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Abstract: To resolve the molecular basis of the coloration mechanism of a-crustacyanin, we used 3C-
labeled astaxanthins as chromophores for solid-state *C NMR and resonance Raman spectroscopy of
[6,6',7,7']-3C4 a-crustacyanin and [8,8',9,9',10,10",11,11',20,20']-*3C4¢ a-crustacyanin. We complement the
experimental data with time-dependent density functional theory calculations on several models based on
the structural information available for g-crustacyanin. The data rule out major changes and strong
polarization effects in the ground-state electron density of astaxanthin upon binding to the protein.
Conformational changes in the chromophore and hydrogen-bond interactions between the astaxanthin and
the protein can account only for about one-third of the total bathochromic shift in o-crustacyanin. The exciton
coupling due to the proximity of two astaxanthin chromophores is found to be large, suggesting that
aggregation effects in the protein represent the primary source of the color change.

Introduction the absorption maximum, respectively. Refstret al. found
that the CD spectra are not influenced by the intrinsic chirality
of the astaxanthin imt-crustacyanif. The negative chirality
demonstrated by the CD spectra indicates an exciton coupling
of the astaxanthins similar to that predicted by exciton théory.
‘Among the possible mechanisms for the perturbed optical
properties of astaxanthin s-crustacyanin, it was also suggested
that distortion, such as twisted double bonds induced by the
protein, may play a rolé.

The subsequent resonance Raman (RR) spectroscopy of
o-crustacyanin by Carey et al. indicated that the astaxanthin
chromophore shows no distortion due to twists in the double
bonds of the conjugated system and is in agreement with free
relaxed carotenesOn the basis of this resonance Raman study
also, the hypothesis of the exciton mechanism was discarded
and it was concluded that the bathochromic shift is caused by
a charge polarization mechanism possibly induced by charged
groups and/or by hydrogen bonds in the binding %ite.

More recently, to obtain structural information with atomic
resolution, a solid-stat¢*C NMR and resonance Raman
spectroscopic study was performedmitrustacyanin regener-
ated with astaxanthins that are symmetricafi@,-enriched in

Carotenoids are the most widespread class of pigments in
both plants and animals. They are responsible for many natural
yellow, orange, or red colors. In addition, when carotenoids are
associated with proteins, these colors can be modified to green,
purple, or blue by the formation of caroteneiprotein com-
plexes. A well-known example of this phenomenon is provided
by the lobstetHomarus gammaryswhich is deep blue(nax
632 nm, ag P@buffer). Heat causes the lobster to change color
from blue to red. The high temperature denatures the protein
under liberation of the “red” astaxanthi,ax 472 nm in
n-hexaneAmax 478 nm in acetone). The bathochromic shift of
the astaxanthin chromophore ércrustacyanin has intrigued
scientists for many years.

In a seminal paper, Buchwald and Jencks reported that
o-crustacyanin can be irreversibly dissociated in eight
crustacyanin unit$3-Crustacyanin consists of two apoprotein
units and two bound astaxanthin units. They also reported the
visible, optical rotary dispersion and circular dichroism (CD)
spectra ofx- andg-crustacyanin. In both systems, the main CD
band exhibits a change of sign at the absorption maximum with
a negative and a positive peak at wavelengths above and below

(2) Renstim, B.; Rmneberg, H.; Borch, G.; Liaaen-JensenC8mp. Biochem.
1 ai . . Physiol, B 1982 71, 249-252.
+ Lel_den Unlvfer5|ty. (3) Nakanishi, K.; Berova, N. Ii€ircular Dichroism Principles and Applica-
University of Twente. . . tions Nakanishi, K., Berova, N., Woody, R., Eds.; VCH Publishers: New
# Present address: Philips Research Laboratories, 5656 AA Eindhoven, York, 1994; pp 361398.
The Netherlands. (4) Salares, V. R.; Young, N. M.; Beukers, H. J.; Carey, FBi@chim. Biophys.
(1) Buchwald, M.; Jencks, W. BBiochemistryl968 7, 844—859. Acta 1979 576, 176-191.
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Figure 1. Top view and side view of two astaxanthin molecules in P . . . "
p-crustacyanina is the angle between the long axes of the astaxanthin crustacyanin inducing an exciton coupling of the transition

molecules;R is the unit vector connecting the center of mass of the two dipole moments in the excited state.
molecules, andl shows _the orie_ntation of the transition dipole moment ~ To resolve the precise molecular basis of the coloration
along the axis. The atomic coordinates have been extracted from the Pmte'”mechanism ofo-crustacyanin, we usetC-labeled astaxan-
Data Bank file (PDB code 1GKA). . .
thins as chromophores for solid-std#& NMR and resonance

Raman spectroscopy of [6,8,7]-13C,4 a-crustacyaninia) and
[8,8,9,9,10,10,11,11,19,19]-1°C,o a-crustacyanin 1b), es-
tablishing the electronic charge distribution and vibrational
contribution of the remaining $garbon atoms. Figure 2 shows
the structure and numbering of the Bllastaxanthin (3,3
didehydropg,3-carotene-4,4dione) chromophore. The position
of the 13C enrichment is marked with (A) for [6,8,7]-1°C4
astaxanthinZa) and with (B) for [8,8,9,9,10,10,11,11,19,19]-
13C, astaxanthin Zb).

