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ABSTRACT: The ability of chlorophylls to coordinate ligands is of fundamental structural importance for
photosynthetic pigmentprotein complexes, where in virtually all cases the pigment is thought to be in

a pentacoordinated state. In this study, the correlation of th&@sition energy with the coordination

state of the central metal in bacteriochlorophyll is applied in investigating the pigment coordination state
in bacterial photosynthetic antenna LH1. To facilitate a detailed spectral analysis inxtmeg@n,
carotenoid-depleted forms of LH1 are prepared and model LH1 are constructed with non-native carotenoids
having blue-shifted absorption. The deconvolution of thee@Qvelope in LH1 reveals that the band is the

sum of two transitions, which peak near 590 and 607 nm, showing that a significant fraction (up to 25%)
of hexacoordinated bacteriochlorophyll is present in the complex. The hexacoordination can be seen also
in LH1 antennae from other species of purple photosynthetic bacteria. It seems correlated with the LH1
aggregation state and probably is a consequence of the structural flexibility of the assembled complex.
The sixth ligand probably originates from the apoprotein and seems not to affect the chromophore core
size. These findings show that in light-harvesting complexes a hexacoordinated state of bacteriochlorophyll
is not uncommon. Its presence may be relevant to a correct assembly of the antenna and have functional
consequences, as it results in a splitting of the pigmeek&ited state (), i.e., the carotenoid excitation
acceptor state, what might affect intracomplex carotenoid-to-bacteriochlorophyll energy transfer.

Chlorophylls (Chlis},being the key cofactors of all primary HyC 0
photosynthetic processes, are indispensable for photosyn-
thesis (). They are designed by nature in such a way that
their conjugatedr-electron system (see the structure of H,C
bacteriochlorophylé in Figure 1) can be shaped via various
interactions with their environmer), Hence, photophysical
and redox properties of Chls in vivo are tuned such that they
either mediate photon capturing and convey the excitation
energy in the light-harvesting (LH) complexes or support
electron transfer in reaction centers, carrying out the conver-
sion of light energy into biologically useful chemical energy
Q).

From many biochemical and spectroscopic studiesoj
and from the increasing number of available high-resolution
structures of photosynthetic pigmerdrotein complexes  Ficure 1: Structural formula of BChla. The arrows indicate two
(10-17), itis apparent that Chls are also important structural (formally) coordinative bonds to the central Mg ion.

cofactors, essential for the assembly of these complexes in  The properties of the central Mgion, its exchange, and
photosynthetic membranes. In LH complexes, their structural other reactions in plant and bacterial Chls have long been a
function relies in large part on the ability of the central metal supject of extensive studieZ—28). The chelation of central
ion (in most cases Mg) to coordinatively interact with Mg by tetrapyrrolic nitrogens does not satisfy the metal
amino acid residued (, 12, 18-20). However, coordination  coordination sphere, and thus, additional axial ligands are
to the centra_l metal ions in 'Fhe spet_:lal pair bacteriochloro- readily coordinated29). In fact, the ligand-free form of (B)-
phyll (BChl) is not required in reaction center3lj. Chl is virtually nonexistent; in most solvents, the preferred
coordination number of the central Mg is five, while
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complexes of known structures, pentacoordination is seena 0.5 nm increment and a 0.2 s integration time per point.
(35, 36). Therefore, it was intriguing to find indications of The fluorescence excitation spectrum of the LH1 complex
two populations of differently ligated BChla in the absorption was recorded at room temperatuneai 1 cmquartz cell, on
spectrum of LH1 fronrRhodospirillum rubrumThez-elec- a Spex fluorolog 1680 spectrofluorimeter, equipped with 0.22
tron system of (B)Chls is sensitive to the changes in partial m double monochromators.

