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ABSTRACT Polarized absorpon and fluorescen measurents have bee ermed at 77 K on andan i

preparaions of trimeric Light Harvesting Comlex II (LHC-Il) fom sp c. The result enabe a dcpositi Of b on

secum into components parale and perpecular to the treric plane. For the fit time, it is shon the

stmng aption band around 676 nm is poaried essnially parae to the plae ofthe timer, i.e., the averae anglebeen
fte corroI transition d*ole moxents and fis plane is at most 120. The dift absorption bns for LHCl1 shoud

not be conSidered as correspo ndn to idvidual Inets but to ations Of differnt Neverheless,

average angle bten the y ranition cpole omrents of al chlrophyl a pignents in LHCll and the btneric plane could
be rmied and was found to be 17.50 2.50. For the b is angle is gfiany (cose to 35°).
At 77 K, most of the fluorescence stems from a weak band above 676 nm and Fte transition 4die
are oriented futhr out of plane than the cipole correspondig-tothe676-nm band. The resultsare shown to be of

crucial for udestandin the relatinm n e LHC41 stuture and its troscopy.

INTRODUCTON

The most pigment-protein complex in green plants
is light-harvesting complex II (LHC-ll). It binds approxi-
mately 50% of all chbrophylls (Kfhbrandt and Wang,
1991) and functions as an antenna that effectively absorbs
sunlight. Induced excitations are utnsported mainly to
the reaction center of Photosystem H where the trans-
formation of the excitation energy into useful chemical
energy is performed.

In 1991, the crystal sture of LHC-ll was published at
6-A resolution (Kiblbrandt and Wang, 1991), and signifiant
progress has recently been achieved, resulting in the stucture
at 3.4-A resoluion (Kiilbrandt and Wang, 1994). The 6 A
crystal shows a t r ar ng n of the protein,
and in each monomeric subunit 13-15 s could be
resolved with chlorophyll-like shapes (Kiihlbrndt and
Wang, 1991). The 3.4-A ucure reveals that, in reality,
only 12 of these correspod to chlorophyll moleues
(Kiildbrandt and Wang, 1994). Recently, detailed spectro-
scopic information on rimeric LHC-II was obtained espe-
cially in the absorption region of the , transitions of Chl a
and Chl b (640-700 nm) at low temperatues (4K, 77K)
(Hemelrijk et al., 1992; Kwa et al., 1992a). The complexes
were isolated with the use ofthe detergent dodecylmaltoside,
and esecially the linear dichoism (ID) and circular di-
chroism (CD) spectra showed significant resemblne to the
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sectra of thylakoid membranes in which the LHC-II protein
prevails. This indicates that the isolated LHC-l strongly re-
sembles the in vivo form.
Many spectral forms are present in the antea complex,

and strong excitonic interactions between the pigments exist,
as can be anticipated frm the dense packing ofthe pigments
(Kfiilbrandt and Wang, 1991). The almost perfect agreement
between the shape of the reduced linear dichroism sectrum
and the excitato anisotropy s m below 676 nm indi-
cates that fast excitatiom energy equilbation between the
pigments in the different monomeric suuits occurs upon
excitation below 676 mm (Hemehijk et aL, 1992; Kwa et al.,
1992b). In different studies, energy tansfer steps in IHC-Il
were observed on a time scale of several hundreds of fem-
toseconds to several picoseconds (Gillbro et al, 1985; Eads
et al., 1989). IsotWic room pump-probe mea-
ements showed fast spectWral equliatio on a time scale

of less than 10 ps, and polarized pump-probe measurements
also showed fast depolarization on a similar time scale (Kwa
et al., 1992b). The wavelength dependence of the residual
anisopy at room temperte is in quaitative agreement
with what onewould expect from the IDspectm in the case
of fast raional equihlibation (see Theory). In recent pump-
probe experiments, it was observed that even down to tem-
peratures as low as 13 K the kinetic behavior is very similar
to that at room temperature upon excitation at 676 nm and
below (Savikhin et aL, 1994, in press). The fluorescence
lifetime ofLHC-ll is on the order of several nanoseconds (Ide
et al., 1987), which is much longer than the rotational equili-
bration time. This is a necessary condition to finally trap
virtually all excitations in the reaction center. For the present
study, this fact is important for the int of the
results

Data have been obtained concerning the qalitative ori-
entations of absorption and emission dipole moments within
LHC-II (Hemelrijk et al., 1992; Kwa et al., 1992a). To relate
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the spectco pic properties of LHC-II to its three-
dimensional structure in as much detail as possible, it is
absolutely necessary to obtain more quantitative informa-
tion on the orientations of the transition dipole moments.
This information can be only partly obtained from linear
dichroism measurements. Knowledge about the degree of
orientation of the cmplexes in the sample is required in this
respec, which has to be obained fromi aial thniques.

