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Abstract: The electronic ground states of the bacteriochlorophyll a type B800 and type B850 in the light-
harvesting 2 complex of Rhodopseudomonas acidophila strain 10050 have been characterized by magic
angle spinning (MAS) dipolar 13C—13C correlation NMR spectroscopy. Uniformly [*3C,'5N] enriched light-
harvesting 2 (LH2) complexes were prepared biosynthetically, while [*3C,*>N]-B800 LH2 complexes were
obtained after reconstitution of apoprotein with uniformly [*3C,*N]-enriched bacteriochlorophyll cofactors.
Extensive sets of isotropic 3C NMR chemical shifts were obtained for each bacteriochlorin ring species in
the LH2 protein. 13C isotropic shifts in the protein have been compared to the corresponding shifts of
monomeric BChl a dissolved in acetone-ds. Density functional theory calculations were performed to estimate
ring current effects induced by adjacent cofactors. By correction for the ring current shifts, the '3C shift
effects due to the interactions with the protein matrix were resolved. The chemical shift changes provide
a clear evidence for a global electronic effect on the B800 and B850 macrocycles, which is attributed to
the dielectrics of the protein environment, in contrast with local effects due to interaction with specific amino
acid residues. Considerable shifts of —6.2 < Ao < +5.8 ppm are detected for *3C nuclei in both the B800
and the B850 bacteriochlorin rings. Because the shift effects for the B800 and B850 are similar, the
polarization of the electronic ground states induced by the protein environment is comparable for
both cofactors and corresponds with a red shift of ~30 nm relative to the monomeric BChl dissolved in
acetone-ds. The electronic coupling between the B850 cofactors due to macrocycle overlap is the
predominant mechanism behind the additional red shift in the B850.

Introduction light-harvesting 2 (LH2) complex fronRhodopseudomonas
(Rps.) acidophilastrain 10050 by magic angle spinning (MAS)
NMR. Detailed structural data have been obtained by X-ray

|Ig|ht-<’3[1|b Sg rblng tcotfact;)rs n p;qrrile b?Cte”at') They ar:e .nonft:) " crystallography for two bacterial photosynthetic LH2 complexes,
valently bound o two fypes ot Integral membrane proteins, the g, ., Rps. acidophiland fromRhodospirillum molischianuf*

photosynthetic reaction centers and light-harvesting or .smtenna_l.he LH2 intrinsic membrane protein &ps. acidophilas a
comtpltgxesth?(_e a}[nten?a c%fac_:tors Q?SQrb phothns, y'zlsggg an circular aggregate complex containing nine identical monomeric
excitation that IS transterred via excltonic coupling an units that consist of two membrane spanning helices, the
energy transfer from the peripheral light-harvesting complexes a-subunit with 53 residues and tffesubunit with 41 residues

to the reaction center where the charge separation takeszplace.EaCha_ and g-subunit binds three BCH cofactors? One of '

i Bacterial photos_ynthetic complexes can _be isolz_ated in rela- yhe BChis connected to thee-subunit participates in a ring of
tively large quantities. Th(_ey can be stabilized with a small | ina BChls, which shows an absorption maximum at 800 nm
amount _of detergent. In this stuqu, we focus_ on resolving th_e that corresponds with an absorption energy of 12 500icifhe
electronic structure of the BChls in the bacterial photosynthetic remaining two BChls, one connected to thasubunit and one

connected to th@-subunit, participate in a concentric ring of

Bacteriochlorophylls (BChl) and carotenoids are the main

T Leiden University.
* University of Glasgow.
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18 BChls, which has an absorption maximum at 860 nm
corresponding to an absorption energy of 11 627 cMhrough-

out the paper, we refer to these cofactors as the B&B850,

and B850 cofactors. TheB850 andfB850 in every mono-
meric unit form a pair of partly overlapping BChis that is
sandwiched between the- and -subunits. Each pair also
overlaps with the pair of the adjacent monomeric unit, forming
a ring with continuous overlap between the 18 B850 cofactors.

