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Background: Isomerase activity for Synechocystis apocarotenoid oxygenase (ACO) has not been verified biochemically.
Results: ACO exclusively produces all-trans-retinal from all-trans-apo-8�-carotenol and is inhibited by linear polyoxyethylene
detergents.
Conclusion: ACO cleaves but does not isomerize all-trans-8�-apocarotenol.
Significance: This study clarifies the activity of and influence of detergent on ACO, a classical non-isomerizing member of the
carotenoid cleavage enzyme family.

Carotenoid cleavage enzymes (CCEs) constitute a group of
evolutionarily related proteins that metabolize a variety of
carotenoid and non-carotenoid substrates. Typically, these
enzymes utilize a non-heme iron center to oxidatively cleave a
carbon-carbon double bond of a carotenoid substrate. Some
members also isomerize specific double bonds in their sub-
strates to yield cis-apocarotenoid products. The apocarotenoid
oxygenase from Synechocystis has been hypothesized to repre-
sent one such member of this latter category of CCEs. Here, we
developed a novel expression and purification protocol that
enabled production of soluble, native ACO in quantities suffi-
cient for high resolution structural and spectroscopic investiga-
tion of its catalytic mechanism. High performance liquid chro-
matography and Raman spectroscopy revealed that ACO
exclusively formed all-trans products. We also found that linear
polyoxyethylene detergents previously used for ACO crystalli-
zation strongly inhibited the apocarotenoid oxygenase activity
of the enzyme. We crystallized the native enzyme in the absence
of apocarotenoid substrate and found electron density in the
active site that was similar in appearance to the density previ-
ously attributed to a di-cis-apocarotenoid intermediate. Our
results clearly demonstrated that ACO is in fact a non-isomer-
izing member of the CCE family. These results indicate that
careful selection of detergent is critical for the success of struc-

tural studies aimed at elucidating structures of CCE-carotenoid/
retinoid complexes.

Carotenoids are a �700 member group of diverse, fat-soluble
isoprenoid compounds (mostly C40) with up to 15 conjugated
double bonds. The most widespread color pigments in nature,
carotenoids exist in all kingdoms of life. The conjugated poly-
ene chain of these compounds endows them with important
biochemical properties including visible light absorption and
antioxidant activity (1–3).

Apocarotenoids are biologically important molecules gener-
ated by the oxidative cleavage of carotenoids at specific double
bond sites. A group of proteins called carotenoid cleavage
enzymes (CCEs)4 are the main enzymes responsible for cata-
lyzing cleavage reactions (4). These enzymes employ a non-
heme iron cofactor to activate molecular oxygen for inser-
tion into a carbon-carbon double bond of the carotenoid
polyene. The issue of whether these enzymes are mono- or
dioxygenases remains contentious and data supporting both
cleavage mechanisms exist in literature for different family
members (5, 6).

Carotenoid cleavage activity was first identified in the 1930s
(7), but it took another 70 years before the first CCE called VP14
was molecularly identified (8). Plants express two CCE sub-
groups: carotenoid cleavage dioxygenases metabolize various
(apo)carotenoids, and their products are important pigments,
flavor molecules, and signaling compounds (9, 10); 9-cis-epoxy-
carotenoid dioxygenases specifically act on 9-cis-epoxycarot-
enoids to produce xanthoxin, the immediate precursor for ab-
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scisic acid biosynthesis (8, 11). Cyanobacterial CCEs produce
retinal chromophore required for the formation of type 1 holo-
opsins (12, 13). Two human CCEs, BCO1 and BCO2, are key
enzymes involved in dietary carotenoid metabolism. BCO1
symmetrically cleaves �,�-carotene and other pro-retinoid
carotenoids to yield all-trans-retinal, which is a key intermedi-
ate in the production of visual chromophore in the retina, as
well as for generation of the signaling molecule all-trans-reti-
noic acid (14 –18). BCO2 is more promiscuous in its substrate
preference and is thought to regulate levels of bodily carot-
enoids (19, 20), which, in excess, can be toxic (21, 22).

Interestingly, certain members of the CCE family can also
catalyze double bond isomerization concurrently with carot-
enoid/retinoid cleavage. Such activity was first identified in a
retinal pigment epithelium-specific protein named RPE65,
which is the retinoid isomerase of the visual cycle (16, 23, 24).
This enzyme is unique among CCEs in that it catalyzes the
non-oxidative cleavage and isomerization of all-trans-retinyl
esters to form 11-cis-retinol in an unusual nucleophilic substi-
tution reaction (25). The elucidation of RPE65, as the visual
cycle isomerase, stimulated numerous efforts to understand
catalysis by CCEs, in particular the molecular mechanisms of
non-photochemical polyene geometrical isomerization (26 –
35). Research in this area led to the discovery that CCEs
besides RPE65 also isomerize their substrates during oxida-
tive cleavage (4, 36). In some insects, CCEs simultaneously
cleave and isomerize all-trans-zeaxanthin to yield all-trans-
and 11-cis-3-hydroxyretinal, the latter being used to synthe-
size visual pigments under dark conditions (37–39). Cleav-
age of 9-cis-�,�-carotene by human BCO1 resulted in a
lower than expected production of the 9-cis-retinal product,
indicating that this enzyme can catalyze cis to trans isomer-
ization (40, 41). Isomerase activity has also been posited for a
cyanobacterial member of the CCE family called apocarot-
enoid oxygenase (ACO) (42).

ACO was the first CCE enzyme to have its three-dimensional
structure determined by x-ray crystallography, which revealed
a 7-bladed �-propeller architecture with a 4 His-coordinated
iron cofactor at its center as the basic CCE-fold (42). In this
structural study, a kinked electron density feature was observed
in the active site of iron-reconstituted crystals obtained from
mother liquor that contained 3-hydroxy-8�-apocarotenol sub-
strate and the detergent tetraethylene glycol monooctyl ether
(C8E4). This density was attributed to bound substrate but a
good fit of the apocarotenoid to the map could only be obtained
if the compound was converted to a 13,14�-di-cis configuration.
Notably, density for the characteristic �-ionone moiety of the
molecule was not observed, which made the identity of
the compound giving rise to the density uncertain (10, 42). The
putative di-cis configuration led to the proposal that ACO
isomerizes and cleaves its natural apocarotenoid substrate to
generate 13-cis-retinal. However, this activity was not bio-
chemically verified.