charge density in the central metal ion, manifested as shifts  Spectral Deconolution. The spectral deconvolution was

in their redox potentials and electronic transitions, induced performed according to a method described by Kania and
by the metal exchange and coordination of axial liga2ds ( Fiedor é5). The wavelength scale in the absorption spectra
30, 31, 34, 37, 38). The QX transition in BChla, particularly  was converted to the linear energetic scale (inverse centi-
prone to such effects, can be used as an indicator of themeters), and the spectra were analyzed using version 4.0 of
coordination state of the pigmerRq, 31). At present, this  peakFit (Jandel). The deconvolution was performed without
approach has been applied in investigating the coordinationany smoothing, any filtering, or any other data pretreatment.
state of BChl in bacterial photosynthetic antenna LH1. The During the analyses in all cases the same criteria were
analysis of the Q band shape, based on deconvolution, gpplied: (1) A uniform type of all components was used.
shows that all BChla molecules are monoligated in the (2) The number of envelope components was kept to a

subunits of LH1, whereas it reveals a significant fraction of

minimum. (3) The energies of the-A and G-2 vibrational

biligated BChla in fully assembled native and reconstituted sidebands of the Qtransition were placed 108@.200 cnr?

LH1. The presence of two coordinational forms of BChla

higher than their origin (only solutions resulting in sidebands

has structural consequences and possibly also consequences intensities near 2630% of origin intensity were ac-

for the functioning of the bacterial light-harvesting com-
plexes.

EXPERIMENTAL PROCEDURES

BChla Isolation. Bacteriochlorophylla (BChla) was
extracted with methanol from lyophilized cells of carotenoid-
less strain R-26.1 dRhodobacter sphaeroidesd purified
by column chromatography on DEAE-Sepharose CL-6B

cepted). (4) To partly compensate for the contributions of
the Soret and Qbands, prior to deconvolution, a background
subtraction was carried out, always using a similar flat
guadratic curve, centered near 17 000~ &nif necessary,
Crt absorption bands were also included in the deconvolution.

RESULTS

Electronic absorption spectra of isolated BChla in organic

(Pharmacia, Uppsala, Sweden), according to a publishedsglyent dimethylformamide (DMF) and the one located

method B89). The final step of purification was done by
isocratic HPLC on silica gel, as previously describég, (
41). The purified pigment was stored under Ar-aB0 °C
in the dark.

B820 Isolation.The B820 subunits of LH1 were obtained
via a controlled detergent solubilization of lyophilized,

within photosynthetic proteins, viz. subforms of the LH1
complex and fully assembled LH1 (with and without Crts),
are shown in Figure 2. There is a great variability iR Q
transition energies among these forms of BChla, whereas
their other bands, Soret andQseem much less affected.
This is due to the well-known sensitivity of the,@ransition

benzene-extracted, bacterial photosynthetic membranes (chrorp the pigment aggregation stat82( 46). It is located

matophores) from wild-typd&sp. rubrum(S1 strain). The

subunits were purified by ion exchange column chromatog-

between 770 and 800 nm in the monomeric form, between
820 and 860 nm in the dimeric states 82, 46, 47), and

raphy on DEAE-Sepharose CL-6B FastFlow (Pharmacia) in petween 850 and 963 nm in larger arrays, such as fully

the presence of 1%-OG, as described by Fiedor and Scheer

assembled LH complexe,(48). The Q band shows a

(42). If necessary, the chromatographic step was repeatedmuch weaker dependence on the pigment situation, as seen

B780 FormationThe B780 subform of LH1 was prepared
by titration of the B820 subunit at room temperature with
20%3-OG (w/v), until a complete dissociation was achieved
(final B-OG concentration of 4%). The progress of dissocia-
tion was monitored by absorption spectroscopy.

B870 Formation.The B870 complex was obtained from
a purified B820 subunit by a 2-fold dilution with a cold Tris-
HCI buffer (10 mM, pH 7.6). The absorption spectrum of

in Figure 3, where the expanded @gions of the spectra
from Figure 2 are presented.

BChla in Coordinating Organic Soént. The position of
the @ transition of BChla in neat DMF at 770 nm (Figure
2A) indicates the monomeric state of the pigment in that
solvent. The @ band of BChla in DMF is very broad and
clearly asymmetric (Figure 3A), comprising at least two
closely located transitions of uneven intensities, the stronger

the sample was recorded after several minutes and then aftepne centered near 580 nm and the weaker one near 610 nm.

