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Unravelling the chemical basis of the bathochromic
shift in the lobster carapace; new crystal structures
of unbound astaxanthin, canthaxanthin and

zeaxanthin

The crystal structures of the unbound carotenoids, synthetic
astaxanthin (3S,3'S:3R,3’S:3R,3'R in a 1:2:1 ratio), canthax-
anthin and (3R,3'S, meso)-zeaxanthin are compared with each
other and the protein bound astaxanthin molecule in the
carotenoprotein, f-crustacyanin. Three new crystal forms of
astaxanthin have been obtained, using different crystallization
conditions, comprising a chloroform solvate, a pyridine solvate
and an unsolvated form. In each structure, the astaxanthin
molecules, which are similar to one another, are centrosym-
metric and adopt the 6-s-cis conformation; the end rings are
bent out of the plane of the polyene chain by angles of
—42.6 (5), —48.9 (5) and —50.4 (3)°, respectively, and are
disordered, showing the presence of both R and S configura-
tions (in a 1:1 ratio). In the crystal packing of the chloroform
and pyridine solvates, the astaxanthin molecules show pair-
wise end-to-end intermolecular hydrogen bonding of the
adjacent 3-hydroxyl and 4-keto oxygens, whereas in the
unsolvated crystal form, the hydrogen-bonding interaction is
intermolecular. In addition, there are intermolecular C—H
hydrogen bonds in all three structures. The canthaxanthin
structure, measured at 100 and 293 K, also adopts the 6-s-cis
conformation, but with disorder of one end ring only. The
rotation of the end rings out of the plane of the polyene chains
(ca —50 ° for each structure) is similar to that of astaxanthin.
A number of possible C—H hydrogen bonds to the keto O
atoms are also observed. (3R,3'S, meso)-zeaxanthin is centro-
symmetric with a C5—C6—C7—C8 torsion angle of
—74.9 (3)°; the molecules show pair-wise hydrogen bonding
between the hydroxyl O atoms. In addition, for all the crystal
structures the polyene chains were arranged one above the
other, with intermolecular distances of 3.61-3.79 A, indicating
the presence of m-stacking interactions. Overall, these six
crystal structures provide an ensemble of experimentally
derived results that allow several key parameters, thought to
influence colour tuning of the bathochromic shift of astax-
anthin in crustacyanin, to be varied. The fact that the colour of
each of the six crystals remains red, rather than turning blue, is
therefore especially significant.

1. Introduction

Astaxanthin (3,3'-dihydroxy-8,8-carotene-4,4'-dione), AXT,
shown schematically in Figs. 1(a)—(c), is a carotenoid occurring
in nature as three optical isomers [35,3'S, 3R,3'S, meso and
3R3'R (SS, RS and RR) in various ratios; Rgnneberg et al.,
1980; Renstrgm et al., 1982]. It is present in shrimps, crabs and
lobsters, as well as in many invertebrate animals, where
interaction with a protein can cause the astaxanthin molecule
to change its colour from an orange/red colour in the unbound
form to a deep slate blue/black. In the lobster shell, the protein
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o-crustacyanin, which consists of an assembly of sixteen
20 kDa apoproteins and 16 bound astaxanthin molecules, is
known to be responsible for this blue/black colour of the live
lobster (Cianci et al., 2002; Chayen et al., 2003; Zagalsky, 2003).
Denaturing of this protein by boiling of the lobster gives the
familiar bright red colour of cooked lobster. There has been
much interest in the cause of this hypsochromic shift, spanning
over 100 years (Newbiggin, 1897; Wald, 1948), and determi-
nation of the crystal structure of B-crustacyanin (B-CR) in
2002 to 3.2 A resolution allowed many questions about the
bound astaxanthin molecules to be answered (Cianci et al.,
2002). B-Crustacyanin is a dissociation product of «-crusta-
cyanin and is a heterodimer consisting of two apo protein
monomers (gene types I and II) with two astaxanthin mole-
cules, which bind to the protein by straddling each subunit.
Both astaxanthin molecules have similar, but not identical,
protein environments and display essentially identical
conformations. At one end of each astaxanthin, the 4-keto
group is linked to a bound water molecule by a hydrogen
bond; the evidence for these two water molecules required
corroboration from an earlier high-resolution crystal structure
of the A1 protein (Cianci et al., 2001), and an investigation of
electron-density map properties at 32 A resolution (Mini-
chino et al., 2003). The other end of each astaxanthin is
connected to the neighbouring subunit with their C4-keto
groups each within hydrogen-bonding distance of a His
residue. A substantial conformational change of the asta-

Figure 1
Scheme of (a) SS-astaxanthin, (b) RS-astaxanthin, (¢) RR-astaxanthin,
(d) canthaxanthin, (e) RS-zeaxanthin and (f) S-carotene.

xanthin molecule was found to occur on binding to the
protein, with the molecules both in the 6-s-trans conformation,
the end-ring approximately coplanar with the polyene chains
and a significant bowing of the polyene compared with that
found in the structure of canthaxanthin (8,B8-carotene-4, 4'-
dione; see Fig. 1d), which was used as a model for unbound
astaxanthin, in the absence of a crystal structure of unbound
astaxanthin at the time. Theories that have been put forward
as to the cause to the bathochromic shift include the following:

(i) the coplanarization of the S-end rings with the polyene
chain increases the conjugation in the planar chromophoric
system,;

(ii) the bowing of the astaxanthin molecule relieves the
strain in the planar, 6-s-trans configuration of the protein
bound AXT molecule;

(iii) a generally hydrophobic environment, where dissolu-
tion in different solvents provokes different bathochromic
shifts (Britton, 1995);

(iv) an electronic polarization effect stems from hydrogen
bonding of histidine, and/or water, with the bound asta-
xanthins;

(v) an exciton interaction arises from the close proximity of
the two bound astaxanthins; the closest distance is ~ 7 A and
the two chains are inclined at an angle of 120°.