We complement the spectroscopic data with quantum me-
chanical calculations of the electronic ground state and excitation
energies of various astaxanthin models based on the structural

the central pat=’ The 13C NMR data show substantial
downfield shifts of 4.2 and 7.1 ppm for the 14’ pbsition and

5.4 and 7.5 ppm for the 12,12arbon positions imx-crusta-
cyanin®®Under the assumption that there is no exciton coupling
and together with semiempirical theoretical calculations that
fitted the electronic absorption properties, this work led to the
hypothesis that there is a strong electrostatic polarization
originating from the keto groups, most likely a double proto-
nation’ The resonance Raman spectra from the safae
isotopomers ofxi-crustacyanin showed that the pattern of the
changes in the double bond frequency region differs from that

in free astaxanthin itself and &f-spheroidené:? ) > | ' e s
Recently, the X-ray structure gf-crustacyanin at 3.2 A information available fof3-crustacyanin. The theoretical inves-
! ' tigation is crucial to identifying the relative importance of

resolution has been publish&dhe X-ray study showed that diff hani h i h | bath
in B-crustacyanin, two astaxanthins are present in parallel planes®! erent mechanisms that may contribute to the total batho-

that cross at a distance of 7 A, just a little outside the centers chromic shift.
of the chromophores, as shown in Figure 1. The vectors of the
central axis are oriented at 120rhe conformation around the
6-7 and &7 ponds 1S pIanz_ar s-trans, In contrast to freé  synthesis ofiiC-Labeled Astaxanthins. The synthetic strategy for
astaxanthin, which has an s-cis conformation. The oxygen at preparing astaxanthin with 99%C enrichment at any position or
the 4-keto group is close to His-90 and His-92 for astaxanthin combination of positions has been reported earlier by our gtdup.
1 and 2, respectively. The two other keto groups have interac- For the 13C enrichment of the 6,&,7-position, the commercially
tions with Asp, two Tyr residues, a Ser, and a bound water available *3C;-acetonitrile was used. Th&C incorporation at the
molecule. Although the increased conjugation due to the end 8,8.,9,9,10,10,11,11,19,19 positions was effected byCs-triethyl-3-
ring’s coplanarization should lead to a bathochromic shift with methyl-4-phosphonocrotonate, which was prepared analogous to the
respect to free astaxanthin, it has been stated that this effect j€orresponding nitrile derivative which was “_SEdl earlier in our group
not sufficient to explain the color g8-crustacyanir. for the synthesis of uniformiy*C-enriched refinat .

Despite considerable progress made in structural and spec- A quaniity of 140 mg (0.23 mmol) of ai 6,6, 7,7]-*Cs astaxanthin

. . . . ) (28) (25% (R,3R), 25% (B39, and 50% (R 3'S)) was obtained in

trOSCOp'_C studies, a clear Conve_rg'”g p_lcture on the _do_m'na_mt 10 steps starting from 1.3 g (30.7 mméRC,-acetonitrile. Similarly,
mechanism for the bathochromic shift in crustacyanin is still 50 mg (0.08 mmol) of alE [8,8,9,9,10,10,11,11,19,19]-13Cy0
missing. There are two main hypotheses that are still debated:astaxanthinb) (25% (R 3R), 25% (539, and 50% (&,3'S) was
(i) the “on-site” (intramolecular) mechanism involving protein-  obtained. We recorded solutidd and3C NMR spectra oRaand2b
induced conformational changes and/or charge-polarization and compared them with the spectra of unlabeled astaxanthin to observe
effects modifying the electronic ground state of the chro- the effect of the specifié*C enrichment on the NMR spectra and to
mophore; and (ii) the aggregation (intermolecular) mechanism verify the position and level of th&C enrichment. NMR spectroscopy

due to the interaction of the chromophores in the subunits of confirmed the purity of the alE [6,6,7,7]-*°C, astaxanthir2a and
[8,8,9,9,10,10,11,11,19,19]-13C,, astaxanthin2b and >99% 3C

(5) Weesie, R. J.; Askin, D.: Jansen, F. J. H. M. de Groot, H. J. M.; Lugtenburg, enrichment at the desired positions. The NMR data are available as

Materials and Methods

J.; Britton, G.FEBS Lett.1995 362, 34—38. ) Supporting Information.

() (\g\{?zzeés)bg.;HJ.aJr?slslréi(l):éhJénl;li.stl\r/lﬁgl\g%rléra %.Zgé;_l#zjgg?nburg, J.; Britton, Isolation and Reconstitution of a-Crustacyanin. The blue protein

(7) Weesie, R. J.; Merlin, J. C.; de Groot, H. J. M.; Britton, G.; Lugtenburg, o-crustacyanin was extracted from lobster carapace and subsequently
J; Jansen, F. J. H. M.; Comard, J.Blospectroscopft999 5, 358-370. purified by anion-exchange and gel-filtration chromatography according

(8) Dokter, A. M.; van Hemert, M. C.; In't Velt, C. M.; van der Hoef, K.;
Lugtenburg, J.; Frank, H. A.; Groenen, E. J.JJPhys. Chem. 2002

106, 9463-9469. (10) Jansen, F. J. H. M.; Lugtenburg,Bur. J. Org. Chem200Q 829-836.
(9) Cianci, M.; Rizkallah, P. J.; Olczak, A.; Raferty, J.; Chayen, N. E.; Zagalsky, (11) Creemers, A. F. L.; Lugtenburg, J. Am. Chem. So2002 124, 6324
P. F.; Helliwel, J. RProc. Natl. Acad. Sci. U.S.&2002 99, 9795-9811. 6334.
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3 Resonance Raman SpectroscopyA home-built confocal Raman
microspectrometer was used to measure Raman spectra of the caro-
tenoids (dissolved in CHg)land carotenoproteins (dissolved in agueous
phosphate buffer). A Kr ion laser (Coherent Innova 90-K) with an
emission wavelength of 647.1 nm was used to excite the Raman
scattering. The laser power on the sample was 5 mW. A dichroic beam
splitter (660 DCLP, Chroma Technology Corp.) was used in order to
separate the Raman scattered light from the laser light, which was
further suppressed by a holographic notch filter (Kaiser Optical Systems
Inc.) with an optical density of 4.0 at the excitation wavelength.

