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Materials and Methods 

Reagents – Except as noted below, chemical reagents were purchased from Sigma-Aldrich (St. Louis, 
MO) or USB Biochemicals (Cleveland, OH) in the highest purity form available. Water from a Milli-Q 

e, Billerica, MA) was used to prepare all 
reagents and buffered solutions. 

Archaeal CCD identification and phylogenetic analysis – Archaeal sequences were identified using the 
BlastP webserver (1) based on their sequence similarity to bovine RPE65 (NCBI accession code 
NP_776878.1) and Synechocystis sp. PCC6803 ACO (NCBI accession code P74334.1). Sequences from 
major archaeal (super)phyla were selected for study according to the magnitude of their E-values. The 
distribution of CCDs in archaea was further inspected with the Pfam database (2). A phylogeny was 
generated based on an alignment of these archaeal CCDs with previously characterized CCDs from 
bacteria and eukarya, including sequences from plants and animals. CCD protein sequences were 
collected from the NCBI protein sequence repository and aligned with Clustal Omega using the default 
parameters (3). A CCD phylogeny was computed using MrBayes v3.2.6. (4) assuming a uniform prior 
probability, inverse gamma rate of substitution across sites with four rate categories and the WAG 
substitution matrix (chosen by Markov chain sampling). The posterior probability distribution was 
estimated by Markov Chain Monte Carlo sampling for 1,098,000 generations with samples taken every 
100 generations after a burn-in fraction of 25%, at which point an average standard deviation of split 
frequencies of 0.001 was reached. Bipartitions with posterior probabilities < 0.5 were collapsed. The 
majority-rule consensus tree was visualized using iTOL webserver (5). Analysis of the Ca. Nitrosotalea 
devanaterra genome (GenBank ID: LN890280.1) for horizontal gene transfer candidates was conducted 
with the program DarkHorse (6) using the NCBI Genbank non-redundant protein and taxonomy 
databases. BLAST queries for all predicted proteins encoded in the genome were carried out using the 
program Diamond (7). A maximum of 500 target sequences with E-values < 10-5 were accepted for each 
search. DarkHorse was run using a filter threshold of 0.15, which was empirically determined by tracking 
the maximum candidate set size. In addition to the standard exclusion terms, a single self-exclusion term 
‘nitrosocosmicus exaquare’ was used.  This organism was excluded as it was the sole ammonia oxidizing 
archaeon possessing a CCD with > 50% sequence identity NdCCD and likely was also acquired by 
horizontal gene transfer.          

Protein expression studies – The coding sequences of the archaeal CCDs and Coxiella brunetii CCD 
shown in Table S1 were synthesized with codons optimized for expression in E. coli (GenScript, 
Piscataway, NJ) and cloned into the pET3a expression vector. The integrity of the expression plasmids 
was confirmed by Sanger sequencing. Plasmids were transformed into T7 express Escherichia coli cells 
(New England Biolabs) for protein expression. One-liter cultures of LB media (USB Biochemicals) 

in a shaker-incubator at 37 °C to an OD600 nm of 0.5 – 0.6 
at which time the culture was supplemented with an additional 
temperature lowered to 28 °C. After overnight growth (12–14 h), bacterial pellets for expression analysis 
were isolated from 1 mL culture samples by centrifugation. The remaining cells were harvested by 
centrifugation, suspended in 10 mM HEPES-NaOH, pH 7, and  

Production of cobalt-substituted NdCCD – Cobalt-substituted NdCCD was generated by cultivating E. 
coli cultures in M9 minimal media (1x M9 salts, 2 mM MgSO4, 0.4%   and 
0.1 mM CaCl2) in the presence of cobalt. All glassware was washed with Milli-Q water containing 1 mM 
EDTA and ultra-low iron content reagents were used whenever possible to reduce iron contamination. E. 
coli colonies transformed with the pET3a-NdCCD plasmid were inoculated into 2 mL of LB media 
containing 100  h at 37 °C. Cells were collected by centrifugation 
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at 3,220g for 15 min at 37 °C. Cell pellets were then suspended in 1 mL of M9 minimal media and 
transferred into 1 L of M9 minimal media containing 100  that had been pre-warmed to 
37 °C. The cell culture was grown at 37 °C with 190 rpm shaking to an OD600 nm of 0.5–0.6. IPTG was 
then added to a final concentration of 0.1 mM to induce protein expression and the temperature was 
lowered to 28 °C. CoCl2 2O (35 mg) was then added to the culture. After overnight growth, cells were 
harvested by centrifugation and resuspended in 25 mL of 10 mM HEPES-NaOH, pH 7. 

NdCCD purification – All purification procedures were conducted at 4 °C using a Bio-Rad FPLC system. 
E. coli containing NdCCD were lysed by two passes through a French press. The lysate was clarified by 
centrifugation at 186,000g for 30 min and then diluted two-fold with pure water. The diluted supernatant 
was then loaded onto a HiTrap Q HP 5 mL anion-exchange column (GE Healthcare) equilibrated with 
buffer A consisting of 10 mM HEPES-NaOH, pH 7.0. The column was then washed with 10 column 
volumes of buffer A and bound NdCCD was eluted by linear increase in buffer B containing 10 mM 
HEPES-NaOH, pH 7, and 1 M NaCl up to 15% followed by a step increase in buffer B to 100% to elute 
more tightly bound proteins. Fractions containing NdCCD as identified by SDS-PAGE were pooled and 
concentrated. The sample was then purified by gel filtration chromatography on a Superdex 200 (120 mL) 
column pre-equilibrated with buffer A (GE Healthcare). In later experiments, material obtained from the 
initial anion exchange purification was diluted in buffer A and further purified on a 1 mL MonoQ column 
(0- -
purification experiments, a 20 mM ethanolic solution of 3-hydroxy- -apo-12’-carotenal was added to the 
protein solution prior to each step of chromatography to a final concentration of 25 M followed by a 15 
min incubation on ice. No precipitation of the apocarotenoid was observed following its addition to the 
protein solution. Fractions containing purified NdCCD -PAGE analysis) 
w , flash frozen, and stored at -80 °C or placed on ice for immediate 
use. The apparent purity of NdCCD obtained from LB and M9 minimal media were comparable, being 
>95% pure as judged by Coomassie-stained SDS-PAGE gels. Quantitative amino acid analysis on 
purified protein samples confirmed the sample purity and provided an experimentally determined 
extinction coefficient ( 280 nm) for NdCCD in 10 mM HEPES-NaOH, pH 7 at 22 °C of 74,688 M-1 -1. 