It is now generally accepted that the coplanarization of the
end rings accounts for up to a third of the overall batho-
chromic shift of the absorption maximum from 472 nm in
unbound astaxanthin dissolved in hexane to 580 nm in the g-
CR molecule (Durbeej & Eriksson, 2003, 2004; van Wijk et al.,
2005; Tlagan et al., 2005). In the unbound molecule there is
already some partial conjugation of the polyene chain with the
end rings (Durbeej & Eriksson, 2004) and the coplanarization
has the effect of extending this to 13 conjugated double bonds.
Even in the recent literature, there is still disagreement as to
how the additional bathochromic shift arises; Weesie et al.
(1997) proposed that protonation of the C4 keto groups is
responsible for the polarization of the chromophore, thus
reducing the energy difference between the HOMO and
LUMO orbitals. More recently, Durbeej & Eriksson (2003,
2004) put forward the theory that the polarization effect is
caused by hydrogen bonding of the C4 keto group, particularly
to the His residue, which they suggested must be protonated.
In 2005, Lugtenburg and co-workers (van Wijk et al., 2005)
dismissed the polarization theory as a major contribution to
the spectral shift, citing evidence from *C NMR spectroscopy
studies, and instead proposed that the approach of the chro-
mophores to within 7 A of one another at 120° inclination
gives rise to an exciton interaction, leading to the observed
spectral shift. The calculations were performed assuming a
vacuum environment (i.e. with a dielectric constant of 1.0), but
the crystal structure of 8-CR (Cianci et al., 2002) shows that an
unidentified molecule sits between the two AXT molecules at
the closest approach, which would, via the dielectric constant,
weaken the exciton effect. The further shift in the absorption
in the a-CR to that seen in the S-CR was proposed to arise
from increased exciton coupling caused by additional aggre-
gation of astaxanthin molecules. Ilagan et al. (2005), explaining
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the femtosecond time-resolved absorption spectroscopy of
AXT in solution and in B-CR, supported the idea that
dimerization of AXT in crustacyanin is the primary molecular
basis of the bathochromic shift. The bowing of the astaxanthin
molecule in the bound form was considered to have a negli-
gible effect on the absorption (Durbeej & Eriksson, 2004).
These theories have been reviewed recently in Durbeej &
Eriksson (2006)

In order to investigate these colour-tuning parameters
further, we have successfully crystallized and determined the
crystal structures of three crystal forms of astaxanthin and one
each of canthaxanthin and RS-zeaxanthin [(3R,3'S,meso0)-B,5-
carotene-3,3'-diol; Fig. 1]. This has provided us with an
ensemble of related crystal structures, as well as much more
precise structural information regarding the interactions of the
end rings and packing of the molecules than the B-CR struc-
ture at 3.2 A resolution could offer. The unsolvated crystal
form of astaxanthin, which we report here, has been described
previously by Hashimoto et al. (2002), but the atom coordi-
nates were not deposited in the CSD (Cambridge Structural
Database), and in any case our results are more precise (see
later). The crystal structure of canthaxanthin has also been
reported by Bart & MacGillavry (1968), but again our new
crystal structure is more precise due to the use of modern
crystallographic apparatus, as well as sample cryocooling. We
also report the room-temperature crystal structure of
canthaxanthin, to compare directly with the Bart & MacGil-
lavry (1968) room-temperature structure. The crystal structure
of the bis[menthyl carbonate] derivative of RR-zeaxanthin has
been reported previously (Linden er al., 2004), but to our
knowledge the crystal structure of RS-zeaxanthin reported
here is the first crystal structure of a free zeaxanthin. We will
show that important variations of the various proposed colour-
tuning parameters have been achieved in a field where it was
previously regarded as notoriously difficult to produce crys-
tals. Also, two room-temperature crystal structures are
reported, introducing temperature as an additional variable
which could be investigated; this was not possible in the §-CR
studies, where cryocooling was essential (Cianci ef al., 2002).

