the text (first paragraph under the Results) and indicated with a ph#3. siyrd@sh signifies that
the requirements for reconstitution were not meSee text for definition of condition$.These experiments were reconstituted withAholypeptide
of Rb. sphaeroidesand thea-polypeptide ofRs rubrum ¢ Not determined® Soret band.

[3-acetyl]Chla, (indicating the importance of the bacterio- 1984; Scheer et al., 1985) and'a3xa-[13-0x0]BChl an.
chlorin oxidation state), pyro-BCldeq (hydrogen atom in ~ The latter compound is particularly interesting in that the
place of the carbomethoxy group at position €Xthd aggregated species displays an extensively red-shifted Q
ethylene glycol as esterifying alcohol), and B@htrimethyl band (1010 nm) (Parkes-Loach et al., 1995), the furthest red
ester and 1%-oxa-[13-0x0]BChl a, (both indicating the band reported for protein-free, porphyrin-based aggregates,
importance of ring V). Most of these analogs, while not comparable to the red shift observed for LH1 in the BChl
showing spectral evidence for formation of a subunit-type b-containingRps viridis (1015 nm). In the experiments with
complex, did competitively inhibit formation of the native protein present, conditions were chosen to minimize ag-
complexes when BCh was also present. gregate formation (low concentrations of BChlanalog,

Except for BPha, pyro-BChla, and 13a-oxa-[13-0x0]- room temperature, dilution to LH1-forming conditions), SO
BChl an, the control experiments (no protein) with BGhl  that any red-shifted absorption bands could be unambigu-
analogs showed little spectral evidence of aggregate forma-Ously attributed to formation of subunit or LH1-type
tion under subunit-forming conditions. On the other hand, complexes. Because of the extensive self-aggregate forma-
these three exhibited extensive red shifts of theirs@nds ~ tion in the cases of BPh, pyro-BCh}, and 13a-oxa-[13-
under subunit- and LH1-complex-forming conditions without 0X0]BChl ap, interaction with the protein may have been
protein, essentially reflecting the same behavior as with Precluded.
protein (Table 1). Because aggregation of pyro-B&has Analogs Forming Subunifype Complexes but Not LH1
severe and red-shifted species formed readily without protein, Type ComplexesThe ability, under selected conditions, to
no data are reported on this derivative in Table 1. Instead, prepare a stable subunit complex without forming LH1
pyro-BChlagg (esterified with ethylene glycol) was used since indicates that interactions in addition to those that stabilize
this derivative did not exhibit self-association under the the subunit complex must occur to further stabilize LH1.
conditions employed. Also noteworthy are BPh whose facile Additional binding interactions to form LH1 from the subunit
oligomerization has been previously noted (Scherz & Parson, are also indicated from experiments wherefkmlypeptides
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Ficure 4: Absorption spectra of reconstituted subunit-type (solid
line) and LH1-type (dashed line) complexes with B@hand the
o- andg-polypeptides oRs rubrum(A) and Rh sphaeroidegB).

The Amax 0f BChl @ in 0.90% OG without protein was at 777 nm.
(A) The concentration of the- andj-polypeptides oRs rubrum

was 0.04 mg/mL each. The subunit-type complex was measured
at 0.73% OG, and the LH1-type complex was formed upon cooling
this sample at £C overnight. (B) The concentration of- and
p-polypeptides ofRb. sphaeroideswas 0.013 mg/mL each for
formation of the subunit complex, which was measured at 0.60%
OG. LH1 was formed by diluting the subunit complex to 0.40%
OG. For comparative purposes, the spectral amplitudes were
corrected for dilution.

of Rs rubrum Rb sphaeroidesandRb. capsulatugorm a
subunit-type complex without a correspondaagolypeptide
(see Table 2) but the-polypeptides are also required for
LH1 formation. If the additional interaction to form LH1
involves additional binding to BChl, then it seems reasonable
that a BChl analog could be found that would form a stable
subunit-type complex but would not form an LH1-type
complex even with both the- and3-polypeptides. While
none of the BChl analogs originally tested seemed to fulfill

Biochemistry, Vol. 35, No. 9, 1996077

subunit- or LH1-type. Some evidence for formation of a
subunit complex was obtained (as indicated by a shoulder
on the long-wavelength side of the band at 742 nm) with
the o- and -polypeptides ofRh sphaeroidesat higher
pigment concentrations and using the detergent Mega 10
(data not shown). The reconstitution experiments with the
[3-vinyl]BChl a analog (under our standard conditions) were
extended to include the- andS-polypeptides oRps viridis.