6 h at 4°C in the dark.

Isolation of Natve LH1. The native LH1 complex was
obtained from chromatophores &sp. rubrumS1 by a
modification of the method of Picorel et af3), as described
previously @4).

Reconstitution of LH1 with Non-Na# CarotenoidsThe
replacement of spirilloxanthin in LH1 fromRsp. rubrunmwith

BChla in Carotenoid-less LH1 and Its Subforrihe B820
subunit (Figure 2A) was obtained by the treatment of
carotenoid-devoid chromatophores from VIREp. rubrum
with 3.4% -OG and purified by ion exchange chromatog-
raphy in the presence of 1%OG. Fully aggregated LH1
and its B780 subform (absorption spectra shown in Figure
2A) were both obtained from purified B820 subunits, by

neurosporene and spheroidene was done using the reconstituadjusting the3-OG concentration. By lowering its concentra-

tion method described by Fiedor et ad4j.

Absorption and Emission Measuremenithe absorption
spectra were measured at room temperatueed cmquartz

tion to <0.5%, the aggregation state of BChla changes from
dimeric in B820 to fully aggregated in B870. The increase
in the detergent concentration to 4% causes the dissociation

cuvette on a Cary 50 (Varian) spectrophotometer, applying of B820 and yields the monomeric form, B780.
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FiGURe 2: Absorption spectra of (A) BChla in dimethylformamide,

and in various forms of carotenoid-depleted LH1 complex (B780,
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Ficure 3: Expanded @ regions (of the spectra from Figure 2) of
(A) BChla in dimethylformamide and various forms of carotenoid-
depleted LH1 complex (B780, B820, and B870) fr&sp. rubrum

and (B) native LH1 fromRsp. rubrumand LH1 reconstituted with
spheroidene. For clarity, the spectra in the top panel were
normalized by a factor to bring thex®and intensities near a value
of 1; the spectra in the bottom panel were normalized to the Q
band.

pigment aggregation state (from 590 to 595 nm on going Qx absorption by monitoring the emission from LH1 at 900

from B870 to the B820 subform), and in B780 it moves back
to the original position (Figure 3A). Also, thex®andwidth

nm. It coincides perfectly with the Qabsorption band of
LH1 reconstituted with Sph, including the shoulder on the

shows some dependence on the pigment aggregation statdpw-energy side. The other weaker band seen in the excitation

the band is narrow in B870, while in B820 and in particular
in B780, it becomes considerably broader (Figure 3A).
BChla in Carotenoid-Containing LH1 ComplexeBhe
absorption spectra of BChla located within the-ggblypep-
tide environment of the LH1 complex froRsp. rubrunare

profile, located near 550 nm, corresponds to the-00
transition in Spx $0) and reflects the low efficiency of
excitation energy transfer from Spx to LH1 BChl in the wild-
type complex %1).

Qx Band Deconolution. To resolve the component

shown in Figure 2B. The LH1 complexes have been preparedtransitions of the @ absorption band of BChla in solution

with three different Crts: spirilloxanthin (Spx, 13 conjugated
C=C bonds), spheroidene (Sph, 10 conjugateegdonds),
and neurosporene (Neu, 9 conjugates=@ bonds). The
native LH1 complex, containing mostly Spx9), was
isolated from chromatophores of wild-typesp. rubrum(S1),
while the complexes with the two non-native Crts were

and in LH complexes, respective fragments of the absorption
spectra (shown in Figure 3) were plotted in the energy
(linear) scale and subjected to deconvolution following a
method recently applied to determination of thermodynamic
parameters and steric factors in ligation of bacteriochloro-
phyll a in organic solvents4b). Also for BChla bound in

obtained via a recently developed reconstitution technique LH complexes, the best fits to the@nvelope were obtained

(44). In native LH1, the Spx absorption overlaps with the
BChl Qy transition but the replacement of Spx with Sph or
Neu yields LH1 complexes with blue-shifted Crt absorption
(Figure 2B). As seen in Figure 3B, in the LH1 reconstituted
with Sph there is a clear asymmetry in the shape of the Q
band; next to the main transitioA{.x = 589 nm), a weaker
shoulder extends up to 630 nm. Theg Rand profile in LH1
reconstituted with Neu exhibits an identical feature (not
shown).