It has been shown for chlorosomes from the green bac-
terium Chloroflexus aurantacus and B800-850 pigment-
protein complexes from the purple bacterium Rhodobacter
sphaeroies that the degree of orientation can be obtained
from polarized steady-state fluorescence measurements on
complexes in compressed gels, provided that the complexes
show optical rotational symmetry (see below) and fast ro-
tational excitation equilibration takes place (VanAmerongen
et al., 1991). In the present study, this method is extended and
applied for the study of LHC-ll to reveal the (average) ori-
entations of the absorption and emission transition dipole
moments. This leads to the decomposition of the absorption
spectrum of LHC-ll into components parallel and perpen-
dicular to the C3-symmetry axis. The presence of many ab-
sorption bands (at least 36 chlorophyll pigments are present
per trimer) in a limited wavelength region (40 nm) precludes
a description of the "parallel and perpendicular spectra" in
terms of all its constituting bands (at least 11 bands have been
revealed so far with different techniques (Reddy et al., 1994;
S. NuBberger, J. P. Dekker, W. Kfihlbrandt, B. M. van
Bolhuis, R. van Grondelle and H. van Amerongen, unpub-
lished data). Nevertheless, important information is obtained
that is essential for future studies, aimed at the correlation
between the crystal structure and the spectroscopic proper-
ties, which is required for understanding the fimctioning of
the protein:

(1) The average orientation of the transition dipole moments
that correspond to the dominant 676 nm band have been
determined accurately. This information severely re-
stricts the possible orientations of the many (at least 12)
Chl a pigments per trimer that contnbute to this band
(Hemelrijk et al., 1992).

(2) The average orientations of the Qy transition dipole mo-
ments of both the individual Chl a pigments and the
individual Chl b pigments are obtained. These turn out
to be significantly different. This information will re-
strict the possible assignments of the identities of the
chlorophyll molecules (either Chl a or Chl b). Note that
the identity ofthese pigments cannot be revealed from
the 3.4 A crystal structure, although a preliminary
identification has been made (Kuihlbrandt and Wang,
1994).

(3) Future (exciton) calculations on LHC-II aimed at re-
lating the structure to the spectroscopic properties
should lead to results that are consistent with the de-
composed spectra from the present study, which are
characterized by little experimental uncertainty.

MATERIALS AND METHODS

LHC-ll was isolated as descrbed in Hemelrijk et aL (1992) Absoxption,
linear dichroism, and polarized fluorescence measurements were performed
as described in the same paper. Polyacrylamide gels for linear dichroism and
polarized fluorescence measurements were prepared as in Hemelrijk et aL
(1992). The gels were acmpree with a factor of 1.25 in both the x- and
y-diectio The corrections of polarized fluorescence spectra for polariza-
tion dependent excitaton intensity and detecion s it will be de-
scribed at the end of Tbeory.

Theoy
The polarized fluorescence method is based on the theoretical paper by Van
Gurp et aL (1988). The complexes are embedded in a polyacrylamide gel
that is d in the pependiula x- andy-diectons with an equal

factor and expands in the vertical z-dirction. The compresse gel is placed
in a 90° fluoreence setup. Ectation light falls on the sample along the
X axs, and fluorescence light is detected alog they axis. Polarizers in the
exciation and detection beam select vertically (V) and horizontaly (H)
polarized light Four independent fluoescence intensities at a certain ex-

dttion (A1) and detection waveklngth (A2) can be obtained: I,, I,w, Ii,, and
I*, where the subscipt refer to the orientation of the excitation and de-
tection polaizers, respectively. These experimentally cible observ-
ables are related to the parameters S,, S,, Go, and G2 (Van Gurp et aL, 1988).
which depend on the orietatio distributon of the mokcales in the gel and

the orientations of the ption emissi dipole moment with respect

to each other and with respect to the C3-symmetry axs of the complex,
according to

VW(A1, A2) = F(A1, A2) [1 + 2SI,(A1) + 2S,(A2) + 4GO(Al, A2)]

IA (A1, A2) = F(A1, A2) [1 + 2SI,(A1) - S,(A2) - 2GO(Al, A2)]

IW(A1, A2) = F(A1, A2) [1 - S9,(Al) + 2S,(A2) - 2GO(Al, A2)]
IM(A1, A2) = F(A1, A2) [1 - S(A1) - S,(A2)

(la)

(lb)

(lc)

(ld)
+ GO(A1, A2) - 3G2(A1l A2).

F(A1, A2)isaparameter hat dependson proprisof thee imental set-up
like the exchation intensity at A1 and the dettosensitivi at A2, but also
on mokcula paramhetlilke thea rtin at Al and the fluoecence yield
at A. In the prsent study, it serves as a maization constat

Tne aequaons are based on the fct that Ij is ptiInal to ((U4EATv(i
where ji and v are unit vectors along the absoi and misson dipoles
and the unit vecors e, and e, denote the oienatio of the "exciation" and
-detection- paizes, respectively. For formal lefinit ofS., S. Go, and
G,, we refer to Van Gurp et aL (1988) For the specific case of rotationally
symmetric zprties Qike LHC-ll) m which rotonal equliatn talks
place on a time-ale much faster than the fluorescere lifetime (which is
m the nanosecond region (Ide et aL, 1987), the paameters are given by Van
Ame_ongen et aL (1991)

So. = (P2XP2(COS Od))
S. = (p2XP2(coS (3))

Co= ( + *P2) + 1%5(P4))Qp2(COs 0,)XP2(COS 1.))