Metal content analysis – Five mg of purified protein was digested in 5 mL of 3 for 3 h at 
room temperature. Protein precipitate was then removed by filtration of the sample 
membrane (Millipore). A buffer-only control sample was prepared identically to allow assessment of the 
background levels of transition metals. The first row transition metal content of the resulting aqueous 
solutions was then analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) at 
the University of Minnesota Soil Research Analytical Laboratory. 

UV/Vis spectroscopy – Co-NdCCD samples were recorded at room temperature with a 
Lambda Bio spectrometer (Perkin Elmer) using micro UV-transparent cuvettes (Perkin Elmer). 

HPLC and LC-MS analysis of apocarotenoid cleavage activity – Test substrates (apocarotenoids and 
retinal) at final concentrations of 50 M were incubated in the presence and absence of 10 g of NdCCD 
in a 500 L reaction buffer consisting of 10 mM HEPES- -100 for 
15 min at 28 °C. Enzymatic tests on CbCCD and CAO1  (8, 9) (used as a negative control) were 
conducted similarly except that crude supernatant was used as the enzyme source. The reactions were 
quenched by the addition of 100 L of methanol and apocarotenoids were extracted by addition of 300 

L of brine and 500 L of hexanes followed by vigorous shaking. For analysis of apocarotenoids that 
were copurified with Co-NdCCD, a 20 L sample of purified sample at a protein concentration of 70 

L of methanol and then subjected to the same extraction procedure. 
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The hexane layer containing apocarotenoids was removed and either used directly for normal phase 
HPLC analyses or dried in vacuo and redissolved in methanol for reverse phase LC-MS analysis. 
Reversed phase LC-MS analysis was carried out on an ACQUITY UPLC system coupled with a QDa 
mass spectrometry detector (Waters). The samples were separated on a BEH C18  column (2.1 x 50 

adient at a flow rate of 0.4 
. Normal phase HPLC analysis was carried out on an Agilent 1100 series chromatography system 

 detector and a Zorbax SIL (4.6 x 250 mm, 5 m, Agilent) column 
operating with an isocratic liquid phase consisting of either 9:1 or 8:2 hexanes:ethyl acetate for non-
hydroxylated and hydroxylated apocarotenoids, respectively. 

HPLC analysis of carotenoid cleavage activity – The enzymatic activity of NdCCD towards -carotene, 
lycopene and zeaxanthin was carried out both as described above for apocarotenoids as well as with an 
alternative assay using pre-formed carotenoid-containing micelles and three different test detergents as 
described previously (10). The latter assay was performed with 4 200 reaction buffer 
containing 25 mM HEPES pH 7.4. Detergents (each tested separately) were dissolved in ethanol and 
mixed with 2 nmol of the respective carotenoid. The mixture was dried in a Speedvac. Carotenoid-
detergent micelles were formed by addition of 200 L of 25 mM HEPES pH 7.4 followed by vortexing 
for 20 s. Final concentrations of detergent were -
dodecyl- -D- or 3% N-octyl- -D-  Following addition of 
NdCCD, the assays were incubated for 12 min at 37 °C under constant shaking (600 rpm). After 12 min, 
the reaction was stopped by addition of 400 µL of acetone, 400 µL of diethylether, and 100 µL of 
petroleum ether. The mixture was vortexed for 10 s at highest speed. Then the mixtures were centrifuged 
for 10 s at 5000g. The organic phase which was collected and dried under vacuum at 30 °C in a Speedvac. 
The on an 
1100 Agilent HPLC series equipped with a diode array detector and normal-phase Zorbax silica column 
(5 µm, 150 mm; Agilent, Santa Clara, CA, USA). Chromatographic separation was achieved with 
isocratic flow of 10 -  The enzymatic activity of 
CbCCD towards -carotene was measured out as described above for apocarotenoids with CAO1 used as 
a negative control. 

HPLC analysis of phenylpropanoid cleavage activity – The enzymatic activity of NdCCD towards 
resveratrol and isoeugenol was analyzed as described previously (11) using CAO1 as a positive control. 
Briefly, test substrates at final concentrations of 50 M were incubated in the presence and absence of 10 

g of NdCCD or CAO1 in 500 L of 10 mM HEPES-NaOH, pH 7 reaction buffer for 1 h at 28 °C with 
300 RPM shaking. The reactants and products were extracted by addition of 100% ethyl acetate followed 
by vigorous shaking. Following centrifugation, the organic phase was collected and dried in vacuo. 
Compounds were redissolved in 3:2 hexane:ethyl acetate and separated on a Zorbax SIL (4.6 x 250 mm, 5 

m, Agilent) column with an isocratic liquid phase consisting of 3:2 hexanes:ethyl acetate running at 1.4 
  

Steady-state kinetics – Purified Fe-NdCCD at concentrations of 29.3 µM and 293 µM was prepared in 10 
mM HEPES-NaOH, pH 7 for reactions with all-trans-8’-apocarotenal and all-trans-apo-8’-carotenol 
respectively. All-trans-apo-8’-apocarotenal was dissolved in ethyl alcohol and placed in amber tubes. All-
trans- -apo-8’-carotenol was generated from all-trans- -apo-8’-carotenal by NaBH4 reduction. Excess 
NaBH4 was removed by addition of water. Apocarotenoids were extracted with hexane, dried in vacuo, 
and redissolved in ethanol. Reactions were performed in a total of 70 µL reaction buffer consisting of 20 
mM Bis-Tris- -100. First, 1.5 µL of substrate was added to each 
reaction to attain final concentrations ranging from 169 µM to 2 µM for apocarotenal and from 40 µM to 
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1.6 µM for apocarotenol. Absorbance changes at 472 nm for all-trans- -apo-8’-carotenal and at 445 nm 
for all-trans- -apo-8’-carotenol were monitored over 2-5 min with a UV spectrophotometer 
immediately following addition of enzyme to the reaction mixture. Reaction rates were derived from 
least-squares fitting to the initial linear portions of the reaction curves. Absorbance changes were 
converted to concentration changes through measurement of absorbance standards that were read 
concurrently with the experimental samples. The initial velocity versus substrate concentration was 
plotted and fit with the Michaelis-Menton equation in GraphPad to determine the kinetic paramters, Km 
and kcat. All measurements were performed in triplicate. 