The fluorescence excitation spectrum of native LH1,

assuming GaussiatlLorentzian-type components, in ac-
cordance with the results reported by Umetsu et 32).(
The sums of the Gaussiahorentzian components gave an
almost perfect overlap with the experimental curves, as
shown in Figure 4, typically yielding values for the coef-
ficients of determinationrf) higher than 0.999. Gaussian or
Voigt functions, which are often used for fitting of Chl and
BChl spectra (usually in the Qregion) 63, 54), not only
resulted in lower values of thé parameter but also required

a larger number of components to be taken into account for

presented in Figure 3B, was determined in the region of the adequate fitting of the Qband (not shown). Moreover, while
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Ficure 4: GaussiarrLorentzian deconvolution (see the text for details) of ther€gion of the absorption spectra of BChla in various
environments: in dimethylformamide, in carotenoid-less LH1 antenna in different states of aggregation (monomeric B780, dimeric B820,
and fully aggregated B870), and in LH1 complexes [reconstituted with spheroidenel(Bfhand native, containing mainly spirilloxanthin
(S1-LH1)]. Experimental data are shown as a solid line; fitted components are marked with black triangles (BChla transitions) and black
circles (carotenoid bands); the sums of the deconvolution components are marked with white circles.

applying the GaussiarLorentzian components, in many Table 1: Deconvolution of the QBand in Various Forms of BChla

instances the deconvolution algorithm was itself able to BChla form, fwhm

eliminate redundant components. As reviewed by Zucchelli experimental valués  band Amal (cm™) %

et al. 65), the complex, GaussiatiLorentzian, characte_r qf DMF, 17212, 581 1 16397, 610 738 32

the Q band components stems from the fact that in principle 2 17182, 582 877 68

the band shape of these electronic transitions can be described 2 i;;i; ggg 11(7’2 -

?s a ’I,_ore_nf[2|an function W|th a conmderaple Gau_55|an B780, 16935, 591 1 16941, 590 954 100

dress”, arising due to the statistical broadening (the inho- 2 18146, 551 1359 _

mogeneous contribution). B820, 16835, 594 1 16807, 595 857 100
P 2 17732, 564 1292 -

_ 'II':he reszlts o;diconvlolutlondln LH1 clc)mplexes are plotted B870, 16920, 501 1 16489, 606 =04 23

in Figure 4, and the relevant deconvolution parameters are 2 16962, 590 545 77

summarized in Tables 1 and 2. The analysis of the Q 3 17303, 569 454 -

envelopes in all cases resolved well the mair-@D Qx 4 17766, 563 1145

transition with its vibrational sidebands (the bands centered aThe first value is given in inverse centimeters and the second in
above 17 500 cmt). The positions of the vibrational side- nanometers.

bands, relative to the-80 transition, were estimated on the
basis of the measurements of BChla spectra in acetone anaoordination state of the central Mg in BChia, 31, 45,
pyridine, in which single coordinative forms of the pigment 52). The intensities of the component transition are given in
are present [i.e., pentacoordination in acetone and hexacoterms of their contribution to the total band intensity (sum
ordination in pyridine 45)]. Further discussion is focused of the areas of all contributing Qtransitions).

primarily on the 6-0 transitions, with the maxima located Monomeric BChla in a Coordinating Organic $eht. The
below 17 200 cm?, as these are directly correlated with the nonsymmetric @ band of BChla in DMF could be fitted
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Table 2: Deconvolution of the QBand in the Native LH1 chromophore: itis again r_elatively broad in DMF_ (fwhm
Complex fromRsp. rubrumand LH1 Reconstituted with 700 cn1?) and becomes quite narrow, near 500 énn LH1
Spheroidene and Neurosporene complexes.
LH1 complex, fwhm
experimental valués  band Ama? cm? % DISCUSSION

native (S1), 17007, 588 1 16368, 611 6%0 19 BChla is perhaps one of the best examples for which the

2 16976, 589 598 81 < . :

3 17628, 567 831 — coordination state of the central metal ion can be inferred

4 18220, 549 860 directly from the energy of the Qtransition @7, 30, 31).