The amino acid sequences of theand -polypeptides of
LH1 of this bacterium have substantially greater homology
to those ofRs rubrum than do those oRb. sphaeroides
Even so, a subunit-type complex was not formed under our
standard conditions, although a slight shoulder suggested that
some subunit could perhaps be formed at higher protein and
[3-vinyl]BChl a concentrations.

Analogs Forming Subunitype Complexes with the
Polypeptides of Only One BacteriunBecause the amino
acid sequences of the and3-polypeptides oRs rubrum
and Rb. sphaeroidesxhibit a low degree of amino acid
identity, it might be expected that BChl analogs could be
found that would bind to one set of polypeptides either not
at all, or very weakly, compared to the other polypeptides.
One example of this was given above in the case of the
[3-vinyl|BChl a derivative. A second example where such
differentiation was observed was with the derivative13
OH]BChla. The results of reconstitution with this derivative
and theo- andg-polypeptides oRb. sphaeroidesre shown
in Figure 6A. Although the red shifts are smaller than with
native BChla, both subunit-type and LH1-type complexes
were formed. On the other hand, as reported earlier (Parkes-
Loach et al., 1990), [1230H]BChl a does not form stable
subunit-type or LH1-type complexes with the- and
B-polypeptides oRs rubrum Of interest is the formation
of a subunit-type complex with only thé-polypeptide of
Rh sphaeroidegFigure 6B). Mimicking results observed
with native BChla, a more stable subunit-type complex
(greaterKassod is formed with only thes-polypeptide oRb.
sphaeroidesand [13-OH]BChl a than when botho- and
pB-polypeptides are present.

Interestingly, although subunit-type and LH1-type com-

this expectation (Parkes-Loach et al., 1990), the newly testedplexes could be formed with the- and 5-polypeptides of

[3-vinyl]BChl a analog does show such behavior with the
o~ and 5-polypeptides ofRs rubrum (Figure 5). The @
absorption band shifted from 739 to 762 nm and the CD
spectrum was very similar, albeit blue-shifted, to those of
the subunit complex with BCha, but no further red shift
was observed under LH1-forming conditions. When recon-
stitution with the [3-vinyl]BChla analog was tested with
only the-polypeptide ofRs rubrum, only a small red shift
was observed (Table 2). Thus, tigpolypeptide is required

to stabilize the subunit-type complex with this analog.
Because the [3-vinyl|BCha derivative is closely related to
BChl g, we re-examined our earlier data obtained with this
latter derivative and the- andS-polypeptides oRs rubrum
(Parkes-Loach et al., 1990); a small red shift (from 4 to 10
nm) was observed with BClgland theo- andj-polypeptides

of Rs rubrum However, because BChy so readily
rearranges to a structure with the chlorin oxidation state
(which does not form a subunit-type complex), the red shift
was only transiently observed. In the case of attempted
complexation between the- and g-polypeptides ofRh
sphaeroidesand [3-vinyl]BChl a, no complex formation