To date, crystal structures of ACO, RPE65, and VP14 have
been determined (Fig. 1A) but ACO is the only one for which a
purported intact enzyme substrate complex has been structur-
ally described (33, 42, 43). The bound apocarotenoid model has
been used in several studies aimed at elucidating the mecha-

nisms of carotenoid cleavage and carotenoid/retinoid isomer-
ization (30, 35). As a cyanobacterial enzyme, ACO is an ancient,
archetypical CCE that can be regarded as a primitive scaffold
onto which additional or modified structural elements and/or
enzymatic activities have been added over the course of evolu-
tion. The possibility that (apo)carotenoid isomerase activity
was acquired early in the evolution of CCEs is intriguing and
has important implications in understanding the mechanism of
isomerization by other members of this family, such as the vis-
ual cycle retinoid isomerase RPE65 (Fig. 1B). Therefore, it was
of interest to advance our understanding of ACO biochemistry
and its catalytic mechanism of apocarotenoid oxidation and
isomerization.

Here, we assessed the ACO isomerase hypothesis using a
combination of biochemical and structural approaches. To
facilitate these studies, we developed a novel expression and
purification protocol for ACO that overcame the difficulties
associated with previously described refolding methods and
allowed recombinant production of native, soluble ACO in
Escherichia coli in quantities sufficient for biochemical,
structural, and spectroscopic investigations. Our data high-
lighted the necessity of careful detergent selection in struc-
tural studies of CCEs and the binding mode of their
substrates.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The bacterial expres-
sion plasmid pET3a containing the coding sequence of ACO
(Diox1, GenBankTM BAA18428.1) from Synechocystis sp. PCC
6803 was transformed into the T7 express BL21 E. coli strain
(New England Biolabs, Ipswich, MA). Cells were grown at 37 °C
to an A600 nm of �0.6 at which time protein expression was
induced by the addition of isopropyl �-D-1-thiogalactopyrano-
side (Roche Applied Science) to a final concentration of 10 �M.
After a 4-h incubation at 28 °C cells were collected by centrifu-
gation and either flash-frozen and stored at �80 °C or used
immediately.

All purification procedures were carried out at 4 °C. Har-
vested cells were lysed by three passes through a French press in
lysis buffer consisting of 25 mM HEPES-NaOH, pH 7.0. The
lysate was clarified by centrifugation at 186,000 � g for 30 min.
Solid ammonium sulfate powder (U.S. Biochemical Corp.,
Cleveland, OH) was slowly added within 1 h to the supernatant
with continuous stirring to obtain 20, 30, 40, or 50% saturated
solutions. Protein precipitation usually occurred within 40 min
depending on the ammonium sulfate concentration. The sus-
pension then was stirred for an additional 1 h. The suspension
from 40% saturated solution was centrifuged at 46,000 � g for
20 min, the supernatant was discarded and the pellet was resus-
pended in lysis buffer. The sample was gently rocked for 2 h at
4 °C to allow dissolution of the pellet and then centrifuged at
186,000 � g for 30 min to remove any remaining debris. The
supernatant was then loaded onto a 120-ml Superdex 200 gel
filtration column (GE Healthcare) equilibrated with a buffer
consisting of 25 mM HEPES-NaOH, pH 7.0, and 1 mM dithio-
threitol. Fractions containing pure, enzymatically active ACO
were pooled, concentrated 20 mg/ml, flash frozen in liquid
nitrogen, and stored at �80 °C for further use.
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Crystallization—For crystallization, ACO samples purified
by the above method were loaded onto a 25-ml Superdex 200
gel filtration column (GE Healthcare) equilibrated with buffer
containing 25 mM HEPES-NaOH, pH 7.0, 1 mM dithiothreitol,
and 0.8% (w/v) hexaethylene glycol monooctyl ether (C8E6).
ACO eluted in a single symmetrical peak at �12 ml. The frac-
tions were pooled and concentrated to 10 mg/ml. Crystalliza-
tion was carried out by the hanging drop vapor diffusion
method by mixing 1 �l of purified ACO with 1 �l of reservoir
buffer containing 0.1 M BTP-HCl, pH 6.0, 22–23% (w/v) PEG
3350, 0.2 M NH4Cl, and 1 mM MnCl2. To crystallize ACO in
Triton X-100, 0.02% (w/v) of this detergent was used instead of
C8E6 in the gel filtration buffer. Crystallization conditions for
the sample containing Triton X-100 were the same as those for
samples prepared in C8E6. Drops were prepared at room tem-
perature and then incubated at 8 °C. Crystals with a tapered,
rod-shaped morphology typically appeared within 3– 4 days.
Mature crystals were cryoprotected by soaking in the reservoir

solution and flash cooled in liquid nitrogen before x-ray
exposure.