5 19436, 515 1350 When the central Mg ion in BChla is pentacoordinated (one
Sph, 16945, 590 1 16393, 610 620 17 axial ligand), the Q transition peaks between 17 500 and

2 16964, 589 576 83 | O ;

3 17440, 573 470  — 16 950 cm* (570-590 nm), while in the hexacoordinated

4 17805, 562 793 one (two axial ligands), it shifts below 16 600 ch{above
Neu, 16978, 589 1 16603, 602 650 24 600 nm). On the other hand, as seen in Figures 2 and 3, the

2 16997,589 506 76, band energy is practically insensitive to the aggregation

3 17397, 575 434 - f the o] both in vi din vive. 46 4

4 17819 561 854 state of the pigment, both in vitro and in vive, @46, 47),

and hence, the correlation of the band shift with the central
Mg coordination state applies also in vivbZj.

BChla in a Coordinating Seknt. Applying the criteria
very well with the minimal number of two Gaussian established by Callahan and COFt@lX we find the spl_itting
Lorentzian components (Figure 4), a stronger one centered®! the Qcband of BChla in relatively strongly coordinating
near 17 180 cmt and a weaker one near 16 400 dniThe DMF is rather straightforward to interpret. The observed band
ratio of their intensities was found to be equal to 3:1 (Table Shape in DMF is the sum (envelope) of two components
1). (tran&gpng) wh|qh correspond tq two species of BChla, being

LH1 Complex and Its Subunit FormBeconvolution in in equilibrium with each other in solution: the pentacoor-

the monomeric (B780) and dimeric (B820) subforms of LH1 dinated (higher-energy component) and hexacoordinated
reveals strictly single Gaussiahorentzian components (lower-energy component) forms. The equilibrium between

under the @ band (Figure 4), with the maxima at 16 940 the two coordination forms strongly depends on temperature
and 16 800 cmt, respectively (Table 1). A treatment of these  (49) (S€€ the Supporting Information).
two subforms with upd 2 M imidazole had no effect on Coordination State of BChl in the LH1 Antenria.both
the Shape (and results of deconvo|ution) of th@t@nd (See subforms of LH1, B780 and B820, deconvolution shows the
the Supporting Information). In fully aggregated B870, Presence of only single symmetrick @ansitions {max ~
deconvolution gives a satisfactory result (Figure 4) only if, 590 nm), and therefore, BChls in the two subforms seem
next to the main component at 16 962 émanother minor  €xclusively monoligated. This is in accordance with other
transition is included, centered near 16 490 &nwhich ~ Spectroscopic studies showing BChla in B820 and in B780
constitutes 23% of the entire band (Table 1). to be monoligated by His residues from the and
Deconvolution in the LH1 complexes reconstituted with S-polypeptides§, 18). A different, two-component decon-
Sph (Figure 4) and Neu (not shown) did not require Volution pattern has been found in the fully assembled B870
consideration of Crt absorption. It gives a pattern very similar complex fromRsp. rubrumboth the native and reconstituted,
to the one in B870; there are two@omponents, and their ~ With the lower-energy transition constituting up to 25% of
contributions to total band intensity are equal to 17 and 24% the major one. Thus, according to band energy criterig—
(Table 2). Deconvolution in the native LH1 antenna is 80% of BChls in LH1 seem monoligated while the remaining
slightly less reliable, because it included Crt transitions. fraction should be classified as biligated. The presence of
Nevertheless, here also, to obtain a good fit, two componentsthe minor fraction is also evident from the excitation
under the @ band had to be assumed, with intensities in a Spectrum of the complex, at the same time confirming an

ratio of 4:1 (Table 2). In addition, the presence of a shoulder efficient energetic coupling of the minorxQransition to
on the low-energy side of thex@and is also evident in the the B880 BChls. A closer examination of the LH1 absorption