Rh sphaeroidesand [13-OH]BChl a, no such complexes
could be demonstrated with thee and g-polypeptides of
Rh capsulatugTable 1). Since these two bacteria are much
closer on an evolutionary time scale and share a high
percentage of amino acid sequence identity, especially in the
core region of their sequence (87% and 82% fordhand
B-polypeptides, respectively), the difference in behavior is
of considerable interest to understanding BChl binding.
Metal Analogs Because a major factor in stabilizing the
binding of BChl to protein in RC and LH complexes is the
ligand coordination to Mg (Coleman & Youvan, 1990;
Scheer & Struck, 1993; Loach & Parkes-Loach, 1995),
incorporation of metals other than Mg into BPh can provide
analogs with which to probe the ligand coordination site as
well as to use in future structurdunction studies. The Mg
geometry in BChla of LH1 and its subunit complex is
square-pyramidal (5-coordinate) (Cotton, 1976; Cotton & van
Duyne, 1981; Robert & Lutz, 1985; Chang et al., 1990b).
Selection of other metals that display similar and different
coordination behavior would be of interest. Four metal
derivatives of BPh (Zn, Cu, Ni, and Cd) were prepared and

could be observed under our standard conditions, of either atested in reconstitution with the- and S-polypeptides of
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Table 2: Reconstitution Assay for Formation of Subunit- and LH1-Type Complexes with 88hhlogs and thg-Polypeptide Only oRs
rubrum and Rb. sphaeroides

successful recén

near-IRAmax

analog polypep subunit LH1 0.90% OG (free pigment) subunit condlition LH1 condition$

BChl agg rub + - 777 819 780, (819)

sph + - 777 824 823
BChl a, rub + - 777 818 (818)

sph + - 777 825 825
BChl b, rub + - 809, 841 809, 846 809, 846

sph + - nd nd nd
[3-vinyl]BChl a, rub (+) - 738 747 741

sph - - 738 740 742
[13%-OH]BChl agq rub - - 774 783 774

sph + - 774 815 né

cap - - 774 782 774
Zn(I)BPh a, rub + - 771 807 na

sph + - 771 812 na
Cd(Il)BPhay, rub + - 772 799 na

sph + - 772 813 na
Ni(I)BPh a, rub + - 785 793 na

sph + - 785 812 na
Cu(ll)BPhay, rub - - 776 779 na

sph - - 776 779 na

2See Table 1° See text for definition of conditions.Not determined? Not applicable.
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Ficure 5: Absorption (A) and CD (B) spectra of the reconstituted
subunit-type complex formed with [3-vinyl]BCla}, and thea- and
B-polypeptides oRs rubrum (A) Dashed line, [3-vinyl]BChk,

in buffer containing 0.64% OG in the absence of protein; solid
line, [3-vinyl]BChl a, reconstituted with 0.02 mg/mL each of the
o- andp-polypeptides oRs rubrumin 0.64% OG. (B) [3-Vinyl]-
BChl a, reconstituted with 0.06 mg/mL each of the and
B-polypeptides oRs rubrumin 0.70% OG. Average of four scans,

was 0.274.

both Rs rubrum and Rb sphaeroides According to

WAVELENGTH (nm)

WAVELENGTH (nm)

FiGure 6: (A) Absorption spectra of the reconstituted subunit-

type (dashed line) and LH1-type (solid line) complexes formed with
[132-OH]BChl agg and theo- and-polypeptides oRh sphaeroi-

des The concentration of each polypeptide was 0.013 mg/mL. The
subunit-type complex absorption spectra were measured at 0.60%

OG, and the LH1-type complex was formed upon cooling this
sample at £C overnight. (B) Absorption spectra of the reconsti-
tuted subunit-type complex formed with R@H]BChl a4 and the

1 cm path length cuvette. Absorbance of the sample at 762 nm -polypeptide of Rb sphaeroides The concentration of the
polypeptide was 0.026 mg/mL, and the spectrum was measured at
0.60% OG. Thélmax Of [13?-OH]BChl a4q in 0.90% OG without
protein was at 774 nm.

extensive research, all but Cu(ll) are reported to form a large

variety of stable 5-coordinate complexes (Cotton & Wilkin-
son, 1980), and 5-fold coordination of Ni(ll)BPh and Zn-

case and was kinetically unstable. It should be noted that
the Amax values of the @ bands in both of these subunit-

type and LH1-type complexes are less red-shifted than with

(INBPh has recently been demonstrated for the Binding

sites of RC fromRb. sphaeroidegChen et al., 1995). In
keeping with expectations, Cd(ll)BPh and Zn(Il)BPh readily
formed subunit-type and LH1-type complexes with the
andp-polypeptides of eitheRs rubrumor Rhb sphaeroides
(Figures 7 and 8). While formation of the subunit-type
complex readily occurred with Kassoc @s large as for the