Materials and Methods

Uniformly [*3C*N]-enriched LH2 complexes were obtained by
growing Rps. acidophilastrain 10050 anaerobically in light at 3C
on a defined mediurtt The amounts of [USC®N]-labeled algae
hydrolysate (Cambridge Isotopes Laboratories, Andover, MA)-#Did
labeled succinic acid were adjusted to 1.5 and 2.0 g/L, respectively, to
optimize the cell growth. Th&C,-enriched succinic acid was prepared
by a multistep synthesis, starting with the synthesis of fumaric acid

The nine B800 cofactors are positioned between the transmem-from *3Cy-labeled acetic acid (CIL, Andover, MA¥.In the final step,

brane helices of thg-subunits of each LH2 unit and form a
ring without mutual overlap. The maximum absorption wave-
lengths of the B800 and B850 in the LH2 complex frétps.
acidophilaare the Q-absorption bands. This refers to thg Q
dipole moment of the BChls, which can be physically mapped
in the plane surface on the long axis of thédonding system
in the ring system of the cofactors. Thg-Qands of the B800
and the B850 in the LH2 complex differ substantially from the
spectrum of monomeric BClalcomplexes in acetone: methanol
7:3 solution at 773 nm, corresponding with an energy of 12937
cm 15 The Q bands are 30 and 85 nm red shifted, respectively.
It is known that proteir-cofactor interactions and cofacter
cofactor interactions in the LH2 both contribute to the shift of
the Q absorption banéIn addition to the pronounced shift of
the Q band, there is a small shift of the,®and, which is
primarily due to coordination effects.

MAS NMR spectroscopy is able to specify the ground-state
electronic structure of the BChls in the photoactive complexes.
For instance, recently MAS NMR and photo-CIDNP were

fumaric acid was converted to succinic acid in a reduction reaction
with H; and Pd-C as catalyst. After growing for 8 days, cells were
harvested, and the LH2 complexes were isoldtethe sample was
concentrated to a volume 0f0.10 mL using a Centricon 100-kDa
filter. The concentrated sample was transferred into a 4.0-mm CRAMPS
rotor, containing approximately 10 mg of protein. The &E['*N]-
B800 LH2 complex was prepared by selective removal of the B800
molecule from the unlabeled LH2 complex, where the B800 binding
site was reconstituted with U3C,'>N]-BChl a, using the reconstitution
method described elsewhére.

Radio frequency-driven dipolar recoupling (RFDR) and proton-
driven spin diffusion (PDSD) techniques were used to reé#d-13C
correlation data with a Bruker AV-750 spectrometer using a double
channel CP-MAS probe head. The protof2 pulse was set to 3/s,
corresponding to a nutation frequency of 80.6 kHz, whil&@ B,
field strength of 50 kHz with a cross polarization time of 2.0 ms was
used during a 10650% ramped CP sequente2D °C—C RFDR
spectra were acquired at a radio frequency of 188.6 MHz by using a
pathway-selective phase cycling methédhe protons were decoupled
by use of continuous wave (CW) decoupling of 80.6 kHz during the
mixing time and by two-pulse phase modulation (TPPM) decoupling

combined and performed on photosynthetic reaction centers of4yringt, andt,.!” Rotor-synchronized-pulses with a length of 8 4s

Rb. sphaeroidegscontaining biosynthetic specifically3C-

enriched BChls in the special pair, and it was found that the
electronic structure of the BChls in the reaction center is
asymmetrié Recently, MAS NMR has also been used for a
chemical shift assignment of the partly and fully labeled

were applied during the mixing time. For optimal signal intensity in
the aromatic region, the carrier frequency was set at 130 ppm on the
chemical shift scale. For the PDSD NMR experiment, the proton
decoupling was switched off during the spin diffusion mixing period
to obtain'H-mediated transfer dfC polarization along the molecular

reconstituted retinylidene chromophore in rhodopsin and has carbon network. _ N _
revealed the electronic structure in the ground state of the native Samples were cooled to 223 K to immobilize the sample while

form.21°Here, we use MAS dipolar correlation NMR spectros-

copy to selectively assign the responses of BChls in the

uniformly labeled LH2 protein complex isolated froRps.
acidophilastrain 10050 and resolve how the cofaetoofactor

maintaining good spectral resolution, and the MAS spinning frequency
wrl2m was 13 kHz. Additional PDSD and RFDR NMR spectra were