The measurement time per spectrum was 50 s. The spectrograph
stage (Jobin-Yvon HR460) was equipped with a blazed holographic
grating with 1200 I/mm. This resulted in a dispersion of 0.8 cm/pixel
on a CCD camera (Roper Scientific, Inc.). This camera contains a liquid-

250 350 450 550 650 750 nitrogen-cooled, back-illuminated chip with 1160330 pixels and a
Wavelength (nm) . . .
) ) o ) pixel size of 24x 24 um?. The setup is connected to a computer that
Figure 3. UV —vis absorption spectra of astaxanthin in dimethylformamide  .,ntrols the instrument settings, the data read-out, and the data storage.
(+ - +), B-crustacyanin in aq P£buffer (- - -), ando-crustacyanin in aq PO . ) S
buffer (—) (from Britton et al'3). Computat_lonal Methods e_md Details.The geometry optimization
of astaxanthin and of the various models considered here was performed

to the procedure described by ZagaldkJhe purity ofa-crustacyanin with the semiempirical AM1 method. The calculation of excitation

was determined by the ratio of absorbance at 632 and 280 nm, and€"€dies and transition dipole moments to the optically alloHgd
fractions with AsszAsse > 3.5 were used for reconstitution. The total excited state was performed using time-dependent density functional

19 i i I -
amount ofa-crustacyanin was determined from the absorbance at 632 heory (TDDFT)>We used the BLYP generalized gradient approxima
nm. A molar extinction coefficiente = 1.25 x 106 M1 cm-L, was tions for the exchange and correlation functio®alhe calculations

used. The UV-vis spectra of astaxanthing-crustacyanin, angs- were done with a triplé- Slater-type orbital (STO) basis set with a
crustacyanin are shown in Figure 3. single set of polarization functions using the Amsterdam Density

The reconstitution procedure was based on the method described':unCtlonal (ADF) packag®.

by Zagalsky? Briefly, astaxanthin was removed from the caroteno- ' PDFT allows calculating properties, such as excitation energies,
protein with acetonelether extraction. To the resulting colorless trough the linear density response of the system to the external time-

apoprotein was quickly added the labeled caroteng@adr 2b) in depend_ent field. It is_kn_own that TDI_DFT shows a systemat_ic under-
acetone: the mixture was stirred, and phosphate buffer was added. Th&stimation of the excitation to the optically allow#sl, state in linear
color of the complex quickly turned blue-purple. The mixture was polyene_s by a,bO‘,Jt 0-50.7 ev_'zz However, th_e general trend of
dialyzed overnight agaihss L phosphate buffer, pH 7.0, and the d_ecreasmg excntatl_on energy_wnh chain length is correctly reproduce.d,
reconstituted complex was purified on a short gel-filtration column; Since here we are mterested in the bathochromic shift of the absorption
the purity was determined by the sAAsg ratio with UV—vis energy rather than in the absolute values, TDDFT represents a good

spectroscopy. This method yielded [6767]-13C, a-crustacyanin1a) compromise between accuracy and computational efficiency for our
and [8,8,9,9,10,10,11,11,19,19]-13C,, a-crustacyanin 1b). models. Indeed, the use of more accurate multiconfiguration self-

consistent field (MCSCF) calculations would be computationally

0.D. (au)

Solution NMR Spectroscopy.'H NMR spectralH—3C-decoupled

NMR spectra, and®C NMR spectra of astaxanthin in CDQvere prohibitive for the large molecules. studied here. . o
recorded on a Bruker AM-600 spectrometer using tetramethylsilane '€ @ggregation effects are estimated using a simple dipbjole
(*H & = 0 ppm) or CDC4 (%C & = 77.00 pm) as internal standard. approximation of the interaction between the two astaxanthins in the

geometry of the3-crustacyanin dimer. Within this approximation, the

Solid-State NMR SpectroscopyApproximately 10 mg ofx-crus- ; ; . . . L .
P PYAPP Y g interaction that gives an estimate of the exciton splitting can be written

tacyanin reconstituted withfC-labeled astaxanthin was used for each
SSNMR sample. The solutions were first concentrated with a 100 kDa as
Macrosep centrifugal concentrator to a volume of 2 mL. Subsequently,
10 kDa Eppendorf centrifugal concentrators were used to reduce the
volume to 200uL. The resulting very dense blue solutions were
transferreda a 4 mm MASrotor with a homemade centrifugal swing-
out device. NMR spectra were recorded at 188 Mz frequency
using a Bruker DSX-750 spectrometer equipped with a double-
resonance MAS probe. The samples were cooled to 223 K, and the
MAS spin rate was 12 kHz for all experiments. The CP/MAS spectra
were recorded using 2.0 ms ramped cross-polarization and two-pulse
phase modulation decoupling during acquisitté# Radio frequency-
driven (RFDR) dipolar recoupling correlation spectra were acquired
using apathway-selective phase-cycling metlidathe _2D heteronuclear 17) van Rossum, B. J.. Boender, G. J.: de Groot, H. JJMMagn. Reson. A
correlation (HETCOR) spectra were recorded with phase-modulated 1996 120, 274-277.

|1 3R

27 Age, R

Here, u is the transition dipole momenfR is the unit vector
connecting the two molecules, ais the distance between the two
molecules. The transition dipole moment is obtained from the TDDFT
calculation, and the orientation factor is estimated usingtceusta-
cyanin structure. We used the dielectric constant in the vacuum, though
inside the protein, it may generally be larger.