BChl. The CD spectra of the subunit-type complexes formed

are very similar to that of native subunit complexes (data

not shown). In the results shown in Figures 7 and 8 for
reconstitution with theg-polypeptide ofRb. sphaeroidesa

heterologous combination of polypeptides was used in which

the a-polypeptide was that oRs rubrum We employed
native system, LH1 was not as completely formed in either this heterologous combination because it has been demon-
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Ficure 7: Absorption spectra of the reconstituted subunit- (solid FiGURE 8: Absorption spectra of the reconstituted subunit- (solid
line) and LH1-type (dashed line) complexes formed with Cd(ll)- line) and LH1-type (dashed line) complexes formed with Zn(ll)-
BPh a, and thea- and-polypeptides oRs rubrum (A) and the BPh a, and thea- and S-polypeptides oRs rubrum (A) and the
o-polypeptide ofRs rubrum together with the3-polypeptide of a-polypeptide ofRs rubrum together with thes-polypeptide of

Rb. sphaeroides(B). The Amax of Cd(I)BPh a, in 0.90% OG Rb sphaeroidegB). The Amax of Zn(Il)BPh a, in 0.90% OG
without protein was at 772 nm. (A) The concentration of the without protein was at 771 nm. (A) The concentration of the
and S-polypeptides ofRs rubrum was 0.09 mg/mL each. The and S-polypeptides ofRs rubrum was 0.02 mg/mL each. The
subunit-type complex absorption spectra were measured at 0.75%subunit-type complex was measured at 0.90% OG and the LH1-
OG and the LH1-type complex formed by cooling this sample at 4 type complex formed by cooling this sample af@ overnight.

°C overnight. (B) The concentration of thepolypeptide ofRs (B) The concentration of the-polypeptide ofRs rubrumand the
rubrum and theg-polypeptide ofRb sphaeroidesvas 0.05 mg/ [-polypeptide ofRb. sphaeroidesvas 0.04 mg/mL each. The
mL each. The subunit-type complex was measured at 0.75% OG subunit-type complex was measured at 0.75% OG and the LH1-
and the LH1-type complex formed by cooling this sample &€4 type complex formed by cooling this sample &Glovernight and
overnight and diluting while cold to 0.30% OG. For comparative diluting while cold to 0.30% OG. For comparative purposes, the
purposes, the spectral amplitudes were corrected for dilution. spectral amplitudes were corrected for dilution.

strated that heterologous combinations betweep3-ibelypep-
tides ofRb. sphaeroidesRhb. capsulatusor Rps viridis and
the a-polypeptide ofRs rubrumform LH1-type complexes
even more readily than those prepared with the homologous
polypeptides (Loach et al., 1994). In addition, theolypep-
tide of Rs rubrumis more stable and soluble than that of
Rb. sphaeroidesit is easily available in pure form without
subjecting it to HPLC isolation, and its use makes an
interesting comparison to the homologous reconstitution with
Rs rubrum polypeptides. Reconstitution experiments with
these metal analogs and the homologauand 3-polypep-
tides of Rb sphaeroidesvere also performed, with results
similar to those shown in Figures 7B and 8B, but the LH1-
type complex was not always as readily formed.