collected with spinning frequencies of 10.2 kHz to resolve correlations
located at the spinning sidebands. Mixing times of 2.5 ms (RFDR)
and 15 ms (PDSD) were long enough to observe the correlations

interactions and the protein environment tune the electronic petyeen directly bonded carbons as well as relayed correlations between
structures of these cofactors. We resolve the electronic differ- more remote positions. To resolve all resonances, both 2D RFDR and

ences for B800 and B850 in their natural environment by
comparing the solid-state isotropi?C chemical shifts dggoc,
osso®) With the shifts for monomeric BChls dissolved in
acetoneds (0'). Density functional theory (DFT) calculations

were performed to estimate the ring current effects for the B850.

After correction for the ring current shifts, the molecular

PDSD*C—13C correlation NMR spectra of the U3C,'>N] LH2 and

the U-['°C,'>N]-B800 LH2 were recorded. THECOOH resonance of
U-[3C 15N]-tyrosineHCl at 172.1 ppm was used as an external chemical
shift reference to determine the isotropic chemical shift®f the B800/
B850 carbons.

To calculate the local magnetic shielding due to the local magnetic

electronic ground state of the B850 could be characterized with field induced by the ring current effect in the BChig, the nucleus-

atomic selectivity, and global interactions with the LH2 protein
matrix are resolved.
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Figure 1. Contour plot of a high-resolution MAS 2E*C—13C RFDR solid-state NMR spectrum of the f8,'>N] LH2 complex isolated fronRps.

acidophilastrain 10050. The data were obtained at 223 K with a spinning frequency of 13 kHz and a RFDR mixing time of 2.5 ms. The chemical shift

correlation networks of the B800, theB850, and thggB850 are indicated using the IUPAC numbering shown in FigueBB50 and3B850 are indicated

by a andf, respectively.
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B850 B800 Results

The high-resolution 2D RFDRSC—1C NMR spectrum of
the U-['3C5N] LH2 complex, shown in Figure 1, can be
subdivided into two parts. In the upper part of the figure,
between 0 and 75 ppm, the correlations from the aliphatic
protein response of the U3C 15N] LH2 complex are observed.
The lower part, between 100 and 200 ppm, shows the correlation
signals involving aromatic moieties. Most correlation signals
from the BChla cofactors in the LH2 complex can be resolved
from the spinning sidebands by using a spinning frequency of
13 kHz. The various3C correlation signals for the aromatic
13C carbons from the BCHa cofactors are labeled with a number
that corresponds to the carbon positions in the macrocycle
according to the IUPAC numbering shown in Figure 2.
A . B . ) . .
8 Z e Aromatic carbons can be assigned from their nearest-neighbor
) ) oo correlations. In Figure 1, the GZ3! correlations coincide with
Figure 2. Estimated electronic shift changéA&| = 1.0 ppm), represented th . ideband d th b ved i dat t
by circles (shielding effects) and squares (deshielding effects) farB8&0 e SP'““'”_Q side fan _S’ an ey can be resolved in a a a_lse
and theB850 (A) and the B80O (B) cofactors in the LH2 complex. The recorded with a spinning frequency of 10.2 kHz. The aliphatic
size of the mark is proportional to the magnitude/ds. C2t, C7, C8, C12, C13 C17, and C18 can be assigned via
correlations with adjacent aromatic carbons. In addition, the
based on Becke'$and Lee-Young—Parr's® gradient-corrected cor- aliphatic carbons C7 C8., C® C17, C12 and C18 are
;E'eagoL'L‘;‘)’/%Cg‘iga('d(E)'—I\;P)el""as'?n“gsfﬁé %?Kg'iq“:{‘hso‘é":s _Ef;gg:;?ezt assigned from the long-range correlations to aromatic carbons.
- vel usl | .
) . ’ . C18' and C1% are observed weakly in the upper part of the
in the Gaussian 98 packagfeThe geometries of the B850 cofactors RFDR NMR spectrum, while correlations betweent0z8',

were taken directly from the X-ray coordinates without any further . . .
geometry relaxation. To simplify the calculations, the phytyl tail C&, and C17 could be assigned from the crowded aliphatic