2. Experimental
2.1. Methods of crystallization

The carotenoids used were synthetic samples originating
from Hoffmann-La Roche, Basel. A 1:2:1 mixture of the three
optical isomers of astaxanthin (SS, RS and RR; Bernhard,
1989) was employed for crystallization; the synthon for AXT
containing the hydroxy group is optically inactive and consists
of the R and S form in equal amounts. By statistical probability
when two such end groups are added to the same molecule the
result is 1:2:1 for the SS, RS and RR isomers; the composition
of synthetic AXT is determined by HPLC of diesters of (—)-
camphanic acid (Vecchi & Miiller, 1979). Synthetic RS-
zeaxanthin (Riittimann & Mayer, 1980) and commercial
canthaxanthin were used. In each case, vapour diffusion
methods were used to grow suitable crystals. For the chloro-

form solvate of AXT (AXT-Cl), acicular crystals were
obtained from chloroform/hexane. The pyridine solvate, AXT-
py and unsolvated, AXT-un, crystals of AXT were obtained as
platy crystals from pyridine/hexane. However, much larger
platy crystals of the unsolvated form were subsequently
obtained from pyridine/water, and a crystal obtained by this
method was used in the crystal structure determination
described here. Large platy crystals of canthaxanthin were
grown from dichoromethane/hexane and acicular crystals of
RS-zeaxanthin were crystallized from pyridine/water.

2.2. Data collection and refinement of the structures

Data were collected in each case using a Bruker APEX
CCD diffractometer (Bruker, 2001) using Mo K« radiation;
data processing was carried out using SAINT (Bruker, 2002).
Absorption corrections were not applied, except in the case of
RS-zeaxanthin, where a semi-empirical absorption correction
was applied using SADABS (Bruker, 2001). Cryocooling to
100 K, using an Oxford Cryosystems Cryostream 700 open-
flow cryostat (Cosier & Glazer, 1986), was carried out for all
samples except the unsolvated crystal form of astaxanthin,
since the crystal broke up at low temperature. An additional
room-temperature crystal structure of canthaxanthin was also
determined from the same crystal used in the low-temperature
study for comparison with the previous results (Bart &
MacGillavry, 1968). The structures were solved by direct
methods and H atoms were included in calculated positions
using the riding method, except for the O—H H atoms in
AXT-Cl and AXT-py. In each AXT structure, some disorder
of the end rings was found; the occupancies of the disordered
components were constrained to sum to unity and the ratio of
the different conformations was found to be ca 50:50, consis-
tent with the 1:2:1 ratio of RR, RS and SS isomers. For AXT-
Cl, two restraints were applied to the geometry of the O—H
group. For the pyridine solvate, AXT-py, the pyridine mole-
cule was poorly ordered and it is possible that the nitrogen
position was not ordered at one position; the H atoms were
not visible on a difference map, so the N-atom position was
selected as that which gave the lowest displacement parameter
when all the atoms of the ring were defined as carbon.
Restraints were applied to the bond lengths of the pyridine
molecule and the O—H group of the AXT molecule. Also,
because the crystal was rather weakly diffracting, the data
were cut at 0.9 A resolution for this sample. For AXT-un, the
O—H hydrogen was included in a calculated position so as to
form the best hydrogen bond to O4. The canthaxanthin
structures at 100 and 293 K showed disorder of one end-ring
only, which was treated as for the AXT crystal structures; the
occupancies of the major disorder components refined to
values of 0.610 (3) and 0.682 (9) for the canthaxathin struc-
tures measured at 100 and 293 K, respectively. The RS-zea-
xanthin structure did not show any disorder of the end rings,
but contained a number of disordered solvent atoms, which
were assumed to be partially occupied water molecules.
SQUEEZE (van der Sluis & Spek, 1990) was used to account
for the disordered solvent, determining an electron count of
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Table 1

Experimental details.

Chloroform solvate
of AXT

Pyridine solvate of
AXT

Unsolvated AXT

Canthaxanthin at
100 K

Canthaxanthin at
293 K

RS-Zeaxanthin

Crystal data

Chemical formula

M,

Cell setting, space
group

Temperature (K)

a, b, c (A)

a, By (%)

V(A%

Z

D, Mgm™)

Radiation type

Absorption coeffi-
cient (mm™")

Crystal form, colour

Crystal size (mm)

Data collection

Diffractometer

Data collection
method

Absorption correc-
tion

Tnin
max

No. of measured,
independent and
observed reflec-
tions

Criterion for
observed reflec-
tions

Rim

emux (c)

Refinement

Refinement on

R[F? > 20(F%)],
wR(F?), S

No. of reflections

No. of parameters

H-atom treatment

Weighting scheme

(A/o-)max

APmays APmin
€A™

Extinction method

Extinction coeffi-
cient

C40Hs5,042CHCl,
835.55 ~
Triclinic, P1

100 (2)

5.9588 (8),
11.8583 (16),
15.647 (2)

79.036 (2),
80.499 (3),
82.506 (2)

1065.0 (3)

1

1.303

Mo Ka

0.443

Needle, red
0.65 x 0.05 x 0.02

CCD area detector
¢ and w scans

None

7182, 3634, 1776

1>20(])

0.061
25.0

P
0.048, 0.093, 0.80

3634

259

Mixture of inde-
pendent and
constrained
refinement

w = 1/[c*(F?) +
(0.0281P)%,
where P = (F2 +
2F))/3

0.005

0.54, —0.57

None

C4oHs5,04-2CsHsN
755.02
Monoclinic, P2,/n

100 (2)

18.568 (4),
6.1926 (13),
19.803 (4)