Enzymatic Assay and High Performance Liquid Chromatog-
raphy (HPLC) Analysis—The all-trans-8�-apocarotenol sub-
strate was generated by NaBH4 reduction of all-trans-8�-apo-
carotenal (Sigma) in ethanol. Excess NaBH4 was eliminated by
addition of water, and the apocarotenoid product was extracted
with hexane. The solvent was removed in a SpeedVac, and the
all-trans-8�-apocarotenol was redissolved in ethanol. The con-
centration of product was spectrophotometrically determined
using a molar extinction coefficient of 120,000 M�1 cm�1 at 425
nm (44). Enzymatic activity of the ACO sample was assayed
according to a previously published method with some modifi-
cations (12). The enzyme was sensitive to the Triton X-100
concentration and displayed the highest activity at 0.05% (w/v),
which was the concentration used for enzymatic assays. Two �l
of purified ACO at a concentration of 1 mg/ml was added to 200
�l of reaction buffer consisting of 20 mM BisTris HCl, pH 7.0,
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and 0.05% (w/v) Triton X-100. All-trans-8�-apocarotenol in
ethanol was then added to initiate the reaction. The reaction
mixture was incubated in a Thermomixer (Eppendorf, Ham-
burg, Germany) at 28 °C with 500 rpm shaking for 3 min and
then quenched by addition of 300 �l of methanol. To transform
the aldehyde products into oximes, 100 �l of 2 M hydroxyl-
amine, pH 7.0, was added, and the mixture was incubated for
5 min at room temperature. The products and remaining
substrate were extracted in 500 �l of hexane and analyzed by
HPLC on a ZORBAX SIL (5 �m, 4.6 � 250 mm) normal
phase column (Agilent, Santa Clara, CA). One-hundred �l of
hexane phase extract was injected into the column and
eluted isocratically with hexane/ethyl acetate (4:1, v/v) at a
flow rate of 1.4 ml/min. The assays were carried out in both
ambient light and in a dark room to assess the occurrence of
photoisomerization reactions.

For analysis of ACO steady-state kinetics, apocarotenol sub-
strate was added to the reaction tubes to achieve final concen-
trations ranging from 5 to 200 �M. A burst phase in the kinetics
was observed over the first 15 s of the reaction followed by a
linear phase up to 2 min for all substrate concentrations tested.
Therefore, the reactions were quenched at 15 s, 30 s, 45 s, and 1
min for each substrate concentration, and initial velocities were
derived by linear regression. Reactions were performed in
triplicate for each substrate concentration. The all-trans-
retinal product was converted to the oxime derivative prior
to analysis by HPLC. Analysis of the kinetic data were per-
formed with SigmaPlot (Systat Software, Inc., San Jose, CA).
The effects of detergents on ACO activity were evaluated by
dose-response assays performed in the presence of 0.05%
(w/v) Triton X-100.

Purification and Mass Spectrometric Analysis of Apocarot-
enoid Product—The apocarotenoid cleavage reaction was per-
formed with 200 �l of reaction mixture containing 10 mg/ml of
ACO. The reaction was quenched after a 30-min incubation in
the dark, and apocarotenoids were extracted with hexane/di-
ethyl ether in a 1:4 (v/v) ratio without prior derivatization with
hydroxyamine. Solvent was removed by evaporation in a Speed-
Vac. The sample was redissolved in hexane/ethyl acetate (4:1,
v/v) and subjected to HPLC analysis. A hexane/ethyl acetate
(4:1, v/v) mobile phase at a flow rate of 1.4 ml/min was used for
the separation protocol consisting of: 1) hexane/ethyl acetate
(4:1, v/v) for 12 min; 2) a 20 –100% linear ethyl acetate gradient
developed over 2 min; and 3) 100% ethyl acetate for 10 min. The
peak that eluted at �17 min was collected and analyzed by
LC-MS. The sample was re-injected into a Zorbax Sil (5 �m,
4.6 � 250 mm) normal phase HPLC column (Agilent) and
eluted with a mixture of hexane/ethyl acetate in a 1:4 (v/v)
ratio. The eluate was directed into an APCI source of an LXQ
linear ion trap mass spectrometer (Thermo Scientific). Mass
spectra were analyzed with the Xcalibur 2.0.7 software
package.

Raman Spectroscopy—For the Raman spectroscopic study,
100 �l of 2.5 mg/ml of purified ACO sample in 25 mM Tris-HCl,
pH 8.0, were mixed with an equal volume of buffer containing
25 mM Tris-HCl, pH 8.0, 0.1% (w/v) Triton X-100, and 50 �M

all-trans-8�-apocarotenol. The reaction was incubated in a
Thermomixer at 28 °C with 500 rpm shaking at times ranging

from 5 s to 60 min and then terminated by submerging the tube
into liquid nitrogen. Experiments were performed in the dark
or under ambient light. Frozen samples were lyophilized in the
dark overnight, and Raman spectra were recorded from the
resulting powders. Ab initio quantum mechanical calculations
of the Raman scattering parameters for substrate and potential
products/intermediates were performed on the Case Western
Reserve University high performance computing cluster using
Gaussian 03 (45).

X-ray Data Collection, Structure Determination, Refinement,
and Analysis—Diffraction data were collected at APS ID-24-C
and NSLS X29 beamlines. Data for crystals grown in the pres-
ence of MnCl2 were collected at wavelengths above and below
the iron K-edge to assess the active site iron occupancy,
whereas other data sets were obtained at wavelengths where
x-ray flux was optimal. Data sets were processed with XDS (46).
The crystals belonged to space group P212121 and were isomor-
phous to the previously reported ACO crystal structure (PDB
accession code 2BIW) with four monomers in the asymmetric
unit (42). Most crystals examined suffered from epitaxial twin-
ning evident from the presence of two distinct lattices in the
diffraction pattern that were rotated 180° about the a � b axis
with respect to each other. In many cases the two lattices were
sufficiently well resolved that their associated intensities could
be separately indexed, integrated, and then scaled together.
Structures were determined either by direct refinement or by
molecular replacement using the previously determined Syn-
echocystis ACO structure (42) as the starting model in the pro-
gram Phaser (47). Initial models were then subjected to multi-
ple rounds of manual model rebuilding and updating in Coot
(48) followed by restrained refinement in the program Ref-
mac (49). Refmac input files were prepared with the CCP4
interface (50). Bulk solvent parameters were determined
using the “solvent optimize” keyword in Refmac and fixed
during subsequent rounds of refinement. Non-crystallo-
graphic symmetry restraints were applied during refinement
and gradually loosened or omitted as the model converged.
For the “C8E6 ACO” structure, external distance restraints
were applied to the Fe-N� bonds during refinement to
enforce a length of �2.15 Å. Translation libration screw
refinement of the atomic B-factors (one translation libration
screw group per monomer) was performed near the end of
the refinement, which further reduced Rfree (51). The stereo-
chemical quality of the model was assessed with the Molpro-
bity server (52). Anomalous difference maps were computed
using the program ANODE (53). Conformational differences
between structures were assessed using the program ESCET
(54). All structural figures were prepared with PyMOL
(Schrödinger).