connected to C17 was substituted by a methyl group.dgeR were region contour region in the PDSD NMR spectrum (data not
calculated for each carbon, which is in the shielding area of an adjacentShown). Due to the relatively high local density % nuclei,

overlapping B850. The coordinates of the carbons affected by the ring Which mediate the magnetization transfer in the PDSD tech-
current were used as points in space, and the shielding effect inducednique, strong correlation signals of the aliphatic carbons are

by the adjacent B850 was calculated at these positions. Four calculationspbserved in the PDSD NMR spectrum that complement the
were performed: two for the overlap between rings A, and two for the REDR dataset.
overlap between rings C (Figure 2). The macrocyglexBBSO was Finally, there is strong overlap between the €1717
Iused to tcal‘l:”'?tf_ theﬂ?h'e'd'”g °"|°ar?°nazf5r8m the IntsrtaﬁBilkJSCl).t correlation signals and the broad correlation response from the
nanext caicuiation, 'he macrocycie o h - was used fo calculate carbonyl carbons betweer170 and ~180 ppm with the
the shielding on carbons from the interacting850. This leads to . . .

aliphatic Gx and @3 carbons between 0 and 75 ppm. This makes

independent calculations of the ring current effect without contributions . o
from thez—x overlap and other electronic effects. an assignment of the C3Tdifficult. In contrast, the cofactor

Electronic changes in B800 and B850 cofactors induced by the S!gnalsl involving the C3 C13, and C13 have a good
molecular environment were identified by measuring isotroc dispersion and are also well resolved by the long-range
chemical shift differences\o) between monomeric BClaland B800/ correlations due to the relayed transfer along*@molecular
B850, defined as\o = ¢ — ¢'. For B800, theAosgoo represents an  framework.
estimate of the shift changes due to the cofaefotein interactions. For each BChla cofactor species, a distinct network of
The mutual distances between the B800 are too large to induce nearest-neighbor carbon correlations can be identified by
significant ring current effect8. The Aogsso for carbons in the B850 analyzing the correlations of the ring A carbons with carbons
are corrected for the ring current contribution to the chemical sfiift further in the molecular network by relayed transfer. With the
from the adjacent B850. This yields an estimate of the chemical shift help of another dataset collected from tA¥C[15N]-B800 LH2
tc:angeﬁasssodue to the interactions with the protein matrix, according sample, the correlation network from the B80O can be assigned

unambiguously. The two remaining datasets belong to the B850.
The shift assignments are summarized in Table 1.

~ _ _ R
Abggso = Adggso ~ Tgsso @) TheoR calculated with DFT for nuclei in the pyrrole rings A
and C of the B850 cofactors are summarized in Table 1. The
(18) Becke, A. D.J. Chem. Phys1986 84, 4524. oR are largest for C2, C2C3, C3, and C3 from ring A and
(19) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789. for positions C12, C12 C13, and C18from ring C. The pyrrole

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. . L
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, 1ings A and C are within 3.9 and 3.6 A of the macrocycle of an
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, i i i
K N Stan M. C. Farras O Tamasi. ). Barone, ¢ - Cossl, M.: Camnii. adjacen_t cqfactor, resp_ectwely, and experience the largest local
R.; Mennucci, B.. Pomelli, C.: Adamo, C.: Clifford, S.; Ochterski, J.. magnetic field effects induced by the ring currém large
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; H R R
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, difference betweervygsso® and OpB8s0 _was calculated_for
J.V.; Stefanov, J. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I, carbons C2, C2 C3, C3, and C3 from ring A. The chemical
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, f i
CoY" Nanayakkara, A Gonzalez. C.: Challacombe. M.. G, P. M. W.: shift differences between tleB850 and3B850 are small. The
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.5; (21) Freer, A.; Prince, S.; Sauer, K.; Papiz, M.; Hawthornthwaite-Lawless, A.;
Gaussian, Inc.: Pittsburgh, PA, 1998. McDermott, G.; Cogdell, R.; Isaacs, N. VBtructure1996 4, 449-462.
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Table 1. Summary of the Isotropic Chemical Shift (o), the Isotropic Chemical Shift of BChl a Monomers in Acetone (0%), the Isotropic
Chemical Shift Difference between Monomeric BChl in Acetone and Cofactors in the LH2 Complex (Ao), the Ring Current Shift Calculated
with DFT (oR), and the Chemical Shift Change Due to Electronic Effects (Ad)