Lee_Go|dburg decoup”ng during the period}7.18 (18) L\llé%ogradov, E.; Madhu, P. K.; Vega, Shem. Phys. Letl999 314, 443~
(19) Gross, E. K. U.; Kohn, WAdv. Quantum Chen199Q 21, 255. (b) Casida,

(12) Zagalsky, P. FMethods Enzymoll985 111B 216-247. M. E. In Recent Deelopments and Applications of Modern Density

(13) Britton, G.; Weesie, R. J.; Askin, D.; Warburton, J. D.; Gallardo-Guerrero, Functional Theory Seminario, J. M., Ed.; Elsevier: Amsterdam, 1996.
L.; Jansen, F. J. H. M.; de Groot, H. J. M.; Lugtenburg, J.; Cornard, J. P.; (20) Becke, A. D.J. Chem. Physl986 84, 4524. (b) Lee, C.; Yang, W.; Parr,
Merlin, J. C.Pure Appl. Chem1997, 69, 2075-2085. R. Phys. Re. B 1998 37, 785.

(14) Pines, A.; Gibby, M. G.; Waugh, J. $.Chem. Physl973 59, 569-573. (21) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends,TEedr.

(15) Balaban, T. S.; Holzwarth, A. R.; Schaffner, K.; Boender, G. J.; de Groot, Chem. Accl1998 99, 391. (b) van Gisbergen, S. J. A.; Snijders, J. G.;
H. J. M. Biochemistryl995 34, 15259-15266. Baerends, E. 1. Comput. Phys. Commuh999 118 119.

(16) Boender, G. J.; Raap, J.; Prytulla, S.; Oschkinat, H.; de Groot, H. J. M. (22) Hsu, C.; Hirata, S.; Head-Gordon, Nl.Phys. Chem. 2001, 105 451—
Chem. Phys. Lettl995 237, 502-508. 458.
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Figure 4. 13C CP/MAS NMR spectra ofi-crustacyanin: A, reconstituted 150 11140 130 ' 120 110 30 20 10 ppm
with [6,6,7,7]-13C, astaxanthin 1a); B, reconstituted with [8,89,9, ppm 1 e 1 1
10,10,11,11,19,19]-13C,o astaxanthin 1b), and the natural abundance 1H 0] 1 1 :
spectrum (C). The signals arising from tH€ enrichment are indicated 7] : : : . O 19
with (x). The spinning sidebands are marked with (s). The signal arising ] 0 N @ ﬁ
from the carbonyl carbons of the protein is marked with (CO). The spectra 5 1 1
are recorded at 188 MHEC frequency and 223 K with a MAS spin rate 7] 1 !
of 12 kHz. 1 Hw H8 dHII
10
Results ]

1 1 1 | L] T T
Solid-State NMR Spectroscopy oft-Crustacyanin. 13C CP/ 150 140 130 120 110 30 20 10 ppm

MAS NMR data were collected from natural abundance Figure 5. Contour region of the 2D homonuclea¢—'%C) and 2D
¢ in. 16'67 71-13C. ¢ . d18.899 heteronuclear 1H—13C) dipolar correlation spectra of [8,8,9,10,10,
o-crustacyanin, [6,67,7]-+:C, a-crustacyaninia), and [8,89,9, 11,12,19,19]-13Cy crustacyaninib). The13C—13C correlations and*C—

10,10,11,11,19,19]-13Cy, a-crustacyaninib) (Figure 4). The 1H correlations are shown.

natural abundance spectrum of-crustacyanin shows the

characteristic features of a protein spectrum. Between 0 and 40 In the spectrum otb, the strongest signal is at 11 ppm, which

ppm, the signals of the aliphatic side chains of the amino acids is assigned to C19/C19Figure 4B). This shift is close to the

are observed. Around 50 ppm, the resonances frgratGms shift of C19/C19in solution ¢(C19)= 12.6 ppm in CDJ).23

are found, while around 120 ppm, the responses of the aromaticThe signals between 120 and 150 ppm from the-C&1 can

amino acid residues are recognized. The sharp signal at 170be assigned using 2D homonucle#iO—13C) and 2D hetero-

ppm is assigned to the carbomydarbon of the peptide bonds.  nuclear {H—13C) dipolar correlation techniques. Figure 5 shows
In the spectra of Figure 4, the signals marked with (*) are the contour region of the 2D RFDR and 2D HETCOR NMR

not detected for the natural abundance sample and arise fromspectra of [8,89,9,10,10,11,11,19,19]-13Cy, a-crustacyanin.

the 13C labels of the chromophore. The signal at 120 ppm in Starting from the signal of C19/C19we assigned the label

Figure 4A is assigned to théC label at C7/C7 of the clusters. The signal of C11/C'lwas found at 123 ppm, similar

chromophore since the shift is comparable wife7) = 123.3 to the value in solutiond(C11)= 124.1 ppm in CDG).%% A

ppm observed for astaxanthin in CQE? The signal from the correlation between C11 and C10 was found, and the C10/C10

13C label at C6/CBof the chromophore at 162 ppm is also close chemical shift was determined at 144 ppm. This value is about

to 0(C6) = 162.4 ppm for the C6 of free astaxanthin in CRCI 9 ppm higher compared to the value in solutio¢q10)= 135.1

The NMR response appears symmetric as no difference betweerppm in CDC}).2% From C10, correlations to C8 and C9 were