Ni(ll)BPh also interacted with both sets of polypeptides : . . .
to form subunit-type and LH1-type complexes (Tables 1 and forming subunit complexes with the- andﬂ—polypeptldes
2), but these were not as stable as those formed with theOf Rs rubrum sometimes formed subunit-type complexes

Cd(I)BPh, Zn(ll)BPh, or native BChh. Their CD spectra with only the 5-polypeptide ofRs rubrum, bl.Jt in all cases
were similar to the native subunit complex spectrum. The the complexes were less stable (e.g., [3-vinyl|B@hthan

LH1-type complexes were less completely formed than in when botho- and §-polypeptides were present. - Both of
the case of the Cd(ll) and Zn(ll) complexes and were not these above sets of results mirror those obtained with native

L BChla. Inno case was an LH1-type complex observed with
kinetically stable. h | id | " £ th h bacteri
In the absence of strong ligands to occupy both the 5th & f-polypeptide-only systems of these three bacteria.

and 6th coordination positions, Cu(ll) prefers a square-planarDISCUSSION
geometry and is rarely found to be in a square-pyramidal
environment (Cotton & Wilkinson, 1980). In reconstitution
experiments conducted with Cu(ll)BPh and eitherdh@nd rubrum and Rbsphaeroides Rs rubrumandRh sphaeroi-
B-polypeptides of Rs rubrum or Rb. sphaeroides no desare sufficiently evolutionarily divergent that their RC
evidence was found for formation of subunit-type or LH1- and LH1 proteins have only about 30% identity in their
type complexes. Although the dimeric structure of a amino acid sequences (Brunisholz & Zuber, 1988, 1992). It
hypothetical Cu(ll)BPh subunit-type complex might not show is therefore significant that the structural requirements for

significant changes in its absorption spectrum, one would
expect to see a unique CD spectrum with bands of compa-
rable intensity to BChla dimers, as in other subunit
complexes, but none was observed.

Complexes Formed with Onf§-Polypeptides Because
a subunit-type complex is readily formed with only the
B-polypeptide of Rs rubrum Rb sphaeroides or Rb.
capsulatugLoach et al., 1994), many of the BChl analogs
were also tested with thegepolypeptides (Table 2). In all
cases where a subunit-type complex was formed with the
o~ and g-polypeptides ofRb sphaeroidesa subunit-type
(8) complex was formed even more readily with only the
B-polypeptide ofRb. sphaeroideg¢Table 2 and Figure 6), as
indicated by the more complete subunit formation. Analogs