RESULTS

ACO Purification and Enzymatic Analysis—The previous
structural study of ACO used a protein sample generated by
refolding recombinant protein expressed in E. coli inclusion
bodies (42). ACO has also been successfully expressed as a
soluble GST fusion protein in E. coli (12). In both cases, the
protein yields were not well documented, and multiple puri-
fication steps were required to achieve a homogeneous pro-
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tein preparation. Thus, we sought to develop a novel, effi-
cient expression and purification method that would
generate large quantities of soluble, native enzyme for struc-
tural and biophysical studies.

Initially, we observed that native, untagged ACO tends to
form large amounts of inclusion bodies when expressed under
standard conditions (37 °C, 0.3 mM isopropyl 1-thio-�-D-galac-
topyranoside) in E. coli. However, reducing the expression tem-
perature as well as the isopropyl 1-thio-�-D-galactopyranoside
concentration dramatically increased the level of soluble ACO
without compromising the total protein yield. Several types of
chromatography media were tested for purification of ACO
from the supernatant. Interestingly, ACO does not readily bind
to common ion exchange or hydrophobic interaction chroma-
tography media under the conditions tested, which prompted

us to consider alternative purification methods. We found that
ACO could be semiselectively precipitated from the superna-
tant by ammonium sulfate fractionation. As shown in Fig. 2A,
ACO precipitates in a stepwise manner with increasing salt
concentration, whereas many contaminants remain soluble. A
40% saturated ammonium sulfate solution was found to be
optimal for the fractionation. The precipitate from this step was
redissolved and then further purified by gel-filtration chro-
matography. A symmetric peak at �73 ml, corresponding to
a mass intermediate between an ACO monomer and dimer
that contained apparently pure ACO was collected (Fig. 2B).
A portion of ACO was aggregated and appeared in the void
volume but was not used for further experiments. The typi-
cal yield was 3– 6 mg of purified protein per liter of E. coli
culture (Table 1).

FIGURE 2. Purification, enzymatic, and spectroscopic properties of native ACO. A, SDS-PAGE analysis of fractions precipitated by ammonium sulfate
at different percent saturation levels. Proteins were separated on a 4 –20% BisTris/glycine gradient gel and visualized by Coomassie R-250 staining. The
arrow indicates the position, at about 54 kDa, where ACO migrates. B, the 40% saturation precipitate shown in panel A was redissolved and further
purified by gel filtration chromatography. Protein eluting within the peak indicated by an arrow was pooled, concentrated, and used for experiments.
The purity of the final sample was evaluated by SDS-PAGE followed by Coomassie R-250 staining (inset). C, initial velocity versus the all-trans-8�-
apocarotenol concentration curve for the purified ACO sample showing typical Michaelis-Menten kinetics. Km and kcat values derived from the curve are
shown in the inset. D, top, the UV-visible absorbance spectrum of a purified ACO sample at a concentration of 1 mg/ml (upper panel) was recorded
immediately after the purification. Bottom, HPLC analyses of the purified protein sample. Hexane was used to extract any possible apo/carotenoids from
200 �l of purified ACO at 10 mg/ml. Traces a and b were monitored at 360 nm and traces c and d were monitored at 425 nm. Negative control samples
in which the protein sample was omitted from the extraction procedure are shown in traces b and d. No apo/carotenoids were detectable at the
wavelengths tested in this assay.

TABLE 1
Purification of ACO from 6 liters of E. coli culture

Step Volume Activitya
Protein

concentration
Total

activity
Specific
activity Recovery

ml units/ml mg/ml units units/mg %
Supernatant 120 0.18 10 21.6 0.02 100
(NH4)2SO4 fraction 12 1.6 26 19.2 0.06 89
Superdex 200 11 1.4 3 15.5 0.47 72

a One unit is defined as the amount of enzyme that causes the appearance of 1 �mol of all-trans-retinal product per min at 28 °C.
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small portion of all-trans-retinal product. Spectra for each peak are shown in the panels on the right. The analysis shown in panel B was conducted exactly as in
A but reaction products were analyzed in their unaltered aldehyde forms. The presence of larger amounts of retinal geometric isomers in the sample generated
under ambient lighting conditions indicates that photoisomerization occurs more readily in the retinal products as compared with the oxime derivatives. Note
that peaks between a and b correspond to 11- and 9-cis-retinal, respectively. Peak a, syn-13-cis-retinal oxime (in A) or 13-cis-retinal (in B); peak b, syn-all-trans-
retinal oxime (in A) or all-trans-retinal (in B); peak c, all-trans-8�-apocarotenol.
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Our previous x-ray absorption spectroscopy studies on this as-
isolated sample suggested that the ACO catalytic iron was in the
ferrous state (32). To confirm that the as-isolated sample obtained
by our protocol was enzymatically active, we measured its steady-
state kinetic parameters. Values derived from a Michaelis-Men-
ten plot were similar to those previously reported for ACO
expressed as a GST fusion protein (12) (Fig. 2C). The UV-visible
absorbance spectrum contained a single peak centered at �280
nm confirming that no (apo)carotenoids or other chro-
mophores co-purified with ACO (Fig. 2D, upper panel). Addi-
tionally, HPLC analysis of a hexane extract of the purified ACO
did not reveal any detectable co-purified carotenoids/retinoids
as evidenced by the absence of peaks in the 360 and 425 nm
chromatograms (Fig. 2D, lower panel).