X-ray absorption spectroscopy – Purified Fe-Nd
buffer consisting of 10 mM HEPES-NaOH, pH 7 containing 20% of xylitol. The sample was loaded into 
a custom-made Delrin cuvette containing a Kapton tape window and then flash cooled in liquid nitrogen. 

-
S data were collected at SSRL beamline 7-3 in fluorescence mode using a Canberra 

32-element solid state germanium detector. Data were measured in 10 eV steps in the pre-edge region (1 s 
acquisition time), 0.3 eV steps along the edge (2 s acquisition time), and 0.05 k steps in the -
ray absorption fine structure ( ) region up to 15 k (acquisition time increasing from 2–9 s in a k2-
weighted fashion). Samples were monitored for evidence of radiation damage as indicated by pre-edge or 
edge shifts. No radiation damage was observed for the samples in this study. The inflection point of the 
iron foil reference was set to 7112.0 eV. (12). 
Pre-edge peak fitting analysis was carried out with Fityk (13) using a previously reported protocol (9) 
over the energy range of 7704–7718 eV.  analysis was performed with Artemis (14). Theoretical 
phase and amplitude parameters were calculated for a model of the Fe-NdCCD active site using FEFF6L. 
From these parameters, relevant paths were incorporated into the fitting model and evaluated for the 
significance of their contributions. For a given shell in all simulations, the coordination number n was 
fixed, while r and 2 were allowed to float. The amplitude reduction factor S0

2 was fixed at 0.9, while the 
Eo was allowed to float at a single common value for all shells. Histidine multiple 

scattering was evaluated by representing the imidazole moiety as four sets of grouped paths 
corresponding to the dominant scattering contributions. The fit was evaluated in k3-weighted R-space, and 
fit quality was judged by the R- 2. 

NdCCD crystallization – NdCCD crystallization was performed by the hanging-drop, vapor-diffusion 
method by mixing 2 ied Nd  with 2 
solutions. Initial showers of small needle-like crystals were observed in condition #15 of the MidasPlus 
crystallization screen (Molecular Dimensions Inc., Maumee, OH) after 3 days of incubation at 22 °C. 
These initial conditions were systematically optimized through rational grid screening and alteration of 
other growth conditions.   Optimized crystals grew in the sitting drop format at 22 °C in a crystallant 
consisting of 0.1 M MES-NaOH, pH 6, 0.1 M NaCl, 22% Sokalan PA 25 CL and 22% xylitol (Fe-
NdCCD, 60 -
glycerol and 10-13% xylitol (Co-NdCCD, 52- od-shaped crystals appeared within 2 
days and were harvested 1-14 days later depending on the particular experiment. Crystals dimensions at 
the time of harvest were typically  -1000 Crystals were harvested using dual-

sufficient cryoprotection to allow direct freezing in liquid nitrogen. Crystals were stored in liquid nitrogen 
-ray data collection. 

Diffraction data collection, structure determination, and refinement – Diffraction data on NdCCD 
crystals were collected at the APS 24-ID-E, NSLS-II 17-ID-1 and 17-ID-2, and SSRL 12-2 beamlines. 
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Care was taken to orient the long axis of the crystals nearly parallel to the axis of rotation to avoid 
reflection overlaps. (15) and the reduced data analyzed using 
phenix.xtriage (16). The Fe-Nd -
systematic absences consistent with space group P6(1,5). Molecular replacement was carried out in 
MrBUMP (17), using Phaser (18) and Sculptor (19), through the CCP4 online server. The structure was 
solved by molecular replacement in space group P61 with 6 molecules in the asymmetric unit using the 
coordinates of RPE65 (PDB accession code 3KVC) as a search model (20). The initial molecular 
replacement phases were improved through NCS averaging and histogram matching in Parrot (21). The 
model was then iteratively improved through density modification, manual and automatic rebuilding in 

s of Co-
NdCCD and the Co-Nd -
isomorphous to Fe-NdCCD crystals. The Co-NdCCD structures were solved by direct refinement using 
the Fe-NdCCD coordinates as an initial model. Manual model adjustments were made using Coot and the 
structures were refined in Refmac. The Grade Web Server (Global Phasing Ltd) was used to generate 
coordinate and dictionary files for apocarotenoid ligands. Model stereochemistry was routinely checked 
after cycles of refinement using the Molprobity (22) server and the quality of the model analyzed using 
the wwPDB validation server (23). In all of the structures, chains E and F had weaker electron density 
compared with the other four chains, and except where noted the structural description in the main text is 
based on an analysis of chains A through D. 

Structural analysis and visualization – Structural analyses were carried out using the PISA (24), 
MOLEonline (25) and PDBsum (26) webservers. Ray-traced structural images were prepared using 
PyMOL (Schrödinger, LLC). 
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Figure S1 – Phylogenetic relationships between bacteria, eukarya and select archaea together with the 
occurrence of CCDs and other genes related to carotenoid metabolism and usage in such organisms. The 
tree was constructed according to (27) and the NCBI taxonomy database. Indicated genes were identified 
using the NCBI BlastP server (28) and the KEGG database (29). Gold and light-grey circles signify the 
presence or absence of genes encoding the proteins given in the column heads. Hollow gold circles 
indicate the presence of the indicated gene in some but not all bacteria and eukarya.  Brp – 
bacteriorhodopsin-related protein, Blh – Brp-like homolog, PSY – phytoene synthase. 
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Figure S2 – Lineage probability index (LPI) score histogram for proteins encoded in the N. devanaterra 
genome. Lower LPI scores are indicative of genes most likely to have been acquired by horizontal gene 
transfer. NdCCD was assigned a score of 0.024 placing it among the most atypical proteins in the N. 
devanaterra genome, consistent with it having been acquired by horizontal gene transfer.    
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Figure S3 – Sequence alignment of NdCCD and select metazoan CCDs. Secondary structure elements for 
NdCCD and RPE65 are respectively shown on top and bottom of the alignment. Conserved first and 
second sphere residues are indicated by cyan arrows. Residues observed to interact with -apo-14’-
carotenal bound to the NdCCD active site are marked with red arrows. Residues involved in NdCCD 
dimer formation, as observed crystallographically, are indicated by magenta lines. The alignment was 
generated using Clustal Omega (30) and visualized using Espript (31). dNinaB – Drosophila 
melanogaster Neither inactivation nor a – Mus musculus beta carotene 
oxygenases 1 and 2, bRPE65 – Bos taurus RPE65   