carbon OBg0o 0850 Opagso % Aossoo A0qgss0 Aogsgso Oagso” (043) AGgeso Abgagso

1 146.2 147.1 147.8 151.2 -5.0 —4.1 -3.4 —0.75,—-0.14 -3.4 —-3.3
2 141.0 141.1 141.3 142.1 —-1.1 -1.0 -0.8 —1.93,—-0.86 0.9 0.1
21 13.3 12.3 12.2 135 —-0.2 —-1.2 -1.3 —-3.10,—1.41 1.9 0.1
3 134.4 130.3 130.7 137.6 —-3.2 -7.3 —6.9 —-1.71,-0.74 —-5.6 —6.2
3t 201.4 197.9 201.1 199.3 21 -14 1.8 -1.72,—-0.72 0.3 2.5
3? 34.4 29.2 31.9 32.9 15 —-3.7 -1.0 —2.81,-1.32 -0.9 0.3
4 147.7 147.7 147.9 150.2 —-2.5 —-2.5 —-2.3 —-0.70,-0.19 -1.8 -2.1
5 102.1 100.8 101.5 99.6 2.5 1.2 1.9 -0.40,-0.14 1.6 1.8
6 165.9 165.2 166.1 168.9 —3.0 -3.7 -2.8 -3.7 -2.8
7 47.2 44.3 46.8 48.2 -1.0 -3.9 —-1.4 -3.9 —-1.4
7t a 221 25.3 23.1 -1.0 2.2 -1.0 2.2
8 56.6 53.5 56.1 55.6 1.0 -2.1 0.5 -2.1 0.5
8t a 25.4 32.3 30.8 —5.4 2.3 —5.4 2.3
82 a 9.1 13.2 10.5 —-1.4 2.7 —-1.4 2.7
9 157.8 157.4 159.2 158.5 -0.7 -1.1 0.7 -1.1 0.7

10 102.6 99.0 102.5 102.4 02 -34 0.1 0.27,0.05 -3.7 0.1

11 152.4 150.5 150.1 149.5 2.9 1.0 0.6 0.10,21 0.9 0.8

12 129.7 127.3 126.9 123.9 5.8 3.4 3.0 -0.56,—-1.05 4.0 4.1

12t 13.3 7.2 6.6 11.9 14 —-4.7 -5.3 —1.25,-2.04 -3.5 -3.3

13 132.4 131.4 129.9 130.5 1.9 0.9 -0.6 —0.50,—0.78 14 0.2

13t 187.9 189.7 189.1 189.0 -1.1 0.7 0.1 —0.46,—0.55 1.2 0.7

13 65.3 65.2 64.7 65.7 -0.4 -0.5 -1.0 —0.06,—0.09 -0.4 -0.9

13 168.3 170.3 172.0 171.6 -3.3 -1.3 0.4 -1.3 0.4

14 160.1 160.0 161.0 160.8 -0.7 -0.8 0.2 —0.02,-0.22 -0.8 0.4

15 106.9 109.4 110.1 109.7 -2.8 -0.3 0.4 0.03;-0.07 -0.3 0.4

16 154.1 153.1 152.3 152.2 1.9 0.9 0.1 0.9 0.1

17 49.7 51.6,51.7 50.5 -0.8 1.1,1.2

17t 27.6 26.8, 26.3 30.5 —-2.9 —3.7,—4.2

17 a a 29.4

17 a a 173.4

18 49.1 49.8, 49.6 49.3 —-0.2 0.5,0.3

18t 24.2 24.2,24.2 23.3 0.9 0.9,0.9

19 162.4 162.3,162.7 167.3 —4.9 —5.0,—4.6

20 96.9 97.2,97.6 96.3 0.6 09,13

aCorrelation peaks are not observed.