HPLC Analysis of the Cleavage Products—The proposal that
ACO could possess isomerase activity was based on crystallo-
graphic data that suggested the presence of a 3-hydroxy-13,14�-
di-cis-8�-apocarotenol intermediate in the ACO active site.
However, this proposal was not further evaluated by rigorous
biochemical studies. We reasoned that 13-cis-retinal should be
a reaction product if the ACO isomerase hypothesis is correct
(Fig. 1B). Indeed, a trace amount of 13-cis-retinal oxime was an
observed ACO reaction product in a prior report (12). Consis-

tent with this report, our HPLC analyses of retinal products
generated from all-trans-8�-apocarotenol by ACO showed that
the vast majority remained in an all-trans configuration (Fig.
3A, peak b), whereas only traces of 13-cis-retinal oxime were
observed (Fig. 3A, peak a). To evaluate the possibility that
13-cis-retinal could be generated by photoisomerization of the
all-trans-retinal product we performed the activity assay and
HPLC analysis under dim light. Under these conditions 13-cis-
retinal oxime was no longer detected, and all-trans-retinal
oxime was the sole cleavage product (Fig. 3A), indicating that
13-cis-retinal oxime was generated by photoisomerization. To
exclude the possibility that 13-cis-retinal could be isomerized
to all-trans-retinal during its conversion to the oxime deriva-
tive, we also directly analyzed the retinal products by HPLC. In
these experiments, photoisomerization was more pronounced,
as indicated by the increased amount of 13-cis-retinal (Fig. 3B,
peak a). Other retinal stereoisomers, 9- and 11-cis-retinal (Fig.
3B, peaks between a and b), were also observed. These isomer-
ized products were not present in control reactions performed
in the dark confirming that they indeed arose by photoisomer-
ization. Thus, our data indicated that the generation of 13-cis-
retinal during the ACO activity assay was caused by photo-
isomerization, rather than intrinsic ACO isomerase activity.

In Situ Analysis of ACO Reaction Products by Raman
Spectroscopy—The above HPLC analysis strongly suggested
that ACO only generated all-trans-retinal from all-trans-8�-
apocarotenol, which argued against it possessing intrinsic
isomerase activity. However, a previous study suggested that cis
reaction products of ACO could readily convert back to their
all-trans form (42). This possibility could account for the
absence of detectible 13-cis-retinal in the HPLC assays,
prompting us to employ other methods to test for the genera-
tion of this product more directly.

Structural differences in the length and geometrical configu-
ration of the polyene backbone of carotenoids give rise to char-
acteristic vibrational frequencies that can be monitored by
Raman spectroscopy (55–57). We employed this technique to
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FIGURE 4. Purification, identification, and spectroscopic characterization of 8�-hydroxy-15�-apocarotenal, the secondary cleavage product of the
ACO-catalyzed reaction. A, a 200-�l ACO sample at 10 mg/ml was incubated with 200 �M all-trans-8�-apocarotenol for 30 min in the dark. Apocarotenoids
then were extracted and analyzed by HPLC. Peaks a and b eluted at 4.2 and 8.8 min and corresponded to all-trans-retinal product and substrate, respectively.
Peak c eluted in 100% ethyl acetate at 17.3 min and corresponded to 8�-hydroxy-15�-apocarotenal on the basis of its absorbance spectrum (inset). This peak was
collected for further analysis. B, a typical Raman spectrum of the 8�-hydroxy-15�-apocarotenal product. The collected peak c fraction was dried in a SpeedVac,
and the resulting powder was dissolved in water prior to the Raman assay. The compound displayed a characteristic spectrum with prominent peaks at 1599
and 1635 cm�1. C, MS analysis of peak c revealed a major peak at m/z 167.2 corresponding to the protonated form of 8�-hydroxy-15�-apocarotenal. Tandem MS
analysis of the 167.17 peak showed a major fragmentation product at an m/z of 149.17 representing loss of water from the parent ion.

TABLE 2
Experimental and predicted Raman scattering peaks for all-trans-8�-
apocarotenol and all-trans-retinal, as well as the di-cis intermediate
and 13-cis-retinal product proposed to be generated during ACO-me-
diated oxidative carotenoid cleavage

Compounda
Experimental peak

wave number
Calculated peak
wave numberb

cm�1

All-trans-8�-apocarotenol 1532 1526
13,14�-Di-cis-8�-apocarotenol NDc 1552
All-trans-retinal 1580 1581
13-cis-Retinal 1555 1550
8�-Hydroxy-15�-apocarotenal 1599 1619d

a See Fig. 1 for chemical structures.
b As calculated by Gaussian 03 (45).
c ND, not determined.
d Calculated signals for this all-trans-apocarotenoid product and its cis-isomer are

indistinguishable.
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monitor changes in the levels of apocarotenoid reactants and
products, including geometrical isomers, during the course of
the reaction in situ with minimal additional sample workup to
avoid potential back isomerization.

We measured Raman spectra for pure all-trans-8�-apocaro-
tenol, all-trans- and 13-cis-retinal, and also for the second apo-
carotenoid product, 8�-hydroxy-15�-apocarotenal, which was
obtained from ACO reaction mixtures and purified by HPLC
(Table 2 and Fig. 4, A and B). Its identity was further confirmed
by LC/MS (Fig. 4C). Because of difficulties associated with syn-
thesis of the double-cis intermediate, we used the Gaussian
package to predict the Raman spectrum of this species ab initio.
We also calculated the signals for other molecules that could
potentially appear during the reaction. As shown in Table 2, the
calculated Raman peak wave numbers for each compound were
in agreement with those determined experimentally.

Reactions were performed as described above and termi-
nated at various time points by flash freezing. Following lyoph-
ilization, Raman spectra were directly measured on the result-
ing powders. To prevent any photoisomerization events, the
assays were performed in the dark. Also, the 647.1 nm Raman
excitation wavelength used in these experiments was far away
from the absorbance bands of the polyene and not expected to
induce photoisomerization. The all-trans-8�-apocarotenol
substrate exhibited a characteristic peak at 1532 cm�1 (Fig. 5,
light gray bar), which was noticeably reduced after a �10 min
incubation, indicating the reaction occurs relatively slowly, a
finding consistent with the HPLC data (Fig. 2C). The concur-
rent appearance of product peak at 1580 cm�1 (Fig. 5, dark gray
bar) corresponding to all-trans-retinal confirmed that the sub-
strate was being productively turned over. Raman peaks for the
second apocarotenal product at 1610 and 1635 cm�1 started to
appear at the same time as those for all-trans-retinal (Fig. 5,
dark gray bar). Most of the substrate was consumed after the
�60 min incubation. However, during the entire reaction, spec-
troscopic signals for 13-cis-retinal or the 13,14�-di-cis-8�-apo-
carotenol intermediate, which would be expected to appear
around �1550 –1555 cm�1 were not detected, indicating that
no cis products were formed.