C6 and C6and between C7 and CWas observed within the ~ found at 142, 134, and 131 ppm. The signals at 134 and 131

resolution of the NMR spectra. ppm show no correlation in the HETCOR spectrum and are
assigned to C9 and CYespectively. These values are com-
(23) Englert, G.; Kienzle, F.; Noack, Kdelv. Chim. Actal977, 60, 1209. parable to the chemical shift of C9 for astaxanthin in solution

J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005 1441
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Table 1. 13C NMR Data of Astaxanthin in Solution and
Astaxanthin Bound in o-Crustacyanin
C atom 6su\ut|una 6afcmslacyamnb Abmdmg
a/4 200.4 203.4 3.0
6/6 162.4 162 0
T 123.3 120 -3
8/8 142.2 142 0
9/9 134.7 133.8, 130.5 —-0.9,—4.2
10/10 135.1 144 9
11/11 124.1 123 -1
12/12 139.7 145.1, 147.2 54,75
13/13 136.7 135.2 -15
14/14 133.8 138.0, 140.9 42,71
15/18 130.7 129.5 -1.2
19/19 12.6 111 -1.5
20/20 12.8 111 -1.7

aData from Englert et al. (ref 23%.Data of C4/4, C12/12, C13/13,
C14/14, C15/18, and C20/20from Britton et al. (ref 13).

(0(C9) = 134.7 ppm in CDG).2® Finally, the signal at 142
ppm was assigned to C8/C&gain, this signal is comparable
to the value for astaxanthin in solutiod(C8) = 142.2 ppm in
CDCly).2% Table 1 gives thé3C NMR data of astaxanthin in
o-crustacyanin and the comparison with the free carotenoid in
CDCls.

From the NMR data, we could not discriminate between C8/
C8, C10/C10, C11/C11, and C19/C19 which shows that for
these carbon sites, the interactions of the chromophore with the
protein on both halves of the astaxanthin are similar. Only for
C9/C9, C12/C12, and C14/14are slightly different chemical
shifts observed, confirming that the binding of the chromophore
is not fully symmetricaf The slight asymmetry is probably
caused by a difference in protein environment, although it is
not clear why these specific signals can be resolved as distinct
signals, whereas the signals of other pairs overlap.

We found that only minor changes in the ground-state electron
density of the C atoms-811 of astaxanthin occur upon binding.
In particular, small shifts to higher field are found for C7/C7
(—3 ppm) and C9/C9—1/—4 ppm), and a relatively large
downfield shift is detected for C10/C10+9 ppm). The small
effect for the C8 effectively rules out the hypothesis of a
polarization originating from the keto groups of the chro-
mophore. NMR studies on protonated canthaxanthin show that
a strong electrostatic effect, like a single or double protonation,
should give increasingly larger changes in the chemical shift
values of the even-numbered atoms closer to the #irig,
contrast with our data.

Resonance Raman Characterization of *3C-Labeled
Astaxanthin. The resonance Raman spectra of astaxanthin,
[6,6,7,7]-1°%C, astaxanthin Za), and [8,8,9,9,10,10,11,11,
19,19]-13C, astaxanthinZb) are shown in Figure 6. The spectra
of ,5-carotene and [12,123,13,14,14,15,15,20,20]-13Cy,
f,B-carotene are added for comparison.

The RR spectrum of unlabeled astaxanthin (Figure 6C) is
characterized by three main lines at 152¢),(1158 ¢,), and
1005 cnt?! (v3), in agreement with data for alf-astaxanthin
published before by other grou@s?® The intense line around
1520 cnt has been assigned to the=C stretch vibrations of
the central part of the polyene chain. The line of astaxanthin at

(24) Kjeldahl-Andersen, G.; Lutnaes, B. F.; Liaaen-JenserQrg. Biomol.
Chem.2004 2, 489-498.

(25) Weesie, R. J.; Merlin, J. C.; Lugtenburg, J.; Britton, G.; Jansen, F. J. H.
M.; Cornard, J. PBiospectroscopyt999 5, 19—33.

(26) Merlin, J. C.Pure Appl. Chem1985 57, 785-792.
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Figure 6. Resonance Raman spectra: (A) [6767]-13C, astaxanthinZa);
(B) [8,8,9,9,10,10,11,11,19,19]-13C;, astaxanthin Zb); (C) natural
abundance astaxanthin; ([B)s-carotene; and (E) [12,1,23,13,14,14,
15,15,20,20]-13C, 3,8-carotene.

1158 cn! has been assigned previously to a combination of
the unmethylated €C stretch and the €H in plane-bending
vibrations. Thevz-line at 1005 cm? is relatively weak compared
to thev; and v, signals and is assigned to the €-plane
rocking vibrations.

The RR spectra offC, astaxanthinZa, see Figure 6A) and
13C;p astaxanthinZb, see Figure 6B) were compared with the
spectrum of natural abundance astaxanthin (Figure 6C) to study
the effect of the'C labeling. The spectrum of [6,8,7]-13C,4
astaxanthinZa) is almost identical to the spectrum of unlabeled
astaxanthin, with the main lines at 1516, 1156, and 1005'cm
The 13C labels are at the end of the central polyene chain and
have little or no effect on the RR spectrum.