Common Binding Requirements for LH1 Formation in Rs
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BChl binding to form the subunit complex and LH1 are the results of recent experiments with truncated polypeptides
highly specific and largely similar for both bacteria. These in which it was shown that the N-terminus through amino
requirements include the following: (1) the Mg atom or a acid residue-19 of the native3-polypeptides oRs rubrum
similarly coordinated central metal of appropriate size able and Rb. sphaeroidesare not required for formation of
to form stable 5-coordinate complexes with nitrogen-contain- subunit- and LH1-type complexes, although the LH1 com-
ing ligands, (2) bacteriochlorin oxidation state of the mac- plexes were not completely formed and were kinetically less
rocyclic ring, and (3) an intact ring V. The two bacteria are stable than when formed with native polypeptides (Meadows
also similar in requiring an esterifying alcohol longer than et al., 1995). Furthermore, the even shopfigrolypeptide
ethyl to form a stable subunit complex, but apparently any of Rs rubrumbeginning with residue-16 for its N-terminus
length suffices to form a stable, native-like LH1. Further- and continuing to the normal C-terminus was shown to be
more, the 3-acetyl group is required to form LH1 in both sufficient for forming a native-like subunit complex without
bacteria, although a subunit-type complex was readily formed the a-polypeptide, although it was again less stable (Mead-
with [3-vinyl]BChl a with polypeptides ofRs rubrum but ows et al., 1995). Likewise, amino acid residues of the
formed only slightly under special conditions with polypep- o-polypeptide ofRs rubrum from the normal N-terminus
tides of Rh sphaeroides Finally, the 13-carbomethoxy  through residue-20 and from residue-13 to the end of
group is required to form LH1 as well as a stable subunit the normal C-terminus were not required for subunit forma-
complex in both bacteria. tion. As was observed in the N-terminal truncations of the
Except for one or two cases as noted in the next section, 5-polypeptide, the stability of the reconstituted LH1-type
the specific structural requirements for BChl to form a complex was decreased when the N-terminal truncated
subunit complex are the same as those required for forminga-polypeptide was used. Experiments with the C-terminal-
LH1. This fact makes it likely that most of the interactions truncated o-polypeptide of Rs rubrum and the native
between BChl and the protein in the BChl binding sites are -polypeptide formed LH1-type complexes as completely
similar in the subunit complex and in LH1. A significant as those observed with the natise and -polypeptides.
consequence of these observations is that LH1 must be If it is assumed that His O of each polypeptide provides
formed by a simple association of the subunit complex its imidazole group for coordination to the central Mg of
without major changes in the BChl binding site. The spectral BChl, which is consistent with the crystal structure of LH2
properties of LH1 are thus derived from some additional (McDermott et al., 1995), then the possibilities can be further
interactions of BChl with the protein and the interaction of reduced in considering what conserved groups of the protein
excitonically-coupled BChl dimers of closely associated are in the correct proximity to provide specific interaction
subunits. This conclusion is consistent with spectral char- (presumably hydrogen bonding) with the?A&rbomethoxy
acterizations of the subunit complex and LH1 (Chang et al., group, 13-carbonyl group, and 3-acetyl groups of BChl.
1990b; Visschers et al., 1991; 1993a,b, 1994; van Mourik Finally, if it is assumed that the polypeptides remaihelical
et al., 1991, 1992, 1993). On the basis of these results andthroughout the BChl binding region (from about residt&9
a variety of experiments in which the role of amino acids in to about residue-7), which would in analogy be consistent
the a- and g-polypeptides has been evaluated, structural with the structure of LH2 (McDermott et al., 1995), then
models of the subunit complex have been suggested (Loachhydrogen bonding to BChl from the polypeptide backbone
& Parkes-Loach, 1995). The suggestions for the structurein this region is unlikely. This leaves in thpolypeptide
of the subunit complex of LH1 are strengthened by analogy the conserved Trp(Tyr}-4, Trp +6, Arg +7, and Trp+9
to the recently published crystal structure of LH2 (McDer- and possibly Ser—13 whose side chains can provide
mott et al., 1995). In this latter structure, hydrogen bonding hydrogen for hydrogen bonds to BChl, while in tigoolypep-
to the 3-acetyl group of both BChl in the 850 nm protomer tide only the conserved Sef5, Thr+6, Asn+10, and Trp
unit is important in the binding of this pigment. This result +11 might participate. Trpt11 of the a-polypeptide of
is consistent with the results of Olsen et al. (1994) and the Rb. sphaeroidess clearly important in LH1 stabilization as
present study, indicating the importance of the 3-acetyl group indicated in recent experiments with site-directed mutant
in LH1 formation. However, no other hydrogen bonding to strain in which this residue was substituted by Phe and the
the BChl of the 850-nm component was observed in the Qy Amax Was blue-shifted to 853 nm (Olsen et al., 1994).
structure of LH2. Because the reconstitution with BChl Furthermore, the hydrogen bonding role of Ryt3 and Trp
analogs reported herein as well as previously (Parkes-Loacht14 in thea-polypeptide of LH2 fronRps acidophilastrain
et al., 1990) indicates that the Z48arbomethoxy group is 10050 (Fowler et al., 1994; McDermott et al., 1995) would
important for complex formation, and because resonancesuggest a possible parallel role for the highly conserved Asn
Raman data suggest that thé-tarbonyl group in ring V is +10 and Trp+11 of thea-polypeptides of LH1. Thus, the
involved in binding (Lutz & Robert, 1985; Sturgis & Robert, amino acidst+4, +6, +7 and+9 in the -polypeptides of
1994), this aspect of the structure of LH1 would appear to LH1 and +5, +6, +10, and+11 in thea-polypeptides of
be different from that of LH2 and predicts that additional LHZ1 will be of considerable interest to further evaluate in
hydrogen bonding is important in stabilizing the LH1 future studies.
complex. Because BChl is very likely bound within the membrane
It may be useful to examine the known amino acid but near the aqueous interface (Loach et al., 1985), hydrogen
sequences of the- and 3-polypeptides of LH1 found in  bonding between water molecules and the oxygen atoms of
various photosynthetic bacteria and address the question aB8Chl is also important to consider. From this perspective,
to which groups in these polypeptides might be involved in it should be noted that BChl is protected from deleterious
forming specific bonds to BChl (the amino acid sequences interactions with oxygen, protons, and hydroxide ions in
of polypeptides from four different bacteria are shown in LH1, and to some extent in the subunit form, relative to BChl
Figure 1). This evaluation can be simplified by considering in OG (Davis, 1995). Such marked stability to extremes of
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pH and oxygen presumably means that the C-terminal portion  The results with the [1330H]BChl a, analog are especially
of the polypeptides covers the otherwise exposed edge ofinteresting. This derivative readily forms a subunit-type
the BChl that would be at the aqueous interface and, as acomplex with theo- andg-polypeptides oRh sphaeroides
consequence, protects it from interacting with water. Indeed, or with only the5-polypeptide ofRh sphaeroidegFigure