Detergents and PEG Affect ACO Activity—Our HPLC and
spectroscopy findings did not support the prior hypothesis that
ACO possesses intrinsic isomerase activity, which was based on
crystallographic data (42). Because ACO crystallization in this
study was carried out in the presence of PEG and the polyoxy-
ethylene detergent C8E4, we examined the effects of these com-
pounds on ACO catalytic function. PEG 3350 had little influ-
ence on activity up to a concentration of �10% (w/v) (Fig. 6A),
but at higher concentrations the activity progressively declined,
probably due to the ability of PEGs to cause protein aggrega-
tion. By contrast, both C8E4 and C8E6 strongly inhibited ACO
activity even at concentrations below their critical micelle con-
centrations (CMC) (Fig. 6B, arrows). To examine whether or
not this inhibition was a general property of detergents, we
measured ACO activity in the presence of other high CMC,
non-polyoxyethylene detergents. In contrast to C8E4 and C8E6,
CHAPS and CYMAL-4 had much less effect on ACO activity
and only partial inhibition occurred at the highest concentra-
tions tested (Fig. 6B). Interestingly, ACO even displayed an ele-

vated activity in the presence of CHAPS at relatively low con-
centrations. These data suggest that the linear structure of C8E4
and C8E6 could be responsible for their pronounced inhibitory
effects. Indeed, a previously determined structure of iron-free
apo-ACO was modeled with a C8E4 molecule bound in its active
site, indicating potential competitive inhibition.

Next, we examined the mechanism of ACO inhibition by
linear polyoxyethylene detergents. The steady-state kinetic
data shown in Fig. 7A and Table 3 demonstrated that C8E6
exerted non-competitive inhibition toward ACO, as indicated
by the reduced Vmax and unchanged Km values. These data sug-
gested that C8E6 might act allosterically to inhibit ACO function
although direct binding to the active site could not be excluded,
especially at high concentrations used for crystallization.

1700 1500 1400 1300 1200 1100 1600 

In
te

ns
ity

Wavenumber (cm-1)

15
81

15
33

14
63 14

1 0

13
0 6

12
72 12
00

11
60

60 min

16
10

16
35

16
10 15

80

15
28

14
62

14
11

13
0 4 1 2

71

11
9 8

11
57

30 min

all-trans-8’
-apocarotenol

all-trans
-retinal

15
77

14
76

12
69

1 1
97 11

6 4

15
32

14
51

12
70

12
11

11
91

11
58

10 min

15
80

15
33

14
63

14
10

13
04

12
72 11

98

11
5 8

5 s

15
28

14
43

12
70 12
09

11
87

11
58

FIGURE 5. In situ Raman spectroscopy analysis of ACO reaction products
generated from all-trans-8�-apocarotenol. Reactions were quenched at
5 s, 10 min, 30 min, and 60 min by emersion in liquid nitrogen. Samples were
then lyophilized, and Raman difference spectra were measured. All-trans-8�-
apocarotenol and all-trans-retinal gave rise to prominent peaks at 1532 cm�1

(light gray bar) and 1580 cm�1 (right dark gray bar), respectively. Peaks arising
from the secondary product at 1610 and 1635 cm�1 (left dark gray bar)
become detectable at 30 min. The reaction was nearly complete after the
60-min incubation. Notably, the spectra did not exhibit peaks at 1552 cm�1

(calculated) and 1555 cm�1 where the hypothesized 13,14�-di-cis-apocarote-
noid intermediate and 13-cis-retinal products were expected to appear.
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Structure of Native ACO in the Absence of Substrate—In the
previously reported ACO structure (42) the proposed enzyme
substrate binary complex was generated by crystallizing apo-
ACO in the presence of substrate (all-trans-(3R)-3-hydroxy-8�-
apocarotenol) and detergent (C8E4) and then soaking the
resulting crystals in an iron(II)-containing solution. Electron
density maps computed from x-ray data gathered from these
crystals revealed a strong tube-shaped electron density feature
in the active site that was attributed to the bound substrate in a
di-cis configuration. However, this electron density assignment
could not be confirmed because no isomorphous structure
obtained in the absence of substrate was reported.

To validate these previous findings we crystallized native
iron-bound ACO in the presence of the linear polyoxyethylene
detergent C8E6 without the addition of any (apo)carotenoid
molecules. C8E6 was used in place of C8E4, the detergent used in
the original ACO crystallographic study (42), for our studies

because it improved crystal reproducibility. Our crystals were
isomorphous to the putative ACO-substrate complex crystals
and were obtained under similar crystallization conditions.
After refinement, the unbiased residual electron density map
revealed a tube-like density that filled the substrate entry tunnel
and extended past the iron in a curved fashion. Some additional
peaks near the iron cofactor, which probably arose from bound
water molecules, were also observed. The density was highly
reminiscent of that reported by Kloer et al. (42). To more
directly compare the two structures, apocarotenoid molecules
in the deposited structure (PDB accession code 2BIW) were
deleted, and residual electron density maps were calculated. As
shown in Fig. 8, A and B, the residual active electron density was
virtually identical between the two structures. The presence of
iron in the active site was confirmed by computing Bijvoet-
difference Fourier maps from data collected above and below
the iron K-absorption edge (Fig. 8C). These data strongly indi-

FIGURE 6. Effects of detergents and PEG 3350 on ACO activity. A, inhibitory effects on ACO exerted by PEG 3350, the precipitant used for the growth of ACO
crystals, occur at relatively high concentrations. B, the activity of ACO in 0.05% (w/v) Triton X-100, the detergent normally used in ACO activity assays, was
severely inhibited by addition of the linear detergents C8E6 and C8E4 used for crystallographic studies of this enzyme, even at concentrations below their CMC
values. Conversely, bulkier non-linear detergents such as CYMAL-4 and CHAPS had a much less pronounced effect on ACO activity. Error bars represent S.D.
computed from three independent experiments.
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cated that the density previously attributed to isomerized apo-
carotenoid substrate arose instead from other component(s) of
the crystallization mixture.