90, 107.746 (4), 90

2168.7 (8)
2

1.156
Mo Ko
0.072

Plate, red
0.60 x 0.15 x 0.05

CCD area detector
¢ and w scans

None

12 345, 3104, 1400

1>20(])

0.148
23.3

P
0.049, 0.116, 0.77

3103

292

Mixture of inde-
pendent and
constrained
refinement

w = 1/[c*(F2) +
(0.0351P)%,
where P = (F?+
2F2)/3

< 0.0001

0.26, —0.17

SHELXTL
0.0040 (9)

CyoHs204
596.82 _
Triclinic, P1

293 (2)

8.5371 (10),
8.6632 (11),
13.2984 (16)

95.145 (2),
107.409 (2),
98.765 (2)

917.93 (19)

1

1.080

Mo Ka

0.068

Plate, red
0.60 x 0.30 x 0.05

CCD area detector
¢ and o scans

None

4780, 3188, 1991

1>20(])

0.050
25.0

P
0.052, 0.163, 0.84

3188

245

Constrained to
parent site

w = 1/[c*(F2) +
(0.1154P)%,
where P = (F? +
2F2)/3

0.007

0.20, —0.15

None

Cy H520,
564.82 _
Triclinic, P1

100 (2)

8.5068 (9),
14.2208 (16),
15.5262 (17)

105.870 (2),
95.227 (2),
106.512 (2)

1702.9 (3)

2

1.102

Mo Ka

0.065

Block, dark red
0.50 x 0.35 x 0.30

CCD area detector
¢ and o scans

None

9834, 6781, 3448

1>20(])

0.031
26.4

P
0.050, 0.112, 0.84

6781

419

Constrained to
parent site

w = 1/[o*(F2) +
(0.0443P)7),
where P = (F2 +
2F2)/3

<0.0001

0.20, —0.16

None

Cy Hs520,
564.82 ~
Triclinic, P1

293 (2)

8.5919 (11),
14.3168 (18),
15.9405 (19)

105.569 (2),
96.118 (3),
107.024 (2)

1769.2 (4)

2

1.060

Mo Ka

0.063

Block, dark red
0.50 x 0.35 x 0.30

CCD area detector
¢ and o scans

None

9285, 6162, 2591

I>20(I)

0.025
25.0

P
0.050, 0.137, 0.82

6162

419

Constrained to
parent site

w = 1/[o*(F2) +
(0.0587P)?),
where P = (F? +
2F2)/3

0.001

0.18, —0.09

None

Cy4o Hs560,-3H,0
622.90
Monoclinic, C2/c

100 (2)

49.670 (15),
13.181 (4),
6.0588 (19)

90, 94.425 (6), 90

3955 (2)
4

1.046
Mo Ka
0.067

Plate, orange
0.90 x 0.15 x 0.05

CCD area detector
¢ and o scans

Multi-scan (based
ion symmetry-
related measure-
ments)

0.807

1.000

13 818, 3489, 2285

I>20()

0.047
25.0

P
0.051, 0.137, 1.03

3489

197

Constrained to
parent site

w = 1/[c*(F?) +
(0.0727P)* +
0.0665P], where
P = (F+2F)/3

<0.0001

0.27, —0.17

None

113 electrons in the solvent accessible voids of 591.6 A~>. This

was assigned as 12 water molecules per unit cell, which were

added to the formula. The hydroxyl H atom was included in a
calculated position so as to form the best hydrogen bond to
the hydroxyl group of an adjacent zeaxanthin molecule. The

crystal data are summarized in Table 1." All calculations and

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: BM5041). Services for accessing these data are described
at the back of the journal.
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preparation of the plots were carried out using the SHELXTL
package (Bruker, 2001) and PLATON (Spek, 2003).
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Figure 2

(a) Plot of AXT molecule in AXT-CI, using 50% probability ellipsoids.
The chloroform solvate molecule and disordered atoms have been
omitted for clarity. (b) Plot of AXT molecule in AXT-py, using 50%
probability ellipsoids. The pyridine solvate molecule and disordered
atoms have been omitted for clarity. (c) Plot of AXT molecule in AXT-un
at 293 K, using 30% probability ellipsoids; disordered atoms have been
omitted for clarity. (d) Plot of canthaxanthin at 100 K, using 50%
probability ellipsoids; disordered atoms have been omitted for clarity. (e)
Plot of canthaxanthin at 293 K, using 50% probability ellipsoids;
disordered atoms have been omitted for clarity. (f) Plot of RS-zeaxanthin
using 50% probability ellipsoids; disordered water solvent atoms have
been omitted. (g) Plot of RS-zeaxanthin viewed approximately down the
plane of the polyene chain, showing that the end rings are twisted out of
the plane of the polyene chain [the C5—C6—C7—CS8 torsion angle is
—74.9 (3)°].

Figure 3
Plot showing the two conformations of the end-rings of (a) AXT-CI at
100 K and (b) AXT-un at 293 K.

2.3. UV-vis spectra measurements

UV-vis spectra were measured on a Varian Cary 5000 UV-
vis—NIR spectrometer. The solution-state spectra were
recorded with the carotenoids dissolved in chloroform. The
solid-state spectra were obtained from crystals pressed
between two coverslips.