if the crystal structure of LH2 in the C-terminal region 6), but does not interact significantly with the- and
(McDermott et al., 1995) is indicative of the structure of S-polypeptides oRs rubrum An LH1-type complex can
LH1 in this region, then both the- andS-polypeptides may  also be formed with this derivative and theandj-polypep-
bend near the C-terminal end at the presumed aqueoudides of Rb. sphaeroides but no such complex can be
interface as suggested by Olsen and Hunter (1994) and foldobserved with polypeptides &s rubrum For this particular
over the edge of the BChl, providing the protection needed. analog, we have extended our reconstitution studies to
Even so, a sequestered water molecule may be important innclude thea- and 8-polypeptides ofRb. capsulatus As
stabilizing the binding site. with the polypeptides dRs rubrum, no subunit-type or LH1-

Difference in Binding Requirements for the Subunit and/ YP€ complexes could be formed. This result allows us to
or LH1 in Rs rubrum and Rb sphaeroides Two BChl focus our attention on the more modest differences in the

analogs have been examined in which differences were2Mino acid sequences @ sphaeroidesndRh capsulatus

observed in their interaction with the andS-polypeptides Sincg there is a high percentage of amino acid sequence
of Rs rubrum compared to those dth sphaeroides One !dentlty between the proteins of these two bacteria (_Brun—
of these is a derivative that replaces the 3-acetyl group with isholz & Z_uber, 1_988' 1992)' the_re are only a few residues
a vinyl group, and in the other, the hydrogen atom atC13 that are different in the_ region of interest (Flgure_ _1). These
is replaced with a hydroxyl group. With the [3-vinyl]BChl ar\e/al Seers Iletat p9t$'t'027’ a'?j IIe_}/s val I?/It [iostmorf?,

a derivative, a subunit-type complex readily formed with the 14‘?‘ \tﬁ eu? pos:[{éon— i’;gn ?] yr }:js eR‘; position

o~ and 3-polypeptides ofRs rubrum (Figure 5) but could in the 8-polypeptides oRh sphaeroidews capsu-

: . latus For formation of the subunit-type complex, the
not be observed with ther- and g-polypeptides ofRh . ; .
sphaeroideaunder the standard set of conditions selected. hydroxyl group at the C3osition might (1) present a steric

. . blem, more so with the polypeptides®§ rubrumand
However, no LH1-type species could be observed with the pro : X
Rs rubrum system yrF])or CF:)uld either subunit-type or LH1- Rb. capsulatughan those oRh sphaeroidesor (2) interact

: / R by hydrogen bonding in a way that is more permissible with
type complexes be de'mqnstrated with polypgptldes the polypeptides oRb. sphaeroides In the latter case, Ser
sphaeroidesor Rps wiridis. These results imply that a

hydrogen bond from the protein to the acetyl group at C3 is — 7 or Tyr +4 of Rh sphaeroidesvould seem to be of special
hyarog pr . vyl group .~ interest because, of the four differences, these are the only
important for LH1 formation, in each of these bacteria.