The bands of [8,89,9,10,10,11,11,19,19]-13C,( astaxanthin
(2b, see Figure 6B) are shifted compared to those of unlabeled
astaxanthin. Although the shape and relative intensities of the
lines are similar, a significant shift to lower frequencies is
observed for the main lines. The-line is shifted to 1509 cmt
(—11 cnT?Y); the vo-line is shifted to 1147 cmt (—11 cnT?),
and thevz-line is shifted by—7 cnm? from 1005 to 998 cm.
Moreover, the’C isotope substitution leads to a more complex
band pattern near the-line, where a band is observed at 1115
cm~1, and the weak band of astaxanthin around 1200%ds
split into bands at 1185 and 1205 ctin

The RR spectrum of,5-carotene (see Figure 6D) is very
similar to the spectrum of astaxanthin, though the end groups
are different The spectrum o¥3Cy 8,3-carotene (Figure 6E),
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[ T T Table 2. Excitation Energies for Carotenoid Models |, II, and IlI
A 1151 Obtained with TDDFTa

model AE (V) AE (eV) +0.7 eV shift

1490 | (s-cis-astaxanthin) 1.89 2.59 (478 nm)

Il (s-trans-astaxanthin) 1.77 2.47 (502 nm)
' 1003 Il (s-trans-astaxanthint water+ His) 1.70 2.40 (517 nm)
[ 1265 IIl + exciton splitting 1.91 (650 nm)
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Figure 7. Resonance Raman spectra: @Afrustacyanin reconstituted with
[6,6,7,7]-13C, astaxanthin 1a); (B) o-crustacyanin reconstituted with
[8,8,9,9,10,10,11,11,19,19]-13C,o astaxanthinXb); (C) natural abundance
o-crustacyanin; and (D) natural abundarfterustacyanin.

with 13C labels in the central part of the polyene chain, is clearly
different from the spectrum of unlabelg?)s-carotene, with
shifts of thevs-line (—28 cnmd), vo-line (—9 cnTl), andvs-

line (—11 cnT?l). The13C isotope substitution if$,5-carotene
also leads to more complex spectral features aroungpthend,
and a Raman band at 1125 chtan be observed as a shoulder.
In addition, the intensity of the broad line at 1586 ¢nis

aIn the second column, we have shifted the TDDFT results for a
comparison with the experimental data (see text). In parentheses, we give
the correspondindmax in N@anometers. The excitation energy in the last
row is obtained by adding the estimated exciton splitting to the TDDFT
result of model IIl.

cml, new Raman bands appear that are absent in free
astaxanthin. The vibrations of the and vs-line do not shift
upon binding, although small shoulders appear on these bands.

The spectrum ot3C, a-crustacyanin (Figure 7A) is similar
to the spectrum of natural abundaneecrustacyanin. Only
minor shifts of thevs-line (1490 cnl), thewv,-line (1151 cn?),
and thevs-line (1003 cm’) are observed, compared to those
of the natural abundanag-crustacyanin.

However, the spectrum dfCo a-crustacyanin (see Figure
7B) shows distinct differences compared to that of natural
abundancex-crustacyanin. The;-line shows a downshift of
11 cnm?, from 1492 cmt in natural abundance astaxanthin to
1481 cntlin 1b. Thev,-line in a-crustacyanin is shifted-6
cm1to 1149 cnr! and is broadened. The broadening is related
to a protein-induced splitting in otherwise degenerate vibrational
modes. Thé3C isotope labeling im-crustacyanin demonstrates
a complete lifting of the degeneracy as an intense band arises
next to thev, band at 1122 cmt. Thevz-line shifts from 1005
to 997 cnrt due to!3C labels inlb.

For comparison, we also recorded the spectrurfi-ofusta-
cyanin, which is shown in Figure 7D. The band positions of
the vo-line andvs-line are the same as those for thecrusta-
cyanin, although the broadening of thre-line is smaller for
p-crustacyanin than foa-crustacyanin. Thes-line is shifted
to 1498 cnt?l, which is in line with theAmax (586 nm) of
B-crustacyanin being smaller than farcrustacyanin (632 nndy.

This indicates that the interactions of the chromophore with the
protein are similar iro- and s-crustacyanin.

Models and Quantum Chemical Calculations.To analyze
the relative importance of the possible mechanisms contributing
to the total bathochromic shift, we have considered the following
models: (l) free astaxanthin, (Il) 6tsans-astaxanthin with the
end rings coplanar to the polyene chain, and (Ill) Besis
astaxanthin, including a hydrogen-bonded histidine analogue

increased, and small changes in the fingerprint region are (methylimidazole) and a water molecule according to the X-ray

observed. This confirms th&tC labeling in the central parts of
carotenoids significantly changes the RR spectra.
Resonance Raman Characterization ofr-Crustacyanin.
The resonance Raman spectraseérustacyaninl3C, a-crus-
tacyanin (a), and3C,o a-crustacyaninib) are shown in Figure
7. The spectrum oft-crustacyanin (see Figure 7C) is distinctly
different from the spectra of astaxanthin. Theline is shifted
from 1520 to 1492 cmt, a shift which is correlated with the
change in absorption maximum from472 to 632 nm,
qualitatively following the empirical relationship between
and 1Amax2"-28In the fingerprint region between 1250 and 1400

(27) Merlin, J. C.Raman Spectrosd987, 18, 519-523.
(28) Rimai, L.; Heyde, M. E.; Gill, DJ. Am. Chem. Sod 971, 93, 6776~
6780.

data onB-crustacyanif. Comparison of model | and model II
gives a measure of the shift induced by the increased conjugation
due to the ring coplanarization. Model 11l shows the importance
of the polarization effects due to the hydrogen bonding with
the keto oxygens.

In Table 2, we report the first excitation energy with a
considerable oscillator strength obtained with TDDFT for the
three carotenoid models described above. This excitation
corresponds to the allowé®, -like excited state and can be
described to a large extent as a HOMO to LUMO transition
(contributing to more than 80% of the excitation) in all cases.
To compare the shift in nanometers with the experimental
values, we have also reported in the second column a set of
values shifted by 0.7 eV. With this offset, the excitation energy
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of the free astaxanthin model corresponds closely to the

dipole—dipole approximation used here, we can conclude that

experimental value for astaxanthin. As discussed above, thethe aggregation effects appear to give the largest contribution

underestimation of the excitation energy within TDDFT is in
line with previous theoretical investigations for long polyenes.
Nevertheless, the shift due to a change in conformation or to
the presence of hydrogen bonds is reliable.