3. Description of the crystal structures
3.1. Comparison of the carotenoid molecules

Plots of the astaxanthins are shown in Figs. 2(a)—(c). In each
case the AXT molecule is centrosymmetric. Disorder is seen in
the end rings of the AXT molecules and this disorder is seen
even when the space-group symmetry is reduced to the non-
centrosymmetric space groups P1, P2; and P1 for AXT-CI,
AXT-py and AXT-un, respectively. It arises from the fact that
the synthetic astaxanthin used was a mixture of RR, SS and RS
isomers. The disorder is shown in close up in Figs. 3(a) and (b)
for AXT-Cl and AXT-un, respectively, where in the latter case
it was possible to resolve the disorder to include the atoms C16
and C17. For AXT-py, C2, C3 and C16 were likewise found to
be disordered. The crystal structures of canthaxanthin at 100
and 293 K are shown in Figs. 2(d) and (e) where, in contrast to
the AXT structures, the asymmetric unit contains the whole
molecule. In these structures, the disorder is confined to only
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one end ring (atoms C2A, C16A and C17A) and it is clear that
the 100 and 293 K structures are very similar to one another,
with an r.m.s. deviation between the structures of only 0.05 A.
For zeaxanthin (Figs. 2f and g) the molecule is centrosym-
metric, but this time, because only the (3R,3'S, meso) isomer is
present, no disorder of the end-rings is observed.

In all six crystal structures the molecules adopt the 6-s-cis
conformation. Comparison of the different crystal forms of
AXT shows that the corresponding bond lengths and angles of
all three structures are normal and within experimental error
the same. Fitting of the atoms of the AXT-py and AXT-CI
structures using the program OFIT (from the SHELXTL
package; Bruker, 2001), excluding the disordered atoms,
shows that they are very alike, with an r.m.s. deviation of
0.14 A. The 293 K structure of AXT-un is less similar to AXT-
Cl (r.m.s. deviation 0.33 A), but comparison of the atoms of
the polyene chains gives an r.m.s. deviation of 0.1 A, where the
main differences are between the positions of the substituent
atoms of the polyene chain, i.e. the conformation of the end
rings and methyl groups bonded to the polyene chains. In
particular, the C5—C6—C7—CS8 torsion angle, which shows
the degree to which the end rings are twisted out of the plane
of the polyene chain are —42.6 (5), —48.9 (5) and —50.4 (3)°,
for AXT-Cl, AXT-py and AXT-un, respectively.

The crystal structure of AXT-un is considerably more
precise than that determined by Hashimoto et al. (2002) with
R; =0.052 versus R = 0.171, wR = 0.131 in the previous work.
Furthermore, the average C—C bond precision in AXT-un is
0.003 A, whereas Hashimoto et al. (2002) measured the
carbon—carbon bond lengths to only two decimal places with
standard uncertainties of 0.01 or 0.02 A. Generally the para-
meters of the two structure determinations agree within
experimental error, except in the region of the disordered end
ring since the disorder was not modelled in the older study.

The bond lengths and angles of canthaxathin are also very
similar to those of the three AXT structures; the r.m.s.
deviation of the 100 K structure of canthaxanthin from AXT-
Clis 0.30 A, that of the polyene chains alone is 0.16 A and the
respective C5—C6—C7—C8 and C54—C6A4—C7A—C8A
torsion angles are —48.8 (3) and 50.8 (3)° for the 100 K
structure and —50.4 (4) and 53.4 (3)° for the 293 K structure.
This shows specifically that, in the absence of a crystal struc-
ture of AXT at the time of solving the structure of B-CR
(Cianci et al., 2002), the model derived from the structure of
canthaxanthin (Bart & MacGillavry, 1968) was a reasonable
substitute.

Comparison of our results with those of the older study
(Bart & MacGillavry, 1968) shows that the geometric para-
meters are in close agreement, within experimental error; the
precision of our results, with the use of modern equipment is
as expected, improved; the R value in the older study was
0.115, versus R; = 0.050 for both the 100 and 293 K structures
reported here. Also the C—C bond length precision ranged
from 0.01 to 0.03 A in the older study, but averaged 0.003 and
0.004 A for the 100 and 293 K structures reported here,
respectively. The r.m.s. deviation of the 293 K structure to the
older structure is only 0.03 A, and of the 100 K structure is

¢ )
Figure 4
Packing arrangements of the carotenoid crystal structures; disordered
atoms and H atoms not involved in hydrogen bonding have been omitted
for clarity. (a) Packing of AXT-Cl viewed down a. (b) Plot showing the 7-
stacking interactions of AXT-ClL. (c) Intermolecular hydrogen-bonding
interactions of AXT-py viewed down a. (d). Hydrogen-bonding
interactions of AXT-un. (e) Intermolecular hydrogen-bonding interac-
tions of canthaxanthin (100 K structure). (f) Intermolecular hydrogen-
bonding interactions of RS-zeaxanthin.
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Table 2 .

Hydrogen bonds for AXT-CI (A, °).