   TT                   TT                           TT                         

                                                                  TT            

NdCCD     1                                                    E          G IP W  G L R GP                                                 ST    L   SL V       LS T I      ..................................MAYTVTNKFQLGF  LS E DLE  Q K T  K        N  A K
dNinaB    1                                                    E          G IP W  G L R GP                                                 S     V  I  H        I  S L    G  MAAGVFKSFMRDFFAVKYDEQRNDPQAERLDGNGRLYPNCSSDVWLR CER I DP EG HS H  K  C     N   S
mBCO1     1                                                    E          G IP W  G L R GP                                                 QN    L  VQAKV       LQ T L    G  .........................................MEIIFG  KK Q EP     T S  A        N   M
mBCO2     1                                                    E          G IP W  G L R GP                                                 TT    L  VSARV       LN   L    G  .....................MLGPKQ...........SLPCIAPLL  AE T SA     R H  E    Y   V   K
bRPE65    1                                                    E          G IP W  G L R GP                                                  T       LTAHV       LT S L    G  ......................MSSQVEH.........PAGGYKKLFE VE LSSP     T R  L        C   L

                                      TT                          TT            

   TT                   TT                                                      

NdCCD    47    G     H FD  A LH F    G V Y                  I   EF T    DPC  IF             F V    F     G  M      K    S  NKFL S  Y       K               RS   R  S F       E  KEK Q W   L    K SF E K   A    E KA QSARDTD  SYR  A ....       K VS M S...T K
dNinaB   81    G     H FD  A LH F    G V Y                  I   EF T    DPC  IF             W V    F        L      R    T  NRFV TE         R VVT  G  A P   HS   R    F       K  DMT G L  CS    R AI N R   Q    D  TLRKNRSAQ         A V        D FAAI ..RPD S
mBCO1    40    G     H FD  A LH F    G V Y                  I   EF T    DPC  IF               V    Y     G  L      R       SKYL SD Y       R VVS  G  A P   KN   K  S        HT  ESK N W   L    S SI D E F R    Q  T IANIEAN         M Y        S AF YLSHTIP D
mBCO2    49    G     H FD  A LH F    G V Y                  I   EF T    DPC  IF             F      Y     G  L           T  SKFL SD Y       R VIS  G  A P   KS   R  S F       EF KDR N W   M    Q RMER T   K    Q  T KANSAGG         L L        E FM R ..EPP T
bRPE65   50    G     H FD  A LH F    G V Y                  I   EF T    DPC  IF             F V    F     G  L      K    T   RFI TD Y       R VIT  G  A P   KN   R  S F       E  SEP Y L   Q    K DF E H   HR   R  A VRAMTEK         C F        S FF Y ..RGV E

            TT               TTT                                        TT      

NdCCD   120  TDN               TET          L                 T HPH         N                     VNV    E F A             T  T         I           D   N      T           VF   AN   TKIA R V M   PLPVEFDIN  K VGVFAYDDK ESGLT A   Y FVK ELV YA KIS.RSS.NYN  
dNinaB  159  TDN               TET          L                 T HPH         N                     ISI    D YY      FM RI   T  T   I    FV V            GTV   LGT           IG   SM   YPFG Q  TF   P  H  NPC  A EAR CTTD  G VNH S   VLPS   Y.    TMTRSGPAYT.  
mBCO1   120  TDN               TET          L                 T HPH         N                     INI    E FYA     YI KI   T  T   V    YV V         D  GNV   MGT           IF   CL   MKCG D   T   N  R  DPQ  E LEK DYRK  A NLA S   Y EA   L.    SVVDKGRTKYV  
mBCO2   127  TDN               TET          L                 T HPH         N                     VN       YYM     FM KV          V    FI V         D  GTA   MGN           IM   TN  FVQYKGD   S   N  N  DIEM ERTEK DWSK  A NGA A   Y PD   Y.    SYGPRGSCYN.  
bRPE65  128  TDN               TET          L                 T HPH         N                     VNI    E YYA     FI KV   T  T   V    YV V         E  GTV   IGN           IV   AL   YPVG D   C   N  T  NPE  E IKQ DLCN  S NGA A   I ND   Y.    CFGKNFSIAYN  

            TT               TTT                         TT    .                

               TT                                              ....             

NdCCD   198                                   P Y H F  T  Y    E P               G           KI                   LI SI            S  M  N VV V     V     L    L    FI    W  Y  A...........DKTNHRN  G  P...VEE A M   A  E    L  Y FV KPLDL .... S KP  ENFS K
dNinaB  237                                   P Y H F  T  Y    E P               G                                VV TL            T GL     V V Q   V L   I    L          W  LSF........PHGEQMFEDAH  A  PCRWKLH G M      DH F I    LS S TEY KAQ. G QNLSACLK F
mBCO1   199                                   P Y H F  T  Y    E P               G           KI                   V  SI            S GV  N VV L Q   L I   A    M    WA    F  F  PATVPDSKKKGKSPVKHAE FC  SSRSLLS S Y      E    F    FK D LKM TAY. R VS  SCMS D
mBCO2   205                                   P Y H F  T  Y    E P               G           RV                   VL SI            S GM  N II V Q   M L   I    I    FA    W  I  ....PPKKKEPGETIHGAQ  C  ASTEKMK S Y      K    F    VK K WKI TSK. R KP  DGIS E
bRPE65  207                                   P Y H F  T  Y    E P               G           KI                   IV Q             S GL  N IV V T   I L   L    L    YM      V  ....PPLQADKEDPISKSE  V FPCSDRFK S V      P    F    VK N FKF SSWS W AN  DCFES N