In the s-cis-free astaxanthin model optimized within the
semiempirical AM1 approach, the end rings form a dihedral
angle of~46° with the polyene chain. This is in close agreement
with the 43 angle observed in X-ray studies of canthaxanffin.
According to the X-ray structure of3-crustacyanit, the
astaxanthin chromophores bound to the protein are in af all-
conformation with the end rings essentially coplanar to the
polyene chain. Thus, the main conformational change from free
astaxanthin to the chromophore ficrustacyanin consists of
the coplanarization of the end rings, thereby, inducing a more
extended conjugated chain. Comparing models | and II, we find

that this protein-induced conformational change produces a shift

of 0.12 eV (Almax = 24 nm). The next step is the inclusion of
polarization effects induced by hydrogen-bonding interaction.
The X-ray structure off-crustacyanithas revealed an asym-
metric environment of the chromophore with a histidine and a

water molecule hydrogen bonded to the keto oxygens. In model

I, we include these interactions explicitly and obtain a further
shift in the excitation energy, though relatively small, giving a
total shift of 0.19 eV Admax = 39 nm) compared to theds-
astaxanthin model.

We have also calculated Mulliken partial atomic charge
differences between models I and Ill. We find that the hydrogen

bonds induce a small positive charge on the chromophore, which

is consistent with the small positive charge difference estimated
on the basis of3C chemical shift data for-crustacyanin, thus
further supporting the conclusion that keto groups are not
protonated and no strong polarization occurs upon binding.
An analysis of the HOMO and LUMO orbitals for models |
and Il (figure available as Supporting Information) shows that

a charge displacement from the center of the chromophore

toward the rings occurs upon excitation in the model, including
the hydrogen bonding with the protein environment, while little
charge displacement is observed for the free chromophore.
We turn then our analysis on the importance of aggregation
effects for the bathochromic shift mechanism. A first-order
estimate of the exciton splitting induced by the proximity of

in determining the total bathochromic shift.

Discussion

In principle, two hypotheses could serve as a basis for
understanding the bathochromic shift. The first hypothesis is
exciton coupling of the transition dipole moments in the excited
state, and the second hypothesis is interactions of the protein
with the astaxanthin chromophore in the ground state via a
polarization mechanism. The exciton coupling hypothesis was
first suggested on the basis of the observed circular dichroism
spectra ofx- andp-crustacyanirt:133However, the importance
of this effect has been underestimated since it was expected
that a strong coupling should give rise also to large changes in
the shape of the absorption bands which were not obsérved.
The resonance Raman spectra of Salares étshbwed a
lowering in thevc—c frequency indicative of electron delocal-
ization in the electronic ground state. On the basis of these
Raman spectra, the polarization hypothesis was strongly sup-
ported and it has since become favored as the primary basis of
the bathochromic shift. Moreover, it was pointed out that the
argument that a large red shift in the absorption maximum
should be accompanied by a change in absorption profile was
not necessarily trug.

In view of our results from the SSNMR, Raman spectroscopy,
and quantum chemical calculations, we can now evaluate these
two hypotheses for the bathochromic shift in more detail. First,
it should be noted that the SSNMR and Raman spectroscopy
analyses are performed ercrustacyanin, whereas the com-
putational analysis is carried out on models based on the known
structure ofs-crustacyanin. We assume that the effects that are
responsible for the bathochromic shift in both carotenoproteins
are qualitatively comparable and that the chromophgretein
interactions are similar ia- andj-crustacyanin. This is based
on the knowledge that-crustacyanin is an aggregate of eight
B-crustacyanin units and supported by the similar shape of the
UV —vis, optical rotary dispersion, Raman spectra, and same
sign pattern in CD spectra of- and -crustacyanir:13

The SSNMR experiments show that no strong polarization
effect in the ground state takes place upon binding of astaxanthin
in the protein. We can definitely discard now the earlier

the chromophores in the protein can be obtained using the yPothesis that a large charge effect, such as protonation, near

dipole—dipole approximation. We use the X-ray structural
information available fopB-crustacyanin to evaluate the geo-
metrical factor, and we compute the transition dipole moment
within the TDDFT for model Ill. The two bound astaxanthins
in B-crustacyanin approach each other witfdi A at aposition
close to the C11C12 bond. As can be seen in Figure 1, the
long axes of the molecules form an angle of about°1dbe
computed transition dipole moment is very intensel9 D)
and oriented parallel to the long axis of the molecule pointing
toward the ring hydrogen bonded to the His residue. By using
this information together with the orientation factor in the
dipole—dipole approximation, we obtain an exciton splitting of
0.49 eV. If we add the exciton splitting to the previously
computed on-site shift for model Ill, we obtainlg.x = 650

nm (see Table 2). Even considering the limitation of the simple

the keto groups of the chromophore is responsible for the
bathochromic shift. Indeed, a strong electrostatic effect, such
as the one induced by protonation, should give much larger
changes in the chemical shifts of the atoms close to the?fing.
The rather small NMR chemical shift differences (see Table 1)
are indicative of small changes in the ground-state electronic
distribution due to the rotation of the end rings and to
polarization effects due possibly to hydrogen bonding with the
protein. These conclusions are consistent with the X-ray analysis
of the binding site of3-crustacyanin. Although the resolution

of the X-ray data is not sufficient to determine protonation states,
no charged amino acids were observed in the proximity of the
astaxanthin rind.Our SSNMR data show that the absence of
strong polarization effects due to charged residues is true also
in o-crustacyanin.