; . amino acids with side chain groups capable of hydrogen
Resonance Raman data have suggested that such interacti . . - . i
occurs in LH1 and is altered in the subunit complexRst. Qﬁ‘ondmg. This additional hydrogen bonding of f3H]

oo i . BChl a (by the 13-carbonyl, 13-carbomethoxy, or 133
ggu?(ghigg 48t al_.r,h19?0b, IY',[ShSCthfﬁlet ahhl?QbSb,fSrtrL;rgés hydroxy) could stabilize the complex, whereas this does not
'tho el ' h ).t' © efu t% cha 8 N Igb €0 oceur with theo- andg-polypeptides oRs rubrum From
with “only the na ive 8-polypeptide ofRs ru rum another perspective, the existence of a hydrogen atom &t C13
sphaeroidesor Rb. capsulatuscould well be explained by

. g . ; i enables a hypothetical enol structure in ring V to form
assuming that it is thex-polypeptides which contain an yp g

. : . X : ) . whereas a hydroxyl group at CA®&ould not. If the enol
amino acid residue with a hydrogen bond-forming side chain form of ring Vywereﬁmgportgnt in binding BChl iRs rubrum

that are important for interaction with the carbony! function andRh capsulatusthen the lack of binding of [120H]-

of the ?Cety' group at the C.3 position for LHllformaltion.. BChl a would be predicted. However, there is presently no
Interestingly, hydrogen bonding between an amino acid side g iqence for any significant amount of enol being formed
chain of thea—polypepude and the 3-acetyl group of BChl in (B)Chl proteins.

has also been implicated by Olsen et al. (1994) for LH1 and Mg Binding Site Requirementshe geometry of the Mg
by Fowler et al. (1994) and McDermott et al. (1995) for LH2. site in all known BChl- and Chl-containing proteins is

The fact that a subunit-type complex forms with [3-vinyl]-  5-coordinate, square-pyramidal (Cotton & van Duyne, 1981;
BChl a and theRs rubruma- andp-polypeptides, but was  Robert & Lutz, 1985; Tronrud et al., 1986; Deisenhofer &
hardly observable with those &hb. sphaeroidesmay have  Michel, 1991; Kihlbrandt et al., 1994). In many cases, the
an explanation other than hydrogen bonding. That is, when5th ligand is from a His residue in the protein. However, in
the 3-acetyl group is changed to the more hydrophobic vinyl the bacterial RC, a GIn residue, as well as other amino acids
group, the additional amino acid residues at the C-terminus (Ser, Thr), has been substituted for His by site-directed
of the B-polypeptide ofRs rubrum relative to the short  mutagenesis experiments without affecting the function of
C-terminal region of theé8-polypeptide ofRb. sphaeroides the RC (Coleman & Youvan, 1990). Although the 5th ligand
may better stabilize this side chain in the subunit form by is not known with certainty in LH1 complexes, resonance
sequestering it from water. According to resonance RamanRaman measurements (Robert & Lutz, 1985) as well as the
measurements, the environment of at least part of the 3-acetykrystal structure of LH2 (McDermott et al., 1995) suggest
group changes substantially in tHes rubrum subunit that His is an appropriate assignment of the amino acid
complex compared to that in LH1 (Chang et al., 1990b; donating the coordinating ligand. The binding energy due
Visschers et al., 1993b; Sturgis & Robert, 1994), but such to ligand coordination can be estimated to be approximately
information is not yet available for the subunit complex of 5 kcal mol for each BChl (Cotton, 1976), or approximately
Rhb. sphaeroidesn which the requirements for binding to 10 kcal mot™ for a presumed subunit stoichiometryaof3;--
the 3-acetyl group appear to be even more strict than is true2BChl. This is approximately half of the total energy
for the Rs rubrum system. stabilizing the complex (Loach & Parkes-Loach, 1995). Thus,
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