G2 = (V5- P2) + 3A5P4))(P2(cos 0,)XP2(CS 1,)),
where

(P2) =(P2(cos 13)) = ((3cos 13 - 1))

(F4) = (P4(cos 1)) = (Vs35 cos3 - 30 cos2 13+ 3))

(2a)

(2b)

(2c)

(2d)

(3a)

(3b)

are the second and fourth order Legendre polynomials of cos 13. The angle
13 denotes the orientation of the C3 symmetry-axis (z' axis) of the complex
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with respect to the laboratory z-axis. (P2(cos 1)) and (P2(cos j)) are the
second order Legendre polynomials containing the orientation angles of the
absorption (l3,J and emission (j) dipole moments with respect to the z' axis.
The brackets denote either averaging over all contnrbuting absorption
((P2(cos 13,))) or emissin ((P2(cos 13,))) dipole moments per trmer or over
all contnrbuting trimers ((P2) and (P4)). Note that S,, corresponds to the
reduced linear dichroism (see Eq. 8) of all absorpion tranition dipole mo-
ments. It is in order here to elaborate somewhat on the term "rotaional
equiibrato" In the present context, it means that on the average there is
no correlation between the orientations of absorption and emission dipole
moments around the symmetry axis for a certain combination of excitation
and emission wavelengths. As a simple example, we consider the case of
three identical pigments al, a2, and a3, which are symmetry-related around
the C3 axis. Suppose pigment al absorbs a photon. Ifenergy transferbetween
the pigments takes place on a timescale much faster than fluorescence, all
pigments have equal probability of emitting a photon and fast rotational
equilibraton takes place. If for some reason the probability of photon emis-
sion by a certam pigment that has also absorbed a photon is larger than for
the other two piments (for instance, because i broadening
has led to a significantly red shifted absorptio band for this pigment or
because the enegy transer process is not much faster than the fluorescence
process), then no fast rotational equlibration takes place.

Note that (P) reflects the degree of orientation of the complexes. For a
disc-like complex like timeric LHC-H (P) is -0.5 when all complexes are
lined up with the trimeric plane parallel to the z-axis. The value of (P) is
0 when no preferential orientatio is present. A priori, no knowledge is
available about the value of (P) apart fom the fau that it value should lie
between -05 and 0 for disc-like particles (Van Amerongen et aL-, 1991).
In an unoriented sample, (P) and (P4) are equal to 0 and, consequently,
So, = S, =O andGo = G2 = V5(P2(cos 3d)XP2(cos (3,)). The later parameters
are equal to r/2, where r is the well known anisotropy parameter, obtained
in conventional polarized fluorescence measurements (see also below). In
that case

IQ(A1, A2) = F(A1, A2) [1 + 2r(Al, A2)] (4a)

IA(Al A2) = I l(A1, A2) = I4 l(A1, A2) =F(A1, A2) [1 -r(A1, A2) (4b)
The latter equations are used to correct for dhfferences in excitation inten-
sities for horizontally and verticaly polarized light and for differences in
detection sensitity for hoizontally and vertically polarized fluorescence
light (see below, The four equations la-id contain five unknowns at a
certain combination of A1 and A2 Wben excited at a wavelength where
0=̂ O (which can be determined from the ID spectum: ID = 0), the

emission spectra of I, Ih, I-, and I. contain only four unknowns and
from straightforward combinations of these intnsities S(A2). GO(Al, A2),
G2(A1, A.) and the isotropic fluorscence spectrumF(A1, A.) can be extacted.
Choosing now a detection wavelength k where S, is well-determined, the
spectra S,.(A1), Go(A-, A), G2(A1, A), and F(A1, Az) can be obtained from the
exciaton spectra I.,, I,v, I., and I,.

Beklw, several useful equations are given that can be derived from the
equato presented above and that will be used for the interpretation of the
results. They hold for rotationally symmetric complexes in which fast
rotational equilibration takes place. For nonorented complexes (isotropic
sample) (see, e.g, Van Gurp et al., 1988),

r = (I,,, - +)(+ 21,) = 2y(P2(cos 13,)XP2(cos (3)). (5)

For an oriented sample at an excitation wavelength where (P2(cos 3,)) =
0 (no LD), S^,, Go, and G2 are all equal to zero and the following equations
hold:

(I,,- )1( + 21,) = (I>,-I4)(Iw, + 214) = S. (6)

(P) can be obtained fiom

(Go- 6G2)I(S,S,,) = (-1 + 2(P2))/(P2)2. (7)

To obtain the insiies I,I,4,I,, and I as given in Eqs. la-id, one has
to correct for differences In excitation intensity and detection sensitivity that

depend on the polarizaion direction. For an unoriented sample, the ratio of
detection sensitivities for vertically and horizontally polarized light is given
by 1' /I, because I,, and I should be equal (Eq. 4b). The primes denote
measured intensities as opposed to the corrcted intensities, which do not
carry a prime. Tberefore, IX = r,Cl (Cl = ,f4). Because IX = I}, =I-,
one can obtain I,,, acording to I4, = * , C2 (where C2 =4/) and I. =
4 C3 (where C3 =I4,14;),,. The same correction factors C1, C2, and C3
obtained from the isotric sample can then be used for the correction of
the intenities oxained for the onented sample.