(29) Bart, J. C. J.; Macgillavry, C. HActa Crystallogr. B1968 24, 1587.
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A comparison of the resonance Raman spectra of astaxanthinThe calculated total shift is even larger than the observed
anda-crustacyanin, show that the-line, which is assigned to  bathochromic shift. In fact, our estimate of the exciton splitting
the G=C stretch vibration, is shifted to a lower wavenumber, is based on the structural information on the dimefiorus-
consistent with previous Raman studies. The observed downshifttacyanin, wherémax = 586 nm. It is very likely that the simple
of thevs-line can be correlated to the rotation around the-C6  approximation of the dipoledipole interaction in the excited
C7 bond of the chromophore from 6-s-cis to 6-s-trans. This state used here overestimates the exciton splitting. Further
conformational change extends the conjugated polyene, leadingefinement in the modeling is needed to obtain a more
to a larger delocalization of the-electron system. However, quantitative estimate of the exciton splitting. Nevertheless, we
the observed shift does not quantitatively fit the empirical can clearly conclude that aggregation effects give the largest
relationship found for carotenoids between thevibration and contribution to the observed color shift.
1/Amax?” This indicates that in addition to the extension of the  The pathochromic shift i-crustacyanin is larger than that
conjugated system, other factors must contribute to the batho-;,, B-crustacyaninAmax = 632 and 586 nm, respectively). The

chromic shift. - _ _ X-ray analysis off-crustacyanin suggests that subtisitibunit
We also observed a striking change in the spectral region jneraction can take place in the aggregation of eight dimers in
near thev.-line of the carotenoprotein with’C labels in the o1 stacyanift. This interaction could induce a larger exciton
chromophore at the [8,8,9,10,10,11,11,19,19] (1b) positions  gpitting in a-crustacyanin, though a proper description of this
where an intense band is present at 1122 ¢rwhile in free effect needs further investigation.
13C-labeled carotenoids, a weak band appears. The enhanced
intensity of this band is a direct indication that the electronic cgonclusions
excited state delocalizes upon binding to the protein, adding
Raman oscillator strength to this mode. We have explored the coloration mechanism of astaxanthin
Quantum chemical calculations on molecular models obtained in o-crustacyanin by using solid-state NMR and resonance
from the X-ray data off-crustacyanin show that the transiton Raman spectroscopy complemented by quantum chemical
from 6-scis-astaxanthin to 6-&ans is accompanied by a  calculations based on time-dependent DFT. Solid-state NMR
considerable change ifmax to 502 nm. This is by far not  spectra of thé*C-enrichedx-crustacyanin show that only minor
sufficient to account for the full bathochromic shift that occurs changes in the ground-state electron density of astaxanthin occur
upon binding®! Also, the effect of hydrogen bonding due to upon binding, thus ruling out the hypothesis of a strong
the presence of a water molecule and a histidine close to thepolarization. From the comparison of Raman spectra-¥6r
astaxanthin carbonyl gives rise to a small bathochromic shift, labeled astaxanthin and-crustacyanin, we conclude that
the combined effects shiftindmax to 517 nm. Therefore, on  delocalization of the electronic excited state of the polyene chain
the basis of our TDDFT calculations, we can conclude that the close to the ring occurs upon binding. Time-dependent DFT
total protein-induced on-site effects on the bathochromic shift calculations show that the protein-induced conformational
are not very large and can account for only about 30% of the changes and polarization effects contribute to about 30% of the
total observed bathochromic shift a-crustacyanin and 40%  total bathochromic shift in-crustacyanin. The exciton coupling
of the bathochromic shift i-crustacyanin. due to the proximity of the astaxanthin chromophores, estimated
The charge displacement from the center of the chromophoreusing theg-crustacyanin dimer structure, is found to be large
toward the end rings upon excitation shown by the analysis of and can account for the additional absorption shift.
the HOMO and LUMO orbitals (figure available as Supporting
Information) is in line with the large effect observed on the  Acknowledgment. The authors are grateful to C. Erkelens,
Ramanv,-line. This charge displacement is also consistent with J. Hollander, and F. Lefeber for support with the NMR
Stark experiments showing an enhancement in the excited-statexperiments. G. Britton, D. Philips, P. Gast, and J. Brouwer
dipole moment fore-crustacyanin compared to that of isolated have been involved in the protein isolation and purification. The
astaxanthir#? sample of13Cyo B,5-carotene was kindly provided by M.A.
Our study strongly supports the hypothesis of exciton Verhoeven. F.B. acknowledges T. Aartsma for useful discus-
coupling as the main source of the bathochromic shift. Indeed, sions. The 750 MHz NMR equipment was financed in part by
when we take the dipoledipole interactions between the Demonstration Project Grant BIO4-CT97-2101 (DG12-SSMI)
astaxanthin molecules ifi-crustacyanin into account, a large of the commission of the European Communities.
exciton splitting is found. The exciton splitting and the angle

of about 120 between the dipole moments are consistent with ~ Supporting Information Available: 'H and**C NMR char-
the negative chirality observed in CD spectra @f and acterizations of°C-labeled astaxanthir&a and2b; coordinates

B-crustacyanin=33°When we add the exciton coupling to the —and figures of HOMO and LUMO orbitals of 6es-astaxanthin
on-site effects due to the more extended conjugation and(l) and 6-strans-astaxanthin, including a hydrogen-bonded

hydrogen_bonding p0|arizati0n, we obtaiMd@ax ~ 650 nm. histidine analogue and a water molecule (Ill). This material is
available free of charge via the Internet at http://pubs.acs.org.
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