LH1 fluorescence excitation profile (Figure 3B). profiles found in the literature reveals that even without
Width of the Q Transitions. A comparison of the  Spectral deconvolution this minor transition can be seen also
deconvolution results shows that the €nvelopes of BChla  in LH1 complexes from other species of purple photosyn-
in various environments resolved into components (Tables thetic bacteria §6—-59) as well as in the RELH1 com-
1 and 2) of significantly varying full width at half-maximum  plexes, e.g., fronRhodobium marinurandRb. sphaeroides
(fwhm). The component transitions are considerably broader(60—62).
for BChla in DMF, B780, and B820 (Table 1) than in B870 As mentioned before, the coordination number 6 of the
and in the assembled LH1 (Table 2). The component locatedcentral Mg is rather uncommon to (B)Chls in in vivo systems
near 17 000 cm' in the monomeric (DMF and B780) and (35, 36), and even in solution, it can be found only in highly
dimeric pigment (B820) forms has fwhms equal to 877, 954, coordinating media3l). However, it is difficult to suggest
and 857 cm?, respectively. In all analyzed LH1 complexes, another plausible explanation for the presence of this lower-
including B870, the higher-energy components are consider-energy component in LH complexes. For instance, the
ably narrower and their fwhms do not exceed 600 tm excitonic interactions between the members of the B880 ring
The lower-energy (1640016600 cmt) component of the  could be considered in LH1, but thex®@and is practically
Qx band shows a similar dependence on the location of theinsensitive to the aggregation. Moreover, such effects are

aThe first value is given in inverse centimeters and the second in
nanometers.
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not observed in other systems of strongly coupled BChls, coordination of BChls by apoproteins seems to be a common
B820 and B850. Second, the excitonic interactions, in parallel feature of various bacterial LH complexes, both LH1 and
to the shifts in the absorption, are expected to give rise to LH2 (18, 20).
signals in circular dichroism spectra, actually not observed  Another indication of the strong coordination of BChl is
in that region §, 44, 59). On the other hand, the BChl its inaccessibility in B780 and B820 to external ligands, such
distortions are also very unlikely to be the reason for the as a strongly coordinating imidazole. While in the case of
observed splitting of the Qband in LH1. First, the ring  B820 the central Mg might not be “visible” to external
distortions are expected to affect mostly the tQansition ligands due to the dimerization and steric crowding in the
(63), but no indication of shoulders or asymmetry of the (BChlak-a heterodimer, the same argument does not apply
lowest-energy absorption band of LH1 is seen (Figure 2B). after the interactions stabilizing the heterodimer are disrupted
Moreover, any significant change in ring distortions on going due to the detergent treatment (440G), resulting in a
from the B780 and B820 forms to B870 would have been complete dissociation to monomeric form B780. Neverthe-
readily detected using the resonance Raman (RR) techniqueless, the His-BChla coordination bond remains intact in
which seems not to be the cadg 64). The RR measure- B780 (18), and even in the presencé » M imidazole (6
ments exhibited a similar, conserved type of distortion of order of magnitude molar excess), there are no signs of
the pigment macrocycle in both LH1 and LH2 antennae, if hexacoordination (see the Supporting Information). Seem-
compared to a more relaxed conformation of BChl in organic ingly, the out-of-plane position of the central M§€) is
solvents 64). Finally, the out-of-plane displacement of the somehow stabilized due to the binding to the polypeptides.
central Mg induced by BChtapolypeptide interactions  Assuming such freezing of BChla conformation in LH1, the
within LH1 cannot be the reason either as it is known to interactions with any electron-rich center (ligand) located in
cause a shift of the Qposition to 576-590 nm (17 000 the axial position in the vicinity of the polypeptide-bound
cmY); the shift above 600 nm (16 700 cA) is usually BChla would lead to changes in the partial charge density
correlated with the in-plane placement of the central B) ( on the central ion, without affecting its position with respect
65, 66). Such displacements would be also expected to beto the macrocycle. It has been shown that binding of axial
seen using RR spectroscopy (see below). ligands to (B)Chls significantly affects the charge density
The interactions of BChls in solution and within LH on the central metal, and in particular, the energy of the Q
complexes have been extensively studied using manytransition in BChla is sensitive to these chand&s 69). In