For linear dichroism, the following relation holds (see, e.g, Van Gurp
et al. 1988):

AAI34= (P2XP,(COS 13,)). (8)

where AA is the difference in absorption for vertically and horizontally
polarized light andA is the isotopic absorption, which can be obtained for
an mpes gel (cofrected to same concentration and optical path-
length). A4A3A is called the reduced liner dichroism.

RESULTS

In Fig. 1 A, the 77 K absorptionA (solid line) andLD (A)
(dashed line) spectra of trimenc LHC-H in the Qy region are
given. The spectra are similar to those given by Hemelrijk
et al. (1992), although the shoulders near 661 and 670nm are
less pronounced in the present case. The reduced linear di-
chroism spectrum AA/3A is given in Fig. 1 B. Noteworthy is
the slight drop of the reduced LD at the red edge (above 680
nm) to a value of about 85 ± 5% of the peak value. Despite
the fact that this drop occurs in a region of low absorption
and a steep slope in theA and AA spectra (which can cause
increased uncertainty in the values of AA/3A), it tums out to
be very reproducible (measured 3 times). It shows that ab-
sorption transition dipoles causing the red-most absorption
have a slightly different orientation (more out of the plane of
the trimer) than the transition dipole moments in the peak
around 676 nm. This point is important because the fluo-
rescence at 77 K and below is expected to originate for a
signifiant part from the red-most sates. The reduced I[D is not
plotted above 685 nm because thecevals are sub-
ject to a large uncertainty because the absorption values (present
in the denominator of the expression for reduced ID) are close
to zero above this wavelength. The influence of uncertaies in
the baseline corections, therefore, become proment.

Essential for the further analysis of the polarized absorp-
tion and fluorescence data is that 1) rotational excitation
equilibration (and, therefore, depolarization) occurs on a
time scale much shorter than the fluorescence lifetime, and
2) that unconnected (free) chlorophyll does not significantly
contribute to the fluorescence. It has already been argued in
the introduction that the rotational equilibration is suffi-
ciently fast. The absence of free chlorophyll has to be
checked independently. If both conditions hold, then the ob-
served anisotropy r = -/5(P2(cos B)) (P2(cos 1j) for the
isotropic sample should be zero at all emission wavelengths
upon excitation at 659 nm where AA = 0 ((P2(cos i3,d) = 0)
(see Eq. 5). In Fig. 2A, it is shown that the anisotropy curve
is essentially zero at all emission wavelengths. The results
become noisier upon going to longer wavelengths because

van Amerorxjen et a]. 839
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FIGURE 1 (A) ( ) Absorpi of unoriented
and (-- - -) linear dichroism of oriented LHC-II at
77 K obtained with an optical bandwidth of 15 nm.
The spectra have been normalized in the peaks.
(B) A/IA spectrum of LHC-ll obtained from the
spectra in A.

Wavelength (nm)

Wavelength (nm)

the fluorescence yield decreases as is shown in the same
figure. For some old samples, it turned out (results not
shown) that the anisotropy was higher than 0 at all emission
wavelengths upon excitation at 659 unm with especially large
values of r(>0.2) near 670 nm, where the fluorescence of free
chlorophyll dominates (Kwa et al., 1994). This demonstates

that disturbing effects of unconnected chlorophylls are easily
detected, and their presence could be ruled out in the present
case.

Fig. 2 B shows the excitation anisotropy spectrum r(A1)
recorded on the same (unoriented) sample at 77 K with an
optical bandwidth of 6 mm. The detection wavelength
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FIGURE 2 (A) Fhuocence anisoirpy of unori-
ented LHC-Il at 77 K obtained with an optical band-
width of 6 mr in the detectio and 3 nm in the ex-
citation branch The excitaion wavelength was 659
nm- (B) ( ) Reduced lnear d spetru
of oriented LHC-ll at 77 K, obtained with an optical
bandwidth of 6 nm and normalized to the anisotropy
spectrum in the wavelength region 665-675 nm

(-- - -) Excita anisotro specum ofunoiented
LHC-ll at 77K, obtained with an optical bandwidth
of6 nm Detection was performed at 692 nm with an
optical bandwidth of 6 nm

was 692 nm. The spectrum is very similar to the one
presented by Hemelrijk et al. (1992) detected at 740 nm.
Note that in Hemelrijk et al. (1992) the polarization P is
given instead of the anisotropy. The shape of r(A1)
(= Ys(P2(cos f3,(A1))XPA(cos 13j)) is expected to be

841

Wavelength (nm)

s5 ron
Wavelength (nm)

the same as that of the reduced LD spectrum ((P2)-
(P2(cosIn,(A)))). I Fig. 2 B it is shown that only above
676mm the spectra start to deviate from each other, indicating
that complete rotational equilation does not take place
anymore beyond this wavelength. However, by imposing the
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shape of the reduced ID on the anisotopy spectrum, it can
be alculated what r would have been at 678 nm (the maxi-
mum of the reduced ID) if rotational equiliation would
have taken place, namely, r = 0.068 ± 0.006. This cone-
sponds to a value of (P2(cos d)XP2(cos 13,)) = 0.170 +

C%2_r O

4-

.0

T

S

I E

FIGURE 3 (A) ( ) (I,., - I,I,., + 21,h) and
(----) (I1,-IS(11, +241) ofLHC-orientedin
a compessed gel at 77 K, obtained with an optical
bandwidth of 6 mn in the detio branch after ex-
ctation at659 mm with an optical bandwidth of3 umn.
(B)( ) ¢T7 K) inedonthe same sample as
usedforA. F rc s at 692nm with
an opwcl bandwidth of6 un. The band width for the
ecitation wavelngth was 6 m. S,wa obtained as
described in the text (- - - -)The vale of S, = 0.34
as obined fm A.