           TT                  TT                                               

           TTT     .                  TT                                        

NdCCD   260                               H  N  E       D               L                       T   IV R N   V   Y S  F  F  V  F     I V I  Y       N  Y   L                PENG RFI  N Q GNL G.T K DA FA  H  A  KQEE F   IA QDSS.IV AL  DI RGQK......TDTIP T
dNinaB  308                               H  N  E       D               L                       T  HLIDR S   V   Y S  F     I  F     VVV I  Y       N  Y   I                EDRP LF     V GKL Q.T E EA FYL I  C  RDGH     CS RNPEM.I CM  EA ANMQ..TNPNYATLF R
mBCO1   278                               H  N  E       D               L                       T  HIID  T   V   F T     F  V  Y     VL  V  Y       Q  Y   L                REDK YI    QR RKP PTK Y DPMVV  H  A  EDGC  F  IA EDSS.LY LF  AN NKD...FEEKSRLTS V
mBCO2   280                               H  N  E       D               L                       T  HVVDK T   L   Y S  F  Y  I  F     IVI L                 L                PQYN RF     H GQL PGM Y MP LT  Q  A  DQGC     CCQDDGR.SLDLYQ QN RKAGEGLDQVYELKA K
bRPE65  283                               H  N  E       D               L                          HIADK     I   Y T  F  F  I  Y     LIV L  W       N  Y   L                ETMGVWL     KRKKY NNK R SP NL  H  T  DHEF     CC KGFEFVY YS  AN RENWEEVKKNARKAP Q

                                      TT                                        

         TT                                                                     

NdCCD   332     R   PL                                                                         R Y I                                                                        SHI   R   SGGQ................................................................. .
dNinaB  384     R   PL                                                                           FVL       A                                                                GRPL      GTIPP SIAKRGLVKSFSLAGLSAPQVSRTMKHSVSQYADITYMPTNGKQATAGEESPKRDAKRGRYEE E
mBCO1   354     R   PL                                                                         R FAV       A                                                                PTL       HVDKD EVGS........................................................... .
mBCO2   359     R   PL                                                                         R FVL       A                                                                SFP       DVSVD AEGK........................................................... .
bRPE65  363     R   PL                                                                         R YVL       A                                                                PEV       NIDK. DTGK........................................................... .

              .                                                                 

                                                                                

NdCCD   346                            E L           E P I Y     K Y                   K                                M                 N   Y      F Y I           LV IDI  ........................VEY   S......SEAV L R   KQ NT D R V G STYSASDFANQ      L
dNinaB  464                            E L           E P I Y     K Y                   K       NL  M  SQA A       I   P M                     Y G    Y Y I        P  LI VDV  NLV  VT EG   E .FQGTNG QLR    C......DWGC T R Y ER M  N R F A SSDVDAVN GT      W
mBCO1   374                            E L           E P I Y     K Y                   K       NL  V  TTA A       V   P V                 N   Y G    Y F A        P  IL  DI  ...  VK SS   T LKEKDGH YCQ    Y.......EGL L R   A. N  P R I A EVQWS.PV TK   Y  L
mBCO2   379                            E L           E P I Y     K Y                   K       NL  L  SSA A       I   P                   N   F G    F Y          G  LI VDV  ...  SP SY   S VKQGDGE WCS  N HHEDLEEEGGI F Q   GR N  K S F GCGFRH..LV DS      T
bRPE65  382                            E L           E P I Y     K Y                   K       NL  L  TTA A       I   P V                 N   Y G    Y Y L        P  L  L V  ...  VT PN   T ILCSDET WLE    FSGP...RQAF F Q   QK G  P T A G GLNH..FV DR C  N K

        TT        TT             T...T                           T..T         T T

         TT           TT   TT                        TTT                        

NdCCD   396  K    W E    P EP FV  P    ED G  L              L  L A    E  R             HG     S         Y    V  G   A    E LI SAVL     N   F LI    T   V  AEV     IP      Y  R  SKI S KDC  G      A D TK           DAT.. AKS     D T FE  A    PHH..  FGF  N F
dNinaB  537  K    W E    P EP FV  P    ED G  L              L  L A    E  R             HG   N S         Y    I  P        D VI   MV           IV   KT T L   D      VP      F     CLT C ENV  S      S DPKS       AS  LGGLNDRYVG    C   M   G C FHTNGP  KCL  W A
mBCO1   442  K    W E    P EP FV  P    ED G  L              L  L A    E  R             HG   T S         W    L  P   A    D VI SAIV     Q   F LI   KS T L  A V     M       F     SLK S ESC  A      T G KD           STDP. KLP     D   F   A  S DAD.. HLDL  L I
mBCO2   454  K    W E    P EP FV  P    ED G  L              L  L A    E  R             HG   N T         Y    V  P   A      VI SVVI     S   F LV   KS T L  AEV     MP      F     LRV R EGF  S      V G DE  S        TPNQ. ESN     D   F   G    PVQ..  YGF  T V
bRPE65  454  K    W E    P EP FV  P    ED G  L              L  L A    E  R             HG   T           Y    I      A    D VV SVVV     Q   Y LI   K  S V  AEV     IP      F    ETWV Q PDS  S     SH D LE           SPGAG KPA     N  DL   A    EIN..  VTF  L K

T        TT           TT   TT            TT                                     

                                                                                

NdCCD   472 E...............................................                                
dNinaB  617 PNAI............................................                                
mBCO1   519 PDADWNAVKQTPAETQEVENSDHPTDPTAPELSHSENDFTAGHGGSSL                                
mBCO2   531 PI..............................................                                
bRPE65  532 KS..............................................                                