techniques, including RR spectroscofy 81, 64—67). In this context, the absorption spectroscopy seems to be a more
particular, the lowering of vibrational frequencies of bands direct means for monitoring interactions between the central
A and B [the GC, and GG, stretchings, respectivel% )] metal and the chromophore-electron system which are

from 1609/1530 to 1589/1512 crhis consistent with the  related to the coordination.
core expansion caused by the movement of the central Mg Following the reasoning given above, we can attribute the
into the plane of the macrocycle upon binding of the second presence of the red-shiftedi@ansition in LH1 to a fraction
axial ligand. The RR experiments performed on the LH1 of BChla which seems to be involved in an unusual mode
antenna and its subunits, isolated fr&sp. rubrumdo not of hexacoordination, occurring without a detectable pigment
reveal these characteristic shifts of the BChla Raman bandscore expansion. Consequently, the position of the red Q
thus indicating the same coordination state 5 of the pigmenttransition in LH1 below 610 nm suggests the extra ligand is
in all forms of the complex§, 64). With regard to the fully bound via O rather than through 81). Furthermore, the
assembled complex, this result though is inconsistent with measurements of the temperature-induced changes in the
the present assignment of a population of six-coordinated absorption spectra (data shown in the Supporting Informa-
BChla in LH1, based on absorption spectroscopy. tion) show that in contrast to BChla in solution (DMF), both
Considering differences in the physical principles underly- the position and intensity of the red-shiftegt @and in the
ing the two spectroscopic techniques, a straightforward LH1 spectrum are invariable in the range between 0 and 20
explanation of this apparent inconsistency can be suggested?C. This indicates that a specific polar amino acid residue
In a series of metallo-substituted BChls, it was shown that might be involved in the sixth ligand binding. A comparison
the frequencies of the coordination-sensitive Raman modesof the amino acid sequences of the and S-polypeptides
are not directly dependent on the coordination state of the from Rsp. rubrurmshows that in thet-polypeptide two polar
central metal but rather on the size of the pigment c68. ( residues, potential ligands, are present near the BChl binding
Hence, the results of the RR measurements on LH1 and thesite: Ser and Asn residues &t5 and +10 positions,
subunits do not necessarily confirm the chromophore pen-respectively (with respect to the Higesidue of the primary
tacoordination but may in fact indicate that there are no contact to BChl), both highly conserved among several LH1
significant changes in the BChl core size in B780, B820, antennae from purple bacteri20j. Both residues are
and B870. This could possibly take place, for instance, when expected to be coordinating; alcohols are known to be
in a polypeptide-bound BChla, the position of the central excellent ligands of (B)Chls in solutior8f, 70), whereas
ion with respect to the macrocycle (and CC stretchings) is Asn was found to interact with the central Mg of BChla in
similar (or constant) along the series of LH1 forms, implying photosynthetic complexeg1). Also, in a Ser-BChla model
an exceptionally strong binding of the pigment to the compound, where a Ser moiety replaces the phytyl side chain
apoprotein. There are several indications of indeed a strong(72), the presence of polar functional groups (amino group
mode of binding of BChla in LH1 and its subunits, such as and methyl-esterified carboxylic group) near the macrocycle
a considerably red-shifted position (59895 nm) of the Q strongly enhances hexacoordination of BChla in aqueous
transition (Table 1) with respect to coordinating solvents [a solution 64). According to a recently obtained solution
similar shift is observed only in pyridin€2{)]. A strong structure of thex-polypeptide from wild-typeRsp. rubrum
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these residues are located in the terminal part ofithelical that the sixth ligand binding to BChl might be of some
hydrophobic transmembrane domain of the polypeptide, notrelevance to a correct assembly of the LH1 antennae.
far from the BChl binding site3), and hence, they could The biligation of BChl in LH1 may have consequences
probably be involved in interactions with tifepolypeptide-  for the Crt-to-BChl energy transfer as in light-harvesting
bound pigment. The low intensity of the red-shiftedland ~ complexes from purple bacteria, the @ansition of BChl
shows that only a fraction of the BChla molecules is involved has been predicted to be a very efficient acceptor state of
in hexacoordination in LH1, but that is in agreement with Crt excitation 79). The reason is that both the spectral
the structure of the core antenna, showing a high degree ofoverlap of this transition with Crt emission (from thes$ate)
heterogeneity among the B880 BChI&). Moreover, the  and its orientation are favorable for efficient coupling with
RR measurements also revealed the presence of a minothe Crt transition dipoleg0, 81). The structural analysis of,
population of BChla molecules in LH1 frolRsp. rubrum for example, the LH2 complex frorRhodopseudomonas
whose local environment is different from the one in which acidophila also shows a favorable parallel arrangement of
the majority of B870 BChls are found7). Crt molecules and the Qdipoles of both B850 BChIs3Q).