0.015 in the peak of the redIced U) (678 ntm) Addinl mea-
rents on orieted complexes are now needed to dutermine

the vidual s (P2(c (A))) and P2(cos 1,)).
In Fig 3 A, (Ivv -Iv(Ivv + 24vb) and (I,r- I(Ib, +

24,) obtained upon 659 mm excitation of an oriented sample

Wavelength (nm)

Wavelength (nm)
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are plotted. For LHC-ll trimers in the absence of detached
chlorophyll, both parameters are expected to be identical to
each other at all emission wavelengths and equal to S, (see
Eq. 6). It is indeed observed that the parameters are equal to
each other at all wavelengths. Moreover, S. does not depend
on the emission wavelength. Its average value is 0.034 +
0.001 between 680 and 695 nm, where the fluorescence is
most intense and, thus, the results are most reliable. How-
ever, even for detection wavelengths up to 750 nm, very
similar values are obtained (not shown).
From the excitation spectra I,, II,I., and I., S,, was

obtained usig S, = 0.034 and making use of equations
la-Id (Fig. 3 B). In the same fgure, the value of S. is in-
dicated by the staight horizontal line. The value ofS, around
676 nm is larger than that of S. For the frther analysis, it
is important to establish a klwer limit for S,.(678 nm)/S =
(P2(cos (3,,(678 nm)))/(P2(cos 3)) (note that at 678 nm, the
peak of the reduced dichoism occurs). The exeent
was repeated 3 times, and an absolute lower value of
1.20 was determined. With the above given value of
(P2(cos (,,(678 nm))XP(cos (3)) = 0.170 + 0.015, one can
now calculate that the value of (P2(cos 83,(678 mm)) lies
between -0.43 and -0.50 (where use has been made of
the fact that the theoretical minimum for the second order
Legendre polynomial is -0.50) and (P2(cos (3)) = -0.34 +
0.03 (wavelength-independent). The value of (P(cos l3))
was determined with a spectral bandwidth of6nm This leads
to a flattening of the reduced U)spectum (which is also the
reason that small differences exist between the reduced LD
sectra in Figs. l B and 2 B). It turns out that the peak value

01

to

C-

FIGURE 4 ( )S,,(----) G and(.) G2of ,^ °
LHC-fl at 77 K in a essed geL Detecion wave- 0
length is 740 mn with an optical bandwidth of 18 mn.
The curves have been cakmlued as described in the
textwith avalue ofS, = 0.046. The optcal bandwidth o
of the exci wt as 6 mn Go and G2 have been 0 a

normalized to S., between 665 and 675 mmr by muld-
fiplying them with 1.17 and 1.15, respectively.

of AA/3A increases by 3% when a resolution of 1.5 am
is used, lading to (P2(cos 3,,(678 nm))) = -0.47 ± 0.03.
In princple, both order parameters (P2(cos ,L)) and
(P2(cos (3)) could also be positive, but the negative solution
has to be taken because the trimers are known to be ap-
proximately disc-like (Kiihlbrandt and Wang, 1991) and,
in that case, negative values for (P) are expected (Van
Amerongen et al., 1991; Ganago et al., 1980).
The analysis of the above experiments was based on a

combined use of ID and polarized fluorescence measure-
ments on oriented and unoriented samples. We have also
obtained (P2(cos (3,)) and (P2(cos (3)) in a different way
using only polarized fluorescence measurements on a com-
pressed sample. In principle, the analysis could have been
done with results of the compressed samWle given above, but
the results uned out to be too noisy to beme l for this
type of analysis. A different set of data on another sample
was used for this goal. The detection wavelength was chosen
to be 740nm, and a bandwidth of 18 nm was used.The value
ofS, was obained as outined above and was 0.046 ± 0.001
in this specific case. With the use of this value, S,, Go, and
G2 were determined. In Fig. 4, S, Go, and G2 are given after

alization between 665 and 675 mm. The shape of
all spectra is very similar, as expcted for trimeric LHC-II
(Eq. 2), and G. = (1.17 ± 0.02)S,, and G2 = (1.15 ± 0.02)5,.
No signifiat deviation from rotational equilibration can be
observed in the given wavelength region. Some deviation
was observed upon excitation above 676 nm and detection
at 692nm (see above), but because the analysis for both types
of analysis was restricted to the wavelength region below

Wavelength (nm)
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676 rum, the possible absence of rotational equilibration
above 676 mm does not influence the analysis in both cases.
The value of (P) is determined from (Go - 6G2Y(S,, S) =
(-1 + 2(P2))/(P2)2 =-95 ± 5. From this, it is calculated
that (P) = 0.093 ± 0.003 or (P) = -0.114 ± 0.004.
Again, the negative solution is taken. This leads to a value
of (P2(cos 13M(678 nm))) = -0.47 ± 0.03 after correction
for the optical bandwidth (see above) and (P2(cos B8)) =
-0.40 ± 0.03, and especially the first value is in good agree-
ment with the value presented above. In Table 1, the values
of (P2(cos (3)) are given at different wavelengths.