                                                                                

η1 β1 β2 β3 
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Figure S4 – Expression of archaeal CCDs in E. coli. Soluble (top) and insoluble (bottom) proteins 
following lysis of E. coli cells harboring plasmids encoding CCDs from the indicated archaea were 
separated on 12% SDS-PAGE gels and stained with Coomassie brilliant blue dye. Soluble protein 
expression was observed for CCDs from M. evestigatum, O. archaeon LCB_4, and N. devanaterra 
(indicated by black arrows) with the latter protein expressed at the highest level.  
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Figure S5 – Purification of NdCCD. Untagged NdCCD was expressed in E. coli and purified by anion 
exchange chromatography (Q-sepharose, left-most gel) and gel filtration chromatography (Superdex 200, 
middle gel). The final preparation (right-most gel) was nearly homogeneous. SN – supernatant, FT – 
flow-through. 
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Figure S6 – Cleavage activity of NdCCD towards C40 carotenoids, retinal, and phenylpropanoids. 
NdCCD had no detectable cleavage activity towards A) , -carotene, B) zeaxanthin, C) lycopene, D) 
retinal, E) resveratrol, or F) isoeugenol. In panels E and F, the stilbene-cleaving CCD, CAO1 (8, 9), was 
used as a positive control for cleavage activity. 4-HBA – 4-hydroxybenzaldehyde, 3,5-DHBA – 3,5-
dihydroxybenzaldehyde. 
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Figure S7 – Michaelis-Menton kinetics of apocarotenoid cleavage by NdCCD. A) Steady-state cleavage 
of all-trans- -apo-8’-carotenal. Initial velocities were obtained by measuring the decrease in substrate 
concentration at 472 nm over time. B) Steady-state cleavage of all-trans- -apo-8’-carotenol. Initial 
velocities were obtained by measuring the decrease in substrate concentration at 445 nm over time. The 
catalytic efficiency (kcat m) 
min-1 M-1 -1 M-1). 
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Figure S8 – Expression of Coxiella burnetii in E. coli and its activity towards -carotene and -apo-8’-
carotenal. A) Supernatant and pellet fractions from E. coli cultures harboring the Coxiella burnetii CCD 
(CbCCD)-pET3a expression plasmid induced with the indicated concentrations of IPTG. Soluble protein 
was detected only in the uninduced culture (black arrow), while the pellet fractions contained large 
amounts of insoluble CbCCD. CAO1 was also expressed in E. coli as previously described (9) for use as 
a negative control for carotenoid cleavage activity (8). B) CbCCD cleaved -apo-8’-carotenal (a) to 
generate -apo-14’-carotenal as demonstrated by the identical retention time and spectral shape of the 
product peak (b) as compared to the authentic standard generated by NdCCD. As expected, no cleavage 
products were formed from CAO1-containing supernatant. C) Like NdCCD, CbCCD was unable to 
cleave -carotene under standard assay conditions. 
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Figure S9 – Structural comparison of NdCCD to metazoan and bacterial CCDs. A) Superposition of 
NdCCD (green) with RPE65 (blue, PDB accession code 4RSC) showing their close structural similarity. 
A vertebrate-specific insertion that mediates dimer formation in RPE65 is labeled on the left side of the 
panel. The loop containing the ‘PDPCK’ motif on its N-terminal side in NdCCD is show in pink. The 
corresponding region of RPE65 is disordered in all structures determined to date. B) The ‘PDPCK’-
containing loop structure is mostly irregular with only three -turn elements present. Residues in NdCCD 
exactly matching the motif are bolded and underlined, while the conservative Arg variant is shown in 
bold. Note the overall hydrophobic and positively charged character for this loop region in NdCCD. The 
orientation of the loop is the same in panels A and B. C) An established substrate for each enzyme is 
shown on top with the site of cleavage (oxidative or hydrolytic) marked by a wavy red line. The bottom 
panels show the overall structure of the active site tunnels. The active site of NdCCD (left) resembles that 
of RPE65 (middle), an enzyme found in vertebrates that cleaves retinyl esters with simultaneous 
isomerization of the retinoid C11-C12 double bond. By contrast, the active site of SynACO has a 
substantially different geometry despite the fact that this enzyme has a substrate specificity similar to that 
of NdCCD. The asterisks indicate positions where the active site tunnels open to the protein exterior. N 
and C represent the amino and carboxy termini of each structure. 
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Figure S10 – Evidence for Co-substitution in purified NdCCD expressed in cobalt-containing minimal 
media. A) spectrum of Co-substituted NdCCD showing characteristic d-d CoII absorbance bands 
at 500-600 nm. B) NCS-averaged imaginary log-likelihood gradient maps computed using amplitudes 
from Co-NdCCD data sets collected above (magenta mesh) and below (blue mesh) the cobalt K 
absorption edge. The large difference in scattering at the metal binding site with comparable scattering at 
sulfur-containing “internal control” residues indicates a preponderance of cobalt bound at the catalytic 
center.   
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Figure S11 – Co-purification of 3-hydroxy- -apo-12’-carotenal with Co-NdCCD. A) Chromatogram and 
gel from the initial Q-sepharose purification step. B) Chromatogram and gel from the subsequent Mono-Q 
purification step. C) Chromatogram and gel from the final gel filtration purification step. The horizontal 
brackets shown in each chromatogram indicate the material that was analyzed by SDS-PAGE. In all 
cases, apocarotenoid was observed to copurify with Co-NdCCD as evidenced by the coincident 280 nm 
absorbance corresponding to NdCCD and the 420 nm absorbance corresponding to the apocarotenoid. 
The ratio of peak areas in the final gel filtration step indicated a 3-hydroxy- -apo-12’-carotenal (  

-1 cm-1) to NdCCD (  -1 cm-1) ratio of approximately 0.7. The inset in the right-most 
chromatogram shows crystals obtained from the final preparation, which exhibited a bright orange color 
owing to the co-purified apocarotenoid.  
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Figure S12 – HPLC and LC-MS analyses demonstrate a predominance of 3-hydroxy- -apo-14’-
carotenal in Co-NdCCD purified in the presence of 3-hydroxy- -apo-12’-carotenal. A) Normal phase 
HPLC analysis of 3-hydroxy- -apo-12’-carotenal alone. B) Normal phase HPLC analysis of 
apocarotenoids extracted from the NdCCD-apocarotenoid complex obtained by gel filtration 
chromography. Note the dominance of compound “b” with an absorption spectrum shown in (C) 
consistent with 3-hydroxy- -apo-14’-carotenal. Compound “a1” represent a minority amount of 
uncleaved substrate while compound “a2” likely represents isomerized substrate generated during 