Apparently, the coordination state of BChl in LH1 is As evidenced by femtosecond absorption measurements on
correlated with the aggregation state of the complex. Prob- several LH2 and LH1 antennae, the excitation transfer from
ably, during assembly, the subunits (which contain strictly the strongly allowed Sstate of Crt to the Sstate (Q) of
only monoligated BChla) undergo a structural rearrangementBChl is indeed the major route (up to 75% contribution) of
which in turn facilitates a hexacoordination of a certain singlet Crt-to-BChl energy transfer in these complexss (
fraction of BChla molecules. Many biochemicaBj and in 81, 83). The appearance of a satellitg @ansition, near the
particular recent crystallographic studi&&{77) reveal that main one in the LH1 complex, may have consequences for
in particular LH1 from Rsp. rubrumhas indeed more their functioning. The most obvious would be (i) an increase
structural flexibility than most of the LH2 complexe$l( in the spectral overlap of BChl absorption with Crt S
12) and shows a strong degree of inequivalency among B880emission and (ii) the broadening of the @ansition and a
BChls (74). On the other hand, as the flexibility of the lowering of its mean energy (hence, a shallower excitation
assembled complex is permitting the hexacoordination, the trap). Both effects are expected to bring an improvement in
character of BChl binding sites changes too, as indicated bythe efficiency of Crt-to-BChl energy transfer, which would
differences in the width of the fQransitions, which show a  be relevant mainly for Crts with conjugation lengths from 9
considerable dependence on the location of the chromophoreao 11, which have energies of their 1Bu states close to that
(Tables 1 and 2). In organic solvent at room temperature, aof Qx (51, 80, 81, 83). It would be expected that the Crt
relatively broad Q envelope is seen because a range of Qy channel may significantly contribute to the high efficiency
ligand—BChl and (ligand)—BChl complexes (where the of the Crt-to-BChl energy transfer in the LH1 complex from
ligand is DMF), each with a slightly different ,Qenergy, Rb. sphaeroidegwith mostly Sph).
exists. A comparably broady(band in B820, and an even
wider one in B780, seems to result from the differences in SUPPORTING INFORMATION AVAILABLE
the a-His andp-His coordination to BChla and hence a slight
difference in the @ maximum position. Finally, a consider-
able narrowing of the Qband in the assembled LH1 results
most probably from the increased rigidity of the BChl binding
site due to the aggregation, which leads to a narrower
distribution of the transition energies. In this context, the
width of the Q band can be regarded as a good indicator of
the pigment-protein interactions, a more reliable one than
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