D—H---A d(D—H) d(H---A)  d(D---A)  <(DHA)
03—H30---04 0834 (17)  2.02(2) 2.790 (3) 154 (3)
CIS—HI1S--.03" 1.00 2.16 3.061 (4) 150
C18—HI8C---03" 0.98 2.52 3.460 (4) 161
C18—HI18C- - -04" 0.98 291 3.557 (4) 124

Symmetry codes: (i) —x + 3, —y, —z +2; (i) —x + 2, —y, =z + 2.

0.06 A; the latter deviation is similar to that between the new
293 and 100 K structures (0.05 A).

Comparison of the 100 and 293 K structures indicates that
the only significant difference in geometric parameters is in
the C5—C6—C7—C8 and C54A—C6A—C7A—C8A torsion
angles which are —48.8 (3) and 50.8 (3)°, respectively, for the
100 K structure, but significantly larger for the 293 K structure
at —50.4 (4) and 53.4 (3)°, respectively, thereby indicating a
small temperature dependence. It should also be noted that
the largest torsion angle for the three AXT structures is that of
the AXT-un measured at 293 K [—50.4 (3)°]; AXT-CI and
AXT-py, both measured at 100 K, had smaller C5—C6—C7—
CS8 torsion angles of —42.6 (5) and —48.9 (5)°, respectively.

Corresponding bond lengths and angles for RS-zeaxanthin,
in general, also agree closely with those found for AXT and
canthaxanthin. One difference is the C4—CS5 bond length
which is 1.513 (3) A for RS-zeaxanthin, but ranges from
1.457 (4) to 1.480 (4) A for the other five structures; however,
the C4—CS bond length in RS-zeaxanthin is similar to that in
pB-carotene, which is 1.500 (7) A (CSD entry CARTEN2;
Allen, 2002) and the bis[menthyl carbonate] derivative of RR-
zeaxanthin (Linden ef al., 2004) at 1.519 (7) and 1.512 (6) A.
This arises from the presence of the keto oxygen at the 4-
position in the AXT and canthaxanthin molecules, which leads
to a shortening of the C4—C5 bond due to conjugation with
the C5—C6 double bond. However, the C4—C5 bond lengths
for AXT and canthaxanthin are not as short as the conjugated
single bonds of the polyene chains, which range from 1.425 (4)
to 1.446 (2) A for the AXT structures, 1.428 (3) to 1.452 (2) A
for canthaxanthin and 1.427 (3) to 1.449 (3) A for RS-zeax-
anthin, with shorter single bonds being found at the centre of
the polyene chains. C6—C7 is also longer for RS-zeaxanthin at
1.492 (3) A, than for the three AXT structures where this
bond length varies from 1.462 (3) to 1.469 (4) A, for
canthaxanthin where this bond length has values of 1.471 (2)
and 1.477 (2) A and for B-carotene at 1.468 (6) A (CSD entry
CARTEN?2; Allen, 2002); for the bis[menthyl carbonate]
derivative of RR-zeaxanthin (Linden et al., 2004) the C6—C7
distances for the crystallographically different ends are also
shorter at 1.473 (7) and 1.468 (7) A, although the difference is
barely significant. In addition, the C5—C6—C7—C8 torsion
angle of —74.9 (3)° for RS-zeaxanthin (see Fig. 2g) is very
different to those of AXT and canthaxanthin and also those of
B-carotene [—43.1 (7)°, CSD entry CARTEN2; Allen, 2002]
and the bis[menthyl carbonate] derivative of RR-zeaxanthin
[48.4 (8) and 144.5 (6)°; Linden et al., 2004]. The longer C6—
C7 bond distance and the C5—C6—C7—CS8 torsion angle of

Table 3 .

Hydrogen bonds for AXT-py (A, °).

D—H---A d(D—H) d(H---A) d(D---A) £/ (DHA)
03—H30-: - -04' 0.82 (2) 2.03 (3) 2.822 (4) 161 (6)
C4S—H4S---03 0.95 2.39 3.179 (6) 140

Symmetry codes: (i) —x +2, —y — 1, —z.

—74.9 (3)° indicates that the degree of conjugation of the
polyene chain with the end ring for RS-zeaxanthin is consid-
erably less than for all the other structures. According to the
calculations of Hashimoto et al. (2002), this torsion angle for
RS-zeaxanthin was expected to be 48.7°, and the conformation
represented by an angle of —74.9 (3)° was not expected to be
stable.

4. Packing of the molecules
4.1. AXT-CI

A number of different intermolecular interactions deter-
mine the packing arrangement in AXT-Cl (Table 2). Firstly,
there is pair-wise end-to-end hydrogen bonding between the
hydroxyl O atom and the keto O atom; secondly, there is a
strong C—H---O hydrogen bond between the chloroform
solvent molecule and the hydroxyl O atom, as well as two
weaker C—H- - -O interactions between the H atoms of the
C18 methyl group and the hydroxyl and keto O atoms, linking
the molecules into chains as shown in Fig. 4(a). Finally, the
polyene chains pack one above the other at a distance
consistent with m-stacking interactions, with a minimum
distance of 3.608 (5) A between C14 and C13 of an adjacent
molecule at —x, —y + 1, —z + 1 (Fig. 4b).