DFT calculations on the B850 cofactors indicate thattB850 Qy bands of the B800 and the B850 cofactors in their natural
experiences a stronger shielding effect thaniB850. Hence, environment. In general, from th&Gggso represented in Figure
the shift correlation set that is most shielded has been assigne®A and B, it is evident that the electronic polarization effects

to the aB850, while the other set is attributed to tiB850. in all three cofactor species are of the same order. The
Outside the overlap region, the responses of dB850 and differences could arise from various mechanisms, such as
pB850 are very similar, which shows that the electronic structural differences or different protetgofactor interactions.
differences betweenB850 andsB850 cofactors are small. X-ray data show that th8B850 is bent, whilexB850 is planar.

The shifts associated with electronic changes in the B800 This may explain why minor shift differences between the two
relative to the monomeric BCHl in solution (Adgseg) can be species in the NMR correlation spectrum are observed. The

directly determined from the observelloggse The mutual NMR spectra show that this structural difference provokes very
distance of 21.2 A between B800 cofactors is too large to exert small electronic differences between the ground states of the
a significant shielding effect on nearby B800 cofactdrafter two B850 species. This contrasts with recent model studies by
the corrections for the ring current were applied according to Fajer et al. and Senger et?8i?2 Their studies demonstrated

eq 1, the shift differences between the B8@B850, and3B850 that, in principle, structural distortions can have a pronounced
are minimal. TheAdggso of the 13C in the bacteriochlorin ring effect on the electronic structure, although the distortions for
are summarized in Table 1, while tiA&é5ggso with |Adggsd = their molecules were much larger than for the B850 macrocycles

1.0 ppm are represented by proportional squares and circles inin the LH2 complex.

Figure 2A. The solid and dashed lines in the figure represent The strongest negativAc are detected for the-carbons

the electronic effects on theB850 and$B850, respectively. located in and close to ring A, while pronounced positivié
C17, C1%, and C19 were not specifically assignedotB850 are detected for carbons in ring C. The negativ& are

or SB850. For these positions, ti&iggso are of the same order  distributed over aromatic carbons located between C6 and C19
for the aB850 and thegsB850 and are indicated in Figure 2A  around ring A, while the positivAd distribution is restricted
with thick solid contours. to predominantly C11, C12, and C13 in ring C. The chemical
shift changes indicate a stabilization of partly negative charge

Discussion density ¢~) at and around ring A and polarized positive charge

The changes of the chemical shifts with respect to monomeric
; i~ (22) Fajer, JJ. Porphyrins Phthalocyanine200Q 4, 382-385.
BChl a "_1 ac_etonede can be us_ed to a_ssess the electrc_mlc (23) Senge, M. O.; Renner, M. W.; Kalisch, W. W.; FajerJJChem. Soc.,
perturbations in the cofactors, which contribute to the red-shifted Dalton Trans.200Q 381-385.
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(o™) atring C, corresponding with an induced electronic dipole demonstrated by time-resolved optical stud®&s® The NMR
moment parallel to the long axis of thebonding system and  study shows narrow resonances. This shows that the ground-
to the Q transition dipole moment. The difference between the state structure on the much longer NMR time-scale is on average
negative-induced charge at the vicinity of ring A and the very regular, in line with X-ray studies. If there are differences
positive-induced charge at ring C induces approximatet)— between the site energies of the individual BChl, the effect on
25 ppm cumulative shift effects for both cofactors species, the electronic structure should be small as compared to the
representing comparable dipole strengths along the long axisdifference between the-B850 and3-B850, which is clearly
of the bacteriochlorin ring in the ground states. The dipole of resolved in the NMR spectra. Of the long phytyl chains, only
the aB850 is slightly different as compared to the others, due the pl, p2, p3, and pl7 carbons are detected, which suggests
to the relative large negativ&d observed at C9 and C10. that the tails may be disordered in the frozen sample.