DISCUSSION

The main role ofLHC-H is to absorb sunlight and effectively
tansfer the induced excitation energy to the reaction center
of (merely) Photosystem II. To get a detailed understanding
of both processes, a detailed correlation between the struc-
ture (Kfihlbrandt and Wang, 1994) and the spectrscopy is
needed. Although a wealth of time-resolved and steady-state
spectroscopic information has been gathered over the last
years (Hemelrijk et al., 1992; Kwa et al., 1992a, b; Gillbro
et al., 1985; Eads et al., 1989; Savikhin et al., 1994; Ide et al.,
1987; Reddy et al., 1994), such a correlation is by no means
obvious. To understand the dynamic processes in LHC-ll,
which depend on the excited state properties and the orien-
tations and positions of pigments and their transition dipole
moments with respect to each other, a detailed understanding
of the absorption spectrum and knowledge ofthe polarization
of the absorption bands is needed.
At least 36 pigments per timer contnbute to the absorption

spectrum in a narrow wavelength region (Hemelrijk et al.,
1992; Kwa et al., 1992a). These pigments interact with the
protein matrix in a way that is not fully understood that in-
fluences the composition of the absorption spectrum and the
kinetics of the various transfer processes. For instance, the
absorption spectm can shift (with respect to the spectrum
in vacuum) because of the presence of charged or polar
amino acids in the direct environment of a pigment (Eccles
and Honig, 1983) or because of the average dielectric con-
stant ofthe surroundings (Renge, 1992). Moreover, the glass-
like nature of the protein does lead to inhomogeneous broad-
ening of absorption bands and, therefore, even pigments on
identical positions of various trimers do have varying ab-

TABLE 1 Average dipole orietaions
Wavelength

((nim)) (P,(cos 3,,(A)))
685 -039
678 -0.47
670 -0.18
661 -0.08
656 +0.02
652 -0.02
647.5 +0.03
640 -0.09

Values of (P,(cos ,B(A))) at different wavelengths obtained from Fig. 1 B,
taking (P,(cos 1,J(678 nm))) = -0.47.

sorption characteristics. Finally, the pigment-protein cou-
pling leads to phonon side-bands. The impact of these types
of interactions cannot be directly deduced from the crystal
structure, and different approaches are needed to establish
their effects.
The pigments interact with each other through excitonic

coupling, and this will influence the absorption spectrum
substantially. Although excitonic calculations can be per-
formed for well defined geometries and energy levels, this
is not possible for LHC-ll yet because of the uncertainty in
the energy levels (see above) and the unknown orientations
of the transition dipole moments of individual pigments, and
this precludes detailed excitonic calculations in a straight-
forward way. Although in the latest paper on the crystal
structure of LHC-ll (Kuhlbrandt and Wang, 1994) the iden-
tities of all chlorophylls (Chl a and Chl b) were assigned, this
assignment is not conclusive yet.

Summarizing, at this stage a detailed comparison of the
absorption spectrum with the structure of LHC-ll is impos-
sible. An essential step in elucidating the correlation is the
determination of the absorption spectra parallel and perpen-
dicular to the C3-symmetry axis of the trimer. Any assign-
ment of pigments to be either Chl a or Chl b should be in
accordance with the average orientations of the Qy transition
dipole moments obtained in this study, and calcalated spectra
after such an assignment should not only be in accordance
with the isotropic absorption spectrum but also with the "par-
allel" and "perpendicular" spectra.

It was shown above that accurate information about the
orientations of absorption and emission transition dipole mo-
ments in LHC-II can be obtained with respect to the sym-
metry axis, provided that the following conditions hold:

(1) Rotational equilibration within the trimer takes place,
and the rotational equilibration time is much faster than
the fluorescence lifetime (excited state lifetime).

(2) No free chlorophyll is present in the samples.

It was argued in the introduction that the first condition is
fulfilled for LHC-LI. The second condition was also fulfilled
in the present study, as was shown in Results. The latter
condition turned out not to be true for some older samples,
but it could easily be detected. Finally, the good agreement
between the values of (P2(cos 13)) obtained from two
essentially different experimental approaches indicates
the correctness of the assumptions. Therefore, we are con-
fident about the obtained values (P2(cos 13,(678 nm))) =
-0.47 + 0.03, (P2(cos 8,,(692 nm))) = -0.34 ± 0.03 and
(P2(cos (3(740 nm))) = -0.40 + 0.03.

Emftting dipole moments

The finding that the emission dipole moments are somewhat
further out of plane than the absorption dipole moments of
the 676-nm band is in agreement with the fact that the re-
duced LD spectrum drops at the red side of the absorption
maximum. At 77 K, the emission arises from several states
(Kwa et al., 1992a). These correspond to the red part of the
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absorption spectrum (>676 nm) at 77 K because of thermal
equilbration. In this wavelength region, the average value of
the reduced LD (and, therefore, S,) is less than that in the
maximum, the lower value of S, can be anticipated provided
that the absorption and emission dipole moments for a spe-
cific state are apximately parallel. For isolated Chl a, it
was indeed found that the Q, absorption and emission dipole
moments are parallel within 100 (Van Gurp et al., 1989). The
value ofS. is more or less independent ofthe detectio wave-
length, which is expected in a homodisperse sample ofLHC-
II. In previu measurements (Kwa et aL, 1992a), si nt
variations in S, were present, which we now ascrbe to the
presence of detached chlrphyll and aggregates of LHC-II.