AXT-py also shows end-to-end pair-wise hydrogen bonding
between the hydroxyl and keto O atoms, as well as a weak C—
H. - -O interaction between one C atom of the pyridine solvent
molecule and O3, linking the molecules into chains (Table 3,
Fig. 4c). Again there are m-stacking interactions between the
molecules, with a minimum distance of 3.730 (4) A between
C13 and C15(—x, —y — 2, —z + 1).

The packing of AXT-un is somewhat different, with an
intramolecular hydrogen bond between the hydroxyl and keto
oxygen and a weaker C—H- - -O hydrogen bond linking the
molecules into chains (Fig. 4d, Table 4). There are also -
stacking interactions, but the molecules are translated with
respect to one another compared with the other AXT struc-
tures, and the minimum distance between the polyene chains
is 3.811 (3) A between C15 and C9(—x 4+ 1, —y + 1, —z + 1).

Canthaxanthin, which has no hydroxyl O atoms, has inter-
actions between molecules arising from C—H---O hydrogen
bonding (Table 5, Fig. 4e). The molecules are also stacked one
above the other, indicating m-stacking interactions between
the polyene chains, with a minimum distance of 3.482 (3) A
[3.651 (3) A for the 293K structure] between C13 and
C13(—x, —y + 1, —z). There is a significant difference in both
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Table 4 .

Hydrogen bonds for AXT-un (A, °).

D—H---A d(D—H) d(H- - -A) d(D---A) £/ (DHA)
O3—H3---04 0.84 217 2.653 (3) 116
C10—H10- - -O4' 0.95 2.50 3.439 (3) 168

Symmetry codes: (i) —x + 1, —y, —z.

Table 5

Hydrogen bonds for canthaxanthin.

D—H---A dD—H) dH---A) d(D---A) L(DHA)
(a) 100K _

C10—H10---04' ) 0.95 2.58 3.438 (2) 150
C10A—HI104.--044" 0.95 2.47 3.382 (2) 160
C8A—HS8A---04A" 0.95 2.57 3.443 (2) 154
(b) 293K ,

C10—H10- - -04' ) 0.95 2.60 3.471 (3) 152
C10A—HI104---044" 0.95 2.49 3.412 (3) 163
C8A—HS8A---04A" 0.95 2.67 3.544 (3) 153

Symmetry codes: (i) —x — 1, —y, —z; (ii)) —x +2, —y +3, —z + 1.

Table 6 .

Hydrogen bonds for RS-zeaxanthin (A, °).

D—H---A d(D—H) d(H---A) d(D---A) /(DHA)
03—H30.--03' 0.82 1.85 2.654 (3) 169

Symmetry codes: (i) —x +1,y, —z +3.

the intermolecular hydrogen-bonding distances (Table 5) and
the m-stacking distances between the 100 and 293 K crystal
structures. This is coupled with an anisotropic thermal
expansion of the unit-cell dimensions of 1.0% in a, 0.7% in b
and 2.7% in c. Although the molecules do not lie along any
crystallographic axis, the interactions in the ¢ direction are
predominantly of van der Waals character, whereas the
stronger hydrogen bonding and m-stacking interactions,
mainly in the a and b directions, probably explains the smaller
percentage expansion of these axes with temperature.
Finally, for RS-zeaxanthin, there are O—H-:-O hydrogen
bonding end-to-end interactions linking the molecules into
chains (Table 6, Fig. 4f), as well as m-stacking interactions
between the polyene chains, with the minimum distance of
3.734 (3) A between C13 and C15(—x +1, —y +2, —2).

5. Discussion

5.1. Comparison of the new carotenoid structures with the
AXT molecules in f-CR

The purpose of collecting this ensemble of carotenoid
crystal structures was firstly to allow much more precise
information to be derived about the geometry and inter-
molecular interactions of these molecules in the crystal than
could be determined from the 3.2 A resolution protein crystal
structure of B-CR (Cianci et al., 2002). Secondly, comparison

of the protein bound AXT and these small molecule carote-
noid crystal structures may give insight into the bathochromic
shift of AXT in the AXT-protein complex.

The first clear difference between the protein-bound AXT
molecule and the free carotenoid molecules is that the
protein-bound AXT is in the 6-s-trans conformation, whereas
all the free carotenoids have the 6-s-cis conformation. The end
rings of the protein-bound AXT molecules are approximately
coplanar with the polyene chain, with C5—C6—C7—C8
torsion angles of 172.9 (2) and 177.1 (2)° for each end ring of
one of the molecules. In contrast, for the free carotenoid
structures, the end rings are twisted out of the plane of the
polyene chains by ca —43 to —53° for the three AXT struc-
tures, for canthaxanthin and for B-carotene; for RS-zeaxanthin
this torsion angle is —74.9 (3)°, i.e. much closer to 90° than for
the other carotenoid crystal structures. Comparison of the
protein-bound AXT molecule with AXT-CI using OFIT gives
an r.m.s deviation of the two structures of 1.62 A for the whole
molecule and 0.458 A if only the polyene chains are fitted. Fig.
5(a) illustrates the 6-s-trans conformation compared with the
6-s-cis conformation of AXT-CI, showing reasonably similar
polyene chains, but with the differences in conformation of the
end rings clearly illustrated. Fig. 5(b) shows the comparison of
these two molecules, looking down the plane of the polyene
chain, indicating that the end rings of the protein-bound
molecule (in blue) are nearly coplanar with the polyene chain,
compared with the free AXT-Cl molecule, where the end rings
are clearly twisted out of the plane of the polyene chain. In
addition it can be seen that the polyene chain of the protein-
bound AXT molecule is distinctly bowed compared with that
of AXT-CI. Thus, in the protein-bound molecule of AXT, the
polyene chain is fully conjugated with the end ring C5—C6
double bond and the keto oxygen, so that the number of
conjugated double bonds is extended to 13. For AXT,
canthaxanthin and B-carotene, the conjugation with the end
rings is reduced because of the twisting of the end rings out of
the plane of the polyene chain; for RS-zeaxanthin, there can
be little or no conjugation into the end rings due to the
—75.9 (3)° C5—C6—C7—CS torsion angle.