ACO Structure in Triton X-100—The strong inhibitory
effects of linear polyoxyethylene detergents on ACO activity
suggested that the bent tube-like density observed in the ACO
active site might represent bound C8E4 or C8E6 molecules,
which could block substrate binding. Crystallization in the
absence of detergent would be a straightforward way to address
this possibility, but we were unable to generate crystals from
detergent-free mother liquor. Thus, we tested a number of non-
linear, ring-containing detergents with bulky hydrophobic
moieties including CYMAL-4, CHAPS, and Triton X-100. Of
these, only ACO samples containing Triton X-100 yielded dif-
fraction quality crystals. Despite the change in detergent, these
crystals were essentially isomorphous to crystals grown in C8E4
and C8E6 (Table 4). Crystals grown in Triton X-100 showed
higher resolution diffraction compared with crystals grown in
C8E6 with the best crystals diffracting up to 1.9-Å resolution.
Additionally, twinning was much less pronounced in these
crystals compared with those obtained in C8E6. Electron den-
sity maps computed after several rounds of refinement revealed
that these crystals also contained residual active site density
with a somewhat altered appearance compared with the density
observed in the crystals grown in C8E6 (Fig. 9, A and B). As in
the C8E6 crystals, a tube of density was present in the substrate
entry tunnel that closely followed the contours of the protein
structure. This density merged with a second punctate density
feature in direct contact with the iron cofactor, which was best
modeled as a coordinated H2O or hydroxide ligand. The tube-
like density was somewhat variable in different protomers of

the asymmetric unit. Examination of 2Fo � Fc maps at low con-
tour levels revealed a bent density in the vicinity of the iron
somewhat similar in appearance to that of the C8E6 structure
residual map density. Notably, this active site density was quite
variable from crystal to crystal.

Comparison of these two models by error-scaled difference
distance matrix analysis revealed little variability in C� posi-
tions with a few exceptions. One notable difference occurs on
the top face of blade II within monomer A, residues 205–212
and 229 –234, where the end of the � sheet is shifted away from
the substrate entry tunnel in the Triton X-100 versus the C8E6
structures (Fig. 9). Some modest �1 Å shifts in a few active site
residue side chains including Phe-69 and Phe-113 were also
observed between the two structures.

DISCUSSION

To facilitate the study of ACO we first developed a novel
expression and purification protocol. In contrast to previous
methods that relied on a fusion protein strategy (12) or refold-
ing from E. coli inclusion bodies (42), we were able to express
native, untagged ACO in a soluble form in E. coli and purify it to
homogeneity by a simple two-step procedure involving ammo-
nium sulfate fractionation and gel filtration chromatography.
Through this procedure we could obtain quantities of pure
ACO sufficient for future high resolution biophysical studies,
which are in general lacking for this class of enzyme. The prep-
aration was enzymatically active and the metal center was fully
occupied by iron (32). We observed that freshly purified ACO
samples display 2.6-fold higher activity but 2.7-fold decreased
Km for its apocarotenoid substrate as compared with an aged,
air-exposed sample (compare Figs. 2C (aged for 2 weeks at 4 °C)
and 7A (fresh)). Ferrous iron is known to be required for
the activity of CCEs (11, 58, 59). Because ACO was purified under
aerobic conditions in the absence of reducing agent, we expect
that the diminished activity could be the result of iron oxida-
tion. Nevertheless, the ACO iron(II) center appears to be quite
stable compared with many other non-heme iron(II)-depen-
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TABLE 3
Inhibition kinetics

Km(app) Vmax(app) r2 for fit

�M pmol/s
Control 121 � 24 21 � 2 0.991
0.1 CMC C8E6 127 � 21 16 � 1 0.994
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dent enzymes (60, 61). Analysis of ACO reaction products gen-
erated from the all-trans-apocarotenoid substrate both by
standard HPLC as well as by in situ Raman spectroscopy
revealed exclusive production of all-trans-retinal. We found
that the previously reported traces of 13-cis-retinal produced
during the assay could be attributed to photoisomerization of
all-trans-retinal (12, 42). Surprisingly, we also found that the
polyoxyethylene detergent, C8E4, used in the original structural

study strongly inhibits ACO activity, indicating that the crys-
tallized protein might be catalytically inactive. Indeed, using
Raman spectroscopy we could not detect in crystallo production of
all-trans-retinal from ACO crystallized in the presence of C8E4.
Inhibition was observed for a related linear polyoxyethylene deter-
gent, C8E6, but was absent or much less pronounced for some
bulky detergents depending on their concentration.

To directly examine the possibility that the active site elec-
tron density in the previously reported structure represents
bound apocarotenoid substrate or an isomerized intermediate,
we crystallized native ACO under conditions similar to those
previously reported except that apocarotenoids were not pres-
ent during protein purification or crystallization. The active site
electron density observed in these crystals was strikingly similar
in appearance to that reported by Kloer et al. (42) despite the
absence of added carotenoids demonstrating that the density
was not attributable to bound substrate (Fig. 9A). We have
observed that this density does not change in appearance when
our ACO crystals are soaked with all-trans-8�-apocarotenol. A
second structure obtained with Triton X-100, a detergent that
supports ACO activity, substituted for C8E6 also displays resid-
ual active site density albeit with a slightly altered appearance
(Fig. 9B). Given the similarity in density between the two struc-
tures, we feel that it is unlikely to represent bound detergent.
Instead, this density might arise from another component of
the crystallization mixture. It could also simply represent a
chain of partially ordered, hydrogen bonded water molecules.
The relatively narrow dimensions and hydrophobic nature of
the substrate entry tunnel might cause an ordering of water
molecules that could occupy the cavity to prevent formation of
an energetically unfavorable vacuum (62, 63).