D) 
Reversed-phase HPLC separation of 3-hydroxy- -apo-12’-carotenal substrate (blue trace) and 
apocarotenoids extracted from the purified Co-NdCCD-apocarotenoid complex (magenta trace). The 
apocarotenoids were eluted with a 5 to 95% acetonitrile gradient in the presence of 0.1% formic acid. E) 
Optical absorbance spectra of the peaks shown in panel D. F) Putative identifies of compounds 1 and 2 
based on their optical absorbance spectra. The small difference in absorbance maxima between “a1” and 
“a2” as well as “b1” and “b2” indicate that they represent geometric isomers generated by photo- or 
thermal-isomerization during sample processing. G
corresponding to the molecular ion of 3-hydroxy- -apo-14’-carotenal, showing peaks with retention times 
identical to that of peak b1 and b2 in panel D. H) and I) Mass spectra of the SIM peaks in panel G 

geometric isomers. The peaks at 309.3 represent compounds that have undergone fragmentation with loss 
of water. J -
hydroxy- -apo-12’-carotenal, showing peaks with retention times identical to that of peak a1 and a2 in 
panel D. K) and L) Mass spectra of the SIM peaks in panel J 
species in both cases, confirming that these compounds are geometric isomers. The peaks at 349.3 
represent compounds that have undergone fragmentation with loss of water. 
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Figure S13 – Electron density support for the bound apocarotenoid ligand. A) NCS-averaged sigma A-
weighted |Fo| - |Fc| electron density map contoured at +5 (green mesh) and -5 (salmon mesh) RMSD. 

B) An NCS-averaged isomorphous difference map 
computed with |Fo(ligand)| – |Fo(apo)| as amplitudes and calc(apo) as phases. The map is contoured at +5 
(green mesh) and -5 (salmon mesh) RMSD. The Riso between the data sets was 20% overall and 97% in 

C) Sigma A-weighted 2|Fo| 
- |Fc| electron density map 
apocarotenoid. For panels A and C, NCS averaging was performed using only chains A-D as chains E and 
F were overall more poorly resolved. 

unbiased Fo - Fc density

unbiased Fo - Fo density

2Fo - Fc density

A

B

C
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Figure S14 – Active site determinants of apocarotenoid binding orientation in NdCCD. A) Model of -
apo-8’-carotenal in the active site of NdCCD. The compound was manually docked into the active site as 
described in the legend to Fig. 7. This docking orientation properly positions the C14’-C13’ alkene bond 
for cleavage. Steric clashes are represented by red disks with the severity of the clash proportional to the 
size of the disk. This mode of docking shows a minimal number of clashes consistent with an 
energetically preferred mode of binding. B) The apocarotenoid was shifted by one double bond outward 
to position the C12’-C11’ bond for cleavage with slight adjustments made to the chi angles wherever 
possible to eliminate close interactions. However, this mode of binding results in severe steric clashes 
with Phe120, Tyr220, His222, as well as active site-bound water molecules indicating it is not 
energetically favorable. C) The apocarotenoid was shifted by one double bond inward (with respect to 
panel A) to position the C15-C15’ bond for cleavage again with appropriate adjustments made to 
minimize close contacts. This mode of binding also resulted in severe steric clashes with active site 
residues including Phe252, Glu140, Thr141, and Val126 as well as active site bound water molecules, 
indicating that it is not energetically preferred. These results help explain the observed C14’-C13’ 
regioselectivity of NdCCD. 
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Figure S15 – Comparison of the active site structure of NdCCD to the active site structure of CbCCD as 
predicted by homology modeling. A) The central active sites of the two proteins are identical whereas 
significant differences occur at the substrate entry portal (marked by asterisks). B) A view down the 
substrate entry portal showing the substitution of Phe120 and Arg98 residues in NdCCD with much 
smaller Pro and Ser residues in CbCCD. These changes result in a significantly more open entry portal for 
CbCCD as compared to NdCCD. Given the identical cleavage regioselectivity of these two enzymes, it is 
inferred that a potential bottleneck at the substrate entry portal of NdCCD is not sufficient to determine its 
cleavage regioselectivity. Instead, the central active site appears to play a dominant role in controlling 
substrate positioning.     
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Figure S16 – Comparison of the scissile bond orientation between carotenoid- and stilbenoid-cleaving 
CCDs. The  bond of piceatannol (cyan sticks) bound to Co-CAO1 (PDB accession code 5U97) is 

-O bond of 3-hydroxy- -apo-14’-
carotenal (orange sticks), which represents the location of the apocarotenoid scissile bond. This difference 
could impact how O2 is bound and activated between the two enzymes. 

3-hydroxy-β-apo-14’-carotenal

piceatannol

2.4 Å2.4 Å
1.7 Å1.7 Å

CoII

αβ

C14

O



24 
 

Supporting Tables 

Table S1 – CCDs investigated in this study 

Organism NCBI accession 
code 

Number 
of amino 

acid 
residues 

Molecular 
weight 
(Da) 

E. coli 
expression 

pattern* 

Halococcus 
thailandensis WP_007741205.1 481 54,071 NE 

Haloterrigena 
saccharevitans WP_076148579.1 467 52,247 NE 

Natronomonas 
moolapensis WP_015408604.1 469 52,211 I 

Halorubrum 
hochstenium WP_008581146.1 480 53,356 I 

Halococcus 
sediminicola WP_049997164.1 478 53,267 I 

Methanohalobium 
evestigatum WP_013193561.1 495 56,855 I > S 

Candidatus 
Odinarchaeota 

archaeon LCB_4 
OLS18764.1 493 56,708 I > S 

Candidatus 
Nitrosotalea 
devanaterra 

CUR51878.1 472 53,817 S > I 

Coxiella brunetii WP_005772347.1 470 53,963 I > S 
* NE – no expression observed, I – insoluble, S – soluble 
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Table S2 – Quantitative amino acid analysis of purified NdCCD1. 