The degree of conjugation into the end rings should in turn
affect the colour of the chromophore, with an increase in the
length of the conjugated chain leading to a reduced energy gap
between the HOMO and LUMO orbitals, resulting in a
bathochromic shift (Clayden et al., 2000).

With this in mind, we have measured solution UV-vis
spectra, in chloroform, of AXT-Cl, AXT-un, canthaxanthin,
RS-zeaxanthin and S-carotene, and solid-state spectra for
comparison (Figs. 6a and b). The solution-state spectra show
similar peak profiles for AXT and canthaxanthin, with peak
maxima at 490 and 482 nm, respectively. The peak profiles of
RS-zeaxanthin and f-carotene are also similar to one another,
showing some structure compared with those of AXT and
canthaxanthin, and almost identical absorption maxima of the
central peak at 461 and 462 nm, respectively. The difference
between the AXT and canthaxanthin peak positions compared
with those of RS-zeaxanthin and pS-carotene reflects the
absence of the keto oxygen in the latter carotenoids, reducing
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the length of the conjugated polyene chain and therefore
leading to an increased energy gap between the HOMO and
LUMO orbitals. The peaks in the solid-state spectra were
much broader and it was therefore difficult to be certain of the
precise positions of the peak maxima. However, AXT-CL
AXT-un and canthaxanthin again show very similar peaks at
around 480-490 nm, which indicates that there is no significant
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Figure 5

Conformation of AXT-CI (red) best overlay against the protein-bound
AXT (Cianci et al., 2002); (a) is the view perpendicular to the plane of the
polyene chain and (b) is the view edge-on to the polyene chain.
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Figure 6

(a) Solution-state (CHCl;) UV-vis spectra of AXT, canthaxanthin, RS-
zeaxanthin and §,B-carotene. (b) Solid-state UV-vis spectra of AXT-CI,
AXT-un, canthaxanthin, RS-zeaxanthin and B,8-carotene.

shift between the chloroform solutions and solid states for
these molecules; those of RS-zeaxanthin and f-carotene are
also similar to one another; RS-zeaxanthin shows a very broad
peak with maxima at 443 and 469 nm, whereas that for g-
carotene is at 470 nm. Although the broadness of the peaks in
these spectra make it difficult to be sure, there is an indication
that the spectrum of RS-zeaxanthin is shifted to shorter
wavelength, which would be in keeping with the much reduced
conjugation of the polyene chain into the end ring arising from
the —74.9 (3)° C5—C6—C7—C8 torsion angle. The torsion
angle for these carotenoids in solution is unknown, but the
calculations of Hashimoto er al. (2002) suggest that all these
molecules, including RS-zeaxanthin, should have similar
torsion angles of between —40 and —50 °. The similarity of the
solution-state spectra of RS-zeaxanthin and p-carotene
suggests that the conformations of these two molecules in
solution are probably very similar, but that the packing forces
in the crystal have led to a quite different torsion angle for RS-
zeaxanthin in the solid state. Clearly, improved solid-state
spectra are needed and attenuated total reflectance from the
surface of an optical waveguide has been effectively exploited
previously in order to obtain high-quality UV-NIR absorption
spectra of solids (Qi et al., 2002; Ogawa et al., 2004). In addi-
tion, such reflectance spectra would provide extinction coef-
ficients of the crystal samples, whereas our method of pressing
the crystals between slides does not allow measurement of the
sample thickness and so does not provide the extinction
coefficient. If we could obtain extinction coefficients of the
crystals, we could determine whether hyper- or hypochromic
effects accompany the change to the solid state. The available
solid-state spectra suggest that the intermolecular hydrogen
bonding and n-stacking interactions in these crystal structures
exert a negligible effect on the positions of the peak maxima.
In contrast, the intermolecular interactions of pairs of AXT
molecules in the B-CR crystal structure with hydrogen
bonding of the keto O atom to a bound water at one end and a
histidine residue at the other end, their close proximity
(minimum distance 7 A) and their angle of 120° to one
another and with the 6-s-trans conformation of the molecules
lead to the very large bathochromic shift of 100 nm in vivo.
Further studies on model compounds will vary these para-
meters in order to determine whether this bathochromic shift
can be replicated.
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