The electronic effects are distributed over a relatively large ~ Because the gband of B800 has a red shift 6f30 nm (437
part of the molecular structure of the B800 and B850 macro- ¢m™?) and the induced electronic effects and corresponding
cycles. This implies that local interactions, like the hydrogen- €lectronic dipoles in the B800 and B850 are similar, it is difficult
bond interaction of the C3-acetyl group and the axial coordi- to attribute the additional red shift of 60 nm (873 tinfor the
nation of the Mg, cannot explain the color shifts in the LH2. B850 cofactors to electronic changes of the ground state.
The NMR data provide evidence for global mutual polarization Structure-based calculations performed on LH2 that use a point
effects between the cofactors and their protein environment. In monopole approximation to represent B800 and B85diole
this picture, the polarity of the environment affects the dielectric transition moments indicate that the coupling between the 18
properties of the LH2 protein interior, leading to a collective B850 rings in LH2 yields a 40 nm red shift as compared to the
effect on the B800 and B850 electronic structure. Local Qy band of the ring of nine B80O cofactors, assuming that the
interactions can still be essential structural elements provoking Site energies are identical for both cofactor spetieghis
changes of the protein functional characteristics upon removal corresponds to a {band at 840 nm for the B850 cofactors.
of the hydrogen-bonding groups as shown by mutation When theAg on the B800 are associated to th&0 nm red
studies?* 29 A clear example is provided for the B800/B820 shift from monomeric BChla in solution to the protein
or LH3 complex, which is a spectroscopic variant of the 1332.  environment, it is virtually impossible that the smalG
In the active binding site of the cofactors of this complex, a differences between the B800 and B850 represent the B800
specific amino acid holds the C3-acetyl groups in an out-of- B850 absorption difference. Hence, the large B8B850
plane orientation, thereby changing the properties of the absorption difference should be attributed predominantly to
cofactors. DFT calculations performed eB850 indicate a  €xcitonic coupling between the transition dipole moments of
significant blue shift for the BChls with the C3-acetyl group the B850 cofactord3°
perpendicular to the plane of the macrocycle with regard to the  In addition to the changes of the electric dipole moment of
C3-acetyl in a coplanar orientation. This is in line with previous the rings, the cumulativeé < 0 imply a negative charge on

theoretical calculation®. the bacteriochlorin rings. This is in line with recent studies that
Mutation studies on the protein environment that surrounds have shown that the imidazole moieties of the Mg-coordinating
the cofactors of the reaction center Rb. sphaeroidetave histidines in the LH2 protein are positively charged, because

shown that the dielectrics of environment of the cofactors is the Ppositive charge at the imidazole iz compensated and
affected by charge separation in a nonlinear response mechanisriitabilized by negative charge at the BCH” The cumulative
due to synergistic contributions of various chemical functional A0 are —8.1, —14.4, and—9.4 ppm for B800,aB850, and
of the cofactor§! This has been confirmed by chemical Shows that the balances between the positive- and negative-
modeling, which includes the dielectrics of the protein environ- induced charge effects in B800 and B850 are slightly different.
ment of the photosynthetic reaction cerifer. Comparing the positivé\G effects in the vicinity of ring C

The narrow NMR signals of the bacteriochlorin ring carbons C¢/€arly suggests that this area in the B80O is more positively

in the 2D RFDR NMR spectrum show that the LH2 complexes charged thar_l the~corresponding area ofdﬂéﬁo anol8885_0.
in the sample are well ordered and all LH2 units of the The cumulativeAc < 0 effects on the aromatic carbons in the

nonameric aggregate complex are from the NMR point of view vicinity of ring A are similar for all three cof.actor. species.
spectroscopically identical. When viewed on a fast time-scale Eronqunced&o differences between the negatitié distribu-
in the excited state. disorder can be observed. as has beefions in the B800 and B850 cofactors are observed at C1 and

C3. In the B800 complexes, a strong effect is observed for
C1 and a moderatAc effect is detected for C3, while the