Abopto parale and predclrto thie
ple of the trimer

We will now proced with a decomposition ofthe absorption
specum into components parallel and perpendicular to the
symmetry axis. First,Al andAL are defined as the a ion
parallel and ppendiclr to the C3-symmetry axis, respec-
tively. A is again the isotopic absorpton The following
equations hold:

A(A) = WA(A) + 2A1(A)) (9)

Al(A) - A1(A) = 3(P2(cos 13))A(A). (10)

A is simply the average of the absorption spectra along three
perpendicular axes, which can be chosen parallel and per-
pendicular (twice) to the symmetry axis. The sectra A(A)

FIGURE 5 ( , ----) Absortinspectrumof
LHC-il at 77K along an abuTry vector perpe-

ymoetryaxisaix(---- -.- )p lto
iL These spectra wer obtained as described in the
text The spectra were calculated fom Fig. 1 A using
avalue of(P2(cos13,(678 nm))) =-.5( ,----)
or (PAcos J8)) = -0.44 (----,----), which rep-
resextexeme vales of the paameter (P2(cos 1,)) as
described in the texL

CD0
C:

.0
0

.0
dg

and A1(A) can now be determined according to

Al(A) = (1 + 2(P2(cos ,(A)))4(A)
A1(A) = (1 - (P2(CoS3,L(A)))A(A).

(11)

(12)

The resulting spectra are presented in Fig. 5 for the extreme
values of -0.44 and -0.50 for (P2(cos 13.(A)) in the maxi-
mum of the reduced LD. Below, we will give a discussion
of the average orientation of the dipole moments of different
bands for which it was possible to (partly) resolve them in
the absorption sectum. As was discused above, there is
extensive overlap ofmany bands, which precludes a detailed
analysis of the ID of each individual absorption band.

Chkwophyg a

676-nm b

Probably the most riking feature ofthe decomposed spectra
is the fact that the 676-nm band hardly shows up inAt ie.,
the corresponding dipole moments are oriented almost per-
fectly parallel to the plane of the timer. The dipoles are
exacdy in-plane if (P2(cos 13,(678 nm))) = -0.50. In case
(P,(cos 8,,(678 nm))) = -0.44, the average angle between
the dipoles and the plane is between 120 and 80. Ibefact that
1) this band coresponds to a large dipole stngth, 2) the
corrsponding dipole orientations are well known now, and
3) the fat that a similar band is also present in other ho-
mologous pigment-protein complexes that differ in other
parts of the absorption spectrum (Jennings et al., 1993)
makes the 676-nm band a possible key band for future iden-

Wavelength (nm)
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tification of the corresponding pigments in the crystal sftru-
ture that make up a large fraction of the total amount of
pigments.

680-run band

The value of (P2(cos 1,(685 nm))) is between -0.42 and
-0.37 (corresponding to an angle between 130 and 17° out
of plane if all contributing dipoles have the same orientation
with respect to the C3 axis). This vahle is similar to that

obtined for (P2(cos 3,(692 nrm))), which is -034 ± 0.03.
As was already discussed above, this similariy is exected
because the fluorescence arises mainly from the lower energy
states. It has been demonstrated recently that at 4K the fluo-
rence arises m a lw ener state near 680 mm, hidden
under the main 676 m on (Reddy et aL 1994)
The present study firms this finding at 77 K. Because

the absorption bands broaden at higher emperatures, there
will be more overlap between the 676- and the 680-nm bands
at 77 K than at 4 K. This is probably thxe reason that only
above 684 rm the reduced spectum is flat, ie., no con-

tnrition of the bradened 676-nm band is present However,
it cannot be ruled out that the lower energy band is somewhat
more red-shifted at 77 K, which would be in agreement with
the Gaussian decmosto of the absrton specrum of
LHC-II from pea at 77 K (Zuchelli et al., 1990), showing
a low intensity band near 683 nm. At somewhat shorter
wavelengths, the 676-nm band probably overlaps with the
680-nm band, leading to higher reduced ID values.

670-run band

A is dominated in the Chl a region by a band around 670 nm.
For A1, the contribution of this band is harder to quantify
because the 676 nm absorption band dominates. Asuming
that the 676 nm band has a symmetric shape and ubtracting
it from the total spectrum allows an estimation of the con-

tribution of the 670-nm band toAI. This leads to a value of
(P2(Cos 3)) = -0.1 ± 0.05 for the 670-nm band, corre-

sponding to an angle of 310± 20 with the plane if all dipole
moments that contribute to the 670-nm band have the same
orientation 1%. If there is a distributin of orientaion, then
the average value for the angle 1% does decrease because
different angles are weighted differently in the average value
of (P2(cos 3)).A lower limit for the average angle with the
plane is 220. Because the 676-nm band must be asymmetri-
cally broadened towards the blue because of vibrations and
phonons that couple to the electronic taons, the esti-
mated contnbution of the 670-nm band toAI should be con-

sidered as an upper limit, and the average angle with the
plane must be larger. We estimate the upper limit to be 38°.
In summary, the average angle between the "670-nm" di-
poles and the plane of the trimer is 300 80. One should
keep in mind that the 670-nm band is composed of at least
three sub-bands with maxima near 668, 671, and 673 nm
(Hemelrijk et al., 1992; S. NuBrger, J. P. Dekker, W.