Amino acid known number of 
residues 

predicted % molar 
composition 

experimental % 
molar 

composition 
Asx 51 10.8 10.9 
Glx 45 10.4 9.7 
Ser 36 7.9 7.7 
His 12 2.3 2.6 
Gly 23 5.3 4.9 
Thr 30 6.2 6.4 
Ala 32 7.2 6.9 
Arg 18 4.1 3.9 
Tyr 24 4.6 5.2 
Val 34 6.9 7.3 
Met 7 1.2 1.5 
Phe 34 7.3 7.3 
Ile 30 5.9 6.4 
Leu 35 7.9 7.5 
Lys 35 7.6 7.5 
Pro 20 4.5 4.3 

 

1 Two Cys and four Trp were not assayed 
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Table S3 – First row transition metal content of NdCCD samples   

Expression 

Media 

Protein 

concentration 

 

Metal concentration (ppm) target 

NdCCD 
Fe Co Cu Mn Ni Zn 

LB 2.9 0.68 <0.01 0.01 <0.01 <0.01 0.08 0.9 

M9 + Co 2.9 0.10 1.02 0.01 <0.01 <0.01 0.05 1.6 

buffer 

alone 
0 0.01 <0.01 0.04 <0.01 <0.01 0.10  
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Table S4 - X-ray diffraction data collection and structure refinement statistics 

 

* Bijvoet pairs kept separate for calculation of statistics 

† Values in parentheses are for the highest resolution shell of data 

** Calculated with the program Aimless (32).  

‡ Values in parentheses indicate the number of reflections used for cross-validation 

 Values in parentheses are for the four well-ordered chains A-D 

*** Evaluated using Molprobity (22) 

 

 
 

Data collection and processing 

Crystal Fe-NdCCD  
 

Co-NdCCD  
 

Co-NdCCD-product 
complex 

 

Co-NdCCD 
post-Co K-edge*  

 

Co-NdCCD 
pre-Co K-edge* 

 

-ray source NSLS-
17-ID-2 

NSLS-
17-ID-2 

NSLS-  
17-ID-2 

NSLS-
17-ID-1 

NSLS-
17-ID-1 

 0.979354 0.979364 0.979356 1.606010 1.612290 
Space group P61 P61 P61 P61 P61 

 a = 107.27, c = 
491.11 

a = 108.01, c = 
491.61 

a = 107.25, c = 
490.24 

a = 107.48, c = 
491.89 

a = 108.05, c = 
493.06 

† 50-2.68 (2.85-
2.68) 

50-2.30 (2.44-
2.30) 

50 – 2.35 (2.49 – 
2.35) 

50 – 3.20 (3.39 – 
3.20) 

50 – 3.2 (3.39 – 
3.20) 

Unique reflections 88,233 (13,897) 142,530 (22,771) 131,487 (21,124) 104,112 (16,658) 105,324 (16911) 
Multiplicity 10.5 (10.1) 8.8 (8.9) 10.6 (10.2) 5.4 (5.5) 5.4 (5.5) 
Completeness (%) 99.5 (97.5) 99.8 (98.8) 99.9 (99.2) 99.2 (98.4) 99.2 (98.5) 
<I I> 11.77 (0.97) 10.59 (0.79) 12.83 (1.05) 7.86 (1.08) 6.95 (0.87) 
RmergeI (%) 18.5 (195.4) 14.3 (217.3) 13.0 (206.0) 15.1 (122.2) 18.1 (152.5) 
RpimI (%)** 6.1 (74.0) 5.1 (88.5) 4.2 (78.7) 7.2 (63.1) 8.7 (79.1) 
CC (%) 99.9 (37.3) 99.8 (44.0) 99.9 (44.2) 99.7 (50.3) 99.6 (39.5) 
Wilson B 2) 66 61 62 89 88 

Refinement 
 49.15 – 2.69 49.44 – 2.30 49.13 – 2.35   

No reflections‡ 83,770 (4,373) 135,427 (7,076) 124,967 (6,518)   
Rwork Rfree (%)   21.3    
No atoms  21,655 (14,797) 21,658 (14,893) 21,835 (14,988)   
 Protein 21,394 (14,538) 21,188 (14,468) 21,286 (14,476)   
 Metal 6 (4) Fe 6 (4) Co 6 (4) Co   
 Water 244 460 443   
 Ligand 8 BCT -- 96 QVM   
<B- 2)  91.1 (78.1) 75.6 (67.8) 83.1 (71.5)   
 Protein 91.5 (78.4) 76 (68.2) 83.7 (71.8)   
 Metal 63.5 (53.6) 53.7 (47.3) 60.2 (49.8)   
 Water 56.1 54.6 59   
 Ligand 65.9 BCT -- 77.9 QVM   
RMS deviations      
  0.002 0.006 0.005   
 Bond angles (º) 1.20 1.35 1.30   
Ramachandran plot (% 

***  95.9     

Molprobity score (%) 100 99 100   
PDB accession code 6VCF 6VCG 6VCH   
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Table S5. Selected EXAFS fits of FeII-NdCCDa 

 

  Fe-N/O Fe-O Fe•••His     
fit n r 2 n r 2 n r 2 0 2 R 
1 4 2.12 1.4           1.91 20.24 0.0482 
2 5 2.12 2.5           1.47 12.29 0.0292 
3 6 2.12 3.4           1.03 13.63 0.0324 
4 4 2.13 1.8 1 2.05 1.1      1.50 16.90 0.0265 
5 4 2.14 1.5 2 2.07 3.1      1.17 17.15 0.0269 
                      

6 5 2.12 2.5           1.23 25.15 0.1657 

7 5 2.13 2.5      4 

3.12               
3.34                 
4.33                
4.38 

6.5               
2.7            
9.0            
10.7 

1.35 10.03 0.0385 

 

a Fitting range was k = 2.0-14.0 -1 (resolution = 0.13 ) with back transform ranges of 1.0-2.2 
 for fits 1-5 and 1.0-3.95  for fits 6-7. -3 0 is in units 

of eV; R represents the fractional mis- 2 2 fitting metric normalized 
by the number of independent data points in a given fit. 