(24) Fowler, G. J. S.; Visschers, R. W.; Grief, G. G.; Vangrondelle, R.; Hunter,
C. N. Nature 1992 355, 848-850.
(25) Fowler, G. J. S.; Sockalingum, G. D.; Robert, B.; Hunter, CBNchem. (33) van Oijen, A. M.; Ketelaars, M.; Matsushita, M.; Kohler, J.; Aartsma, T.
J. 1994 299 695-700. J.; Schmidt, JBiophys. J.2001 80, 151A-151A.
(26) Fowler, G. J. S.; Hess, S.; Pullerits, T.; Sundstrom, V.; Hunter, C. N. (34) van Oijen, A. M.; Ketelaars, M.; Kohler, J.; Aartsma, T. J.; Schmidt, J.
Biochemistry1997, 36, 11282-11291. Chem. Phys1999 247, 53—60.
(27) Gall, A.; Ridge, J. P.; Robert, B.; Cogdell, R. J.; Jones, M. R.; Fyfe, P. K. (35) van Oijen, A. M.; Ketelaars, M.; Kohler, J.; Aartsma, T. J.; Schmidt, J.
Photosynth. Resl999 59, 223-230. Sciencel999 285 400-402.
(28) Gall, A.; Fowler, G. J. S.; Hunter, C. N.; Robert, Biochemistry1997, (36) Georgakopoulou, S.; Frese, R. N.; Johnson, E.; Koolhaas, C.; Cogdell, R.
)
)
)

36, 16282-16287. J.; van Grondelle, R.; van der Zwan, Biophys. J2002 82, 2184-2197.
(29) McLuskey, K.; Prince, S. M.; Cogdell, R. J.; Isaacs, N.Bibchemistry (37) Sauer, K.; Cogdell, R. J.; Prince, S. M.; Freer, A,; Isaacs, N. W.; Scheer,

2001, 40, 8783-8789. H. Photochem. Photobioll996 64, 564—-576.

(30) Gudowska-Nowak, E.; Newton, M. D.; Fajer,JJPhys. Chenml99Q 94, (38) van Gammeren, A. J.; Hulsbergen, F. B.; Erkelens, C.; de Groot, H. J. M.
5795-5801. J. Biol. Inorg. Chem2004 9, 109-117.

(31) Moore, L. J.; Zhou, H. L.; Boxer, S. @iochemistry1999 38, 11949 (39) Alia; Matysik, J.; Soede-Huijbregts, C.; Baldus, M.; Raap, J.; Lugtenburg,
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reverse effect for those carbons is observed in the B850. Thering parallel to the Qtransition dipole moment. This contrasts
C3-acetyl groups of the B850 are twisted as compared to the with the special pair in the reaction centersRif. sphaeroides
C3-acetyl group of B800 and may contribute to the chemical where convincing evidence was provided for an asymmetric
shift differences. electronic structure of the BChls in the special pair in the
Finally, shift differences are observed for C7,1CZ8, C8&, reaction cente?.A similar electronic dipole for both the B800
C&, C13, C17, and C1¥of aB850 and3B850. It is believed and the B850 species is detected by NMR, which leads to the
that these effects, in particular for C8, T&nd C8, reflect conclusion that only a part of the red shift of the B850 cofactors,
conformational changes of the aliphatic side chains of the ~30 nm, may be attributed to the protein environment. The large
macrocycle enforced by interactions with the protein. T\ie additional red shift of the Qabsorption band of B850 with
values of—2.7 and—3.3 ppm for the carbons C12f the B850 respect to the Qabsorption band of B800 is mainly due to
cofactors are anomalously large. X-ray shows that that both overlap between the B850 bacteriochlorin rings in the LH2
B850 C12 carbons are located above the adjacent B850 protein complex.
macrocycle. However, this leads to somewhat smafferalues We report the observation of electronic charge polarization
of —1.25 and—2.04 ppm (Table 1). The imidazole rings of the  mainly along the long axis of ther-bonding system as a
coordinating histidines also induce a local magnetic field, which cojlective effect of the synergistic contributions of the polar

can produce a small additional ring current effect~of-0.5 moieties in the cofactor environment. Because shift effects are
ppm on the C12carbons. However, this does not fully explain  gistributed over the bacteriochlorin ring, rather than localized
the totalAG for C121.40 on specific carbon positions, the induced polarization is at-
Conclusions tributed to mutual polarization between the cofactors and the

. , . . ) protein in a nonlinear dielectric response mechanism. A global

Isotropic chemical shift assignments have been obtained for .| ective molecular electronic response, rather than specific
the B8OO and B850 cofactors in the LH2 transmembrane protein ,qajizeq effects, is in line with theoretical studies that point
complex to resolve their molecular electronic structures with out the importance of the dielectrics for the protein intefor.
atomic selectivity. Three resonance sets from the B800 and two
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