Kihbrandt, B. M. van Bolhuis, R. van Grondlle, and
H. van Amerongen, unpublished data).

661-run band

For the band near 661 nm in the Chl a region, (P2(cos 3,.))
is estimated to be -0.15 ± 0.1. Again, we want to stress that
there are more than one (possibly weak) absorbing species
contributing to the peak at 661 nm For instanc, Ai shows
significant absorpin near this wavelengthwitot a distinct
shoulder at 661 am, in contast to A1, which shows a clear
peak. In tying to understand the spectroscopy ofLHC-I, one
should appreciate that the are probably many (excitonic)
bands present in the absorption spctrum that overlap each
odter to asigifint extent For instance, monomeric LHC-II
can be obtained (S. NuBberger, J. P. Dekker, W. KfiIhbrandt,
B. MK van Bolhuis, R. van Grondelle, and H. vanAmerongen,
unpblihd data) that does not show a disi at ion band
at 661 nm but neverhles gives rise to a simila bmp in the
ID spedrum above 660 nm, as obseved for htineric LHC-IL

Using the spectraA1 andAL, the average angle between all
0, tranition dipole moments of COl a and the trimeric plane
can be calaclated. In LHC-II, the pigments are dosely packed
(Kihbrandt and Wang, 1991), which leads unavoidably to
strong excitonic interactions. Therefore, the different absorp-
tion bands should not be considered as corrsponding to in-
dividual pigments but to collective excitatin of different
pigments. The assoiated tsition dipole moments then
also corresond to deloalized exctation and do not directly
refer to the original directions of the 0, transition dipole
moments of individual pigments. However, the average ori-
entations of the excitonic dipole moments wi respect to the
symmetry axis, weighted by the corresponding dipole
stength (absorption intensity) should be equal to the average
orientation of the individual Q, dipoles, according to simple
exciton theory. Stated more quantitatively,

I I k 12 s ()jIp 12(2( (3')))
Here i corresponds to the different excitonic bansitions,
whereas j corresponds to the individual pigments. By some-
what arbitrarfly dividing the absorption spectrum into a
Cil a region above 660 nm and a COl b region below 660 nm
(S. NuBberger, J. P. Dekker, W. Kiilibrandt, B. M. van
Bolhuis, R. van Grondelle, and H. van Amerongen, unpub-
lished data), it can be conluded that the average angle be-
tween the monomeric Chl a Q0 tsition dipole moments
and the trimeric plane is 150-20f. Choosing the boundary
several nanometers to the red or to the blue of 660 nm hardly
affects the calculated value of the average angle.

Chlorophyll b

656-nm band

The Chl b region shows several distinct spectral features.
Around 656 nm, there is a clearly resolved band in the out-
of-plane sectrum tat is not visible in the in-plane pctrum.
Thrfore, the total absorption around 656 rim contains sig-
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nificant contributions from bands not centered at this wave-
length. It is possible that strongly blue-shifted 0-0 tansitions
of Chl a, arising from strong Chl a-Chl a interactions absorb
near 656 nm, but also Chl bbands could contnbute. The value
of (P2(cos 13)) is 0.02 at 656 nm.

649-nm band

At 649.5 nm, a sign change is observed in the LD spectum,
with the high energy dipole moments more out of plane than
the low energy dipoles. At least three bands absorb around
649 nm, namely, near 647,649, and 652 nm, and they overlap
considerably (S. NuBberger, J. P. Dekker, W. KilbrAnt
B. M:. van Bolhuis, R. van Grondelle, and HK vanAmerongen,
unpublished data) This makes it difficult to get detailed in-
formation about the absorptin intensits of the different
bands prallel and perendicular to the Imic plane.

640-nm band

Finally, there is a band near 640 mm, and the value of
(P2(cos 1)) at this wavelength is -0.09. At this wavelength,
there is some Chl a contnrbtion (from both Q. and vibronic
QY bands with opposite ID), but it does not signdficantly
influence the reduced ID.
The average absorption intensity in the Cil b region is

about equal along the C3 axis and any perpendicular axis,
unlike what is observed in the Chl a region, and it implies
an average angle between the dipole moments and the tii-
meric plane close to 35°.

Future studies will be dicted at relating the spectrocopic
properties to the aystal s ture. In view of the complexity
of LHC-i, it is imtant that it is possible to obtain recon-
stituted LHC-II after over-expressn ofthe protein iE. col
(see, e.g., Paulsen et aL, 1993). This offers the possibility of
selectively modifying chlrophyll binding site that have
been identified in the 3.4A crystal cture (Kiilibrandt and
Wang, 1994), which then can lead to a direct corrlation
between the identity of the secific pigments, their contri-
butions to the absorption spectrum, and the orientations of
their dipole moments.
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