The structure reported by Kloer et al. (42) is the only CCE for
which an experimental enzyme-substrate was proposed. In
light of the data presented here the model of the bound sub-
strate can only be considered an educated guess that is wrong in
detail (i.e. the configuration of the substrate is incorrect). Thus,
this model of the bound apocarotenoid should be used with
caution when developing hypotheses of CCE substrate specific-
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TABLE 4
X-ray crystallographic data collection and refinement statistics

Data collectiona

Data set name C8E6 crystal Triton X-100 crystal
Beamline X29 NECAT 24-ID-C
Wavelength (Å) 1.7308 0.9793
Space group P212121 P212121
Unit cell parameters (Å) a � 118.56 a � 118.47

b � 125.12 b � 125.39
c � 203.01 c � 202.54

Resolution (Å) 50-2.8 (2.97-2.8)a 50-2.0 (2.05-2)
Unique reflections 75,089 (11,789) 200,469 (14,869)
Completeness (%) 99.7 (98.2) 98.7 (99.8)
Multiplicity 11.7 (9.9) 7.3 (5.9)
�I/�I	 10.1 (1.4) 11.74 (1.56)
RmergeI (%)b 27.2 (168.5) 8.6 (97.7)
RmeasI (%)b 28.5 (177.7) 9.3 (107.7)
CC1⁄2 (%)b 99 (54.2) 99.8 (54.5)
Wilson B-factor (Å2) 45.9 46.4

Refinement
Resolution (Å) 48.6-2.8 48.6-2.0
No observations 71479 190607
Rwork/Rfree (%)c 21.1/23.6 17.7/20.5
No. atoms

Protein 15072 15154
Water 87 875
Metal/ion 4 Fe, 3 Cl 4 Fe, 2 Cl

B-factors (Å2)
Protein 51 47
Water 35 47
Metal/ion 30 (Fe), 55 (Cl) 34 (Fe), 48 (Cl)

Root mean square deviations
Bond lengths (Å) 0.011 0.011
Bond angles (°) 1.41 1.44

Ramachandran plotd

Favored/outliers (%) 97.5/0 98/0
PDB accession code 4OU8 4OU9

a Values in parentheses are those for the highest resolution shell of data.
b As calculated in XDS.
c As calculated in REFMAC.
d As defined in MolProbity.
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ity and catalytic function. The kinetic data presented in this
study emphasize that proper selection of detergent will be crit-
ical for obtaining a genuine CCE-substrate complex. CCEs pos-
sess a conserved hydrophobic patch on their surfaces near their
substrate entry tunnels that facilitates extraction of lipophilic
substrates from membranes (4, 25). Inclusion of detergent
seems to be critical for the crystallization of ACO and RPE65,
probably due to its ability to bind the hydrophobic patch and
prevent nonspecific protein aggregation. Interestingly, the
structure of the 9-cis-epoxycarotenoid dioxygenase, VP14, was
determined in the absence of detergent (43). In this structure
hydrophobic surfaces from symmetry-related molecules pack
together and shield each other from the solvent. Despite inclu-
sion of carotenoids in the crystallization solutions such com-
pounds were not identified in the active site of this enzyme (43).

In this case, delivery of highly hydrophobic carotenoids to the
enzyme may have been impeded by the absence of detergent
micelles.

In summary, using this highly purified, enzymatically active
preparation we investigated the enzymatic activity of ACO by
HPLC and Raman spectroscopy. Both methods revealed robust
production of all-trans-retinal from all-trans-8�-apocarotenol
by ACO. Production of trace cis isomers was observed only in
reactions performed under ambient light suggesting partial
photoisomerization of the retinal product. We observed a pro-
nounced inhibitory effect of linear polyoxyethylene detergents
used for ACO crystallographic studies on all-trans-retinal pro-
duction by ACO. We showed that the ACO active site density
previously attributed to an isomerized apocarotenoid interme-
diate originates from non-substrate molecule(s). Thus, obtain-
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FIGURE 9. Structural comparison of ACO crystallized in C8E6 or Triton X-100. Shown are unbiased mFc � DFc (green mesh) and 2Fo � Fc (blue mesh) electron
density maps contoured at 3� and 1�, respectively, displayed within the active site regions of ACO crystallized in the presence of C8E6 (A) or Triton X-100 (B).
The densities are similar in appearance with the exception of a break in the density after it passes the iron center in the Triton X-100 structure. Black arrows
indicate residual electron density that likely represents an iron(II)-bound water or hydroxide ligand. C, difference distance matrix analysis of the C8E6 and Triton
X-100 ACO structures. The triangular matrix below the diagonal is an error-scaled difference distance matrix generated by pairwise comparisons of non-
crystallographic symmetry-related monomers using the program ESCET, whereas the upper matrix is an absolute difference distance matrix. Red and blue
elements stand for structural expansion or contraction, respectively. The intensity of the color is proportional to the changes in distance, and gray elements
indicate structural invariance. Secondary structural elements are shown beneath the matrix: open boxes are helices, black boxes are �-sheets. D, structural
superposition of the C8E6 (yellow) and Triton X-100 (blue) showing a rigid body movement of the top face of propeller blade II in chain A of the structure.
Consequently, the mouth of the protein is more open in the Triton X-100 structure compared the C8E6 structure in this particular monomer. Small changes were
also evident in regions of the protein predicted to contact membranes (blue arrows). The catalytic iron is shown as an orange sphere. The green arrow delineates
the substrate entry tunnel that leads to the catalytic center.
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ing an intact CCE-substrate complex remains a challenge for
future studies.
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