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Location of CYP genes 

N. aromaticivorans contains two plasmids, pNL1 (180 kbp) and pNL2 (480 kbp), alongside its 

chromosomal genomic DNA (3.56 Mbp). CYP101C1, CYP101D1, CYP101D2, CYP111A2, ArR 

and Arx are located on the chromosomal DNA while CYP101B1 is located on pNL2. No CYP 

genes are located on pNL1 (1). 

 

CYP101B1 Saro_3533         pNL2 

CYP101C1 Saro_2249 chromosomal 

CYP101D1 Saro_0514 chromosomal 

CYP101D2 Saro_1478 chromosomal 

CYP111A2 Saro_0759 chromosomal 

ArR  Saro_0216 chromosomal 

Arx  Saro_1477 chromosomal 

 

The organisation of the genes in Sphingomonas bacteria are complex in that the genes necessary 

for degradation of one type of compound may be distributed into multiple operons that also 

possess genes for the degradation of other compounds. The lateral transfer of genes between 

Sphingomonas and Pseudomonas species has previously been proposed (1). Full details on the 

cloning of the genes have been reported elsewhere (2,3). 

Product formation 

After all of the NADH had been consumed in an incubation reaction, 10 l of a 25 mM stock of 

9-fluorenol was added to the mixture to act as an internal standard for the extraction and GC 

analysis. 1 ml of the turnover was extracted with 400 µl ethyl acetate and the organic phase was 

removed and analysed via gas chromatography. Analyses were performed on a ThermoFinnegan 

Trace GC instrument equipped with an auto-sampler and a DB-1 fused silica column (7 m × 

0.25 mm) using helium as the carrier gas and flame ionization detection. The injector and flame 



ionization detector were held at 200°C and 250°C, respectively. The temperature of the DB-1 

fused silica column (7m x 0.25m) was held at 60 ºC for 1 min and then increased at 15 ºC/min up 

to 150 ºC. The retention times of substrate and products were as follows: camphor; 3.78 min, 5-

exo-hydroxycamphor; 5.74 min, 6-exo-hydroxycamphor; 5.50 min, 5-endo-hydroxycamphor; 5.96 

min, 9-hydroxycamphor; 6.14 min, β-ionone; 6.65 min, 4-hydroxy-β-ionone; 8.39 min, 3-

hydroxy-β-ionone; 8.71 min, 4-(1,3,3-trimethyl-7-oxabicyclo[4.1.0]hept-2-yl)-3-buten-2-one (α-

ionone-epoxide); 7.05 min, linalool; 3.38 min, 8-hydroxylinalool; 5.67 min, 2-adamantanone; 

5.30 min, 5-hydroxy-2-adamantanone; 6.52 min, unidentified minor 2-adamantanone oxidation 

product; 6.62 min and 9-hydroxyflourenol; 9.35 min.  

The product concentration in incubation mixtures was calculated by calibrating the 

concentration response of the GC detector to an authentic sample or a structural isomer (e.g. 2-

hydroxy-3-pinanone for 5-exo-hydroxycamphor). Mixtures containing different concentrations of 

the product and the internal standard were extracted and analyzed as for normal incubations. The 

plot of the ratio of the peak area for the product to the 9-fluorenol internal standard against the 

product concentration gave a calibration plot from which the absolute concentration of products 

produced by enzymatic turnover in an incubation mixture could be determined. Where more than 

one product was produced the detector response was assumed to be equal, e. g. 4-hydroxy-β-

ionone and 3-hydroxy-β-ionone. The coupling efficiency was the percentage of NADH consumed 

that led to product formation. 

The NAD-binding site in ArR 

In ArR the solvent accessible cavity above the re side of the isoalloxazine ring is believed to 

accommodate the nicotinamide ring of NAD (Fig. S6).  The structure of BphA4, a related ONFR 

protein, with NAD bound has been determined. The position of the loops that constitute the NAD 

binding site in both proteins are similar (Fig. S6). The conserved acidic residues Glu165 and 

Glu301 form hydrogen bonds with the carboxamide group of the nicotinamide ring and ribose (-

ring) oxygen, respectively. Another conserved acidic residue Glu181 may stabilize the adenine 

ribose through hydrogen bonds with the ribose O2 and O3 atoms. In BphA4, residues Gln177 and 

Ser182 also form hydrogen bonds with these adenine ribose oxygens. However, the corresponding 



residues in ArR are nonpolar Leu183 and Ala188 and thus NAD binding might be weakened. 

Another potentially significant difference between ArR and BphA4 is the orientation of Arg189 

(Arg183 in BphA4). Arg183 in BphA4 may act a wall in the channel of NAD binding site and 

stabilize the ribose and pyrophosphate group but Arg189 in ArR is located at the surface of the 

NAD binding site and may form hydrogen bonds with the adenine ribose. 

The C-terminal arm of Arx 

The hydrogen-bonding network at the C-terminus of Arx is different from other vertebrate-type 

ferredoxins due to Arg8 which forms hydrogen bonds with the carbonyl and side chain oxygens 

of Glu34, the carbonyl oxygen of Ala101, and two water molecules (Wat20 and Wat11), as well 

as a salt bridge with Glu103. The water molecules bridge Arg8 and the carbonyl oxygens of 

Thr47 and His49 and the main chain amide nitrogen atoms of Leu36 and His49 (Supplemental 

Fig. S10c). This network of hydrogen bonds and salt bridges around Arg8 links the N-terminus, 

C-terminus and the cluster loop of Arx. The corresponding residue to Arg8 in other ferredoxins is 

a histidine whose side-chain points towards the enzyme surface. 

The overall structure of CYP101D1 

In the native form, one 1,4-dioxane molecule, six phosphate ions, 466 water molecules, and one 

unidentified density were found. In the camphor-bound form, two camphor molecules, 817 water 

molecules and four phosphate ions were identified.  

 

 



Figure S1. SDS page gels of ArR, Arx and CYP101D1. 

 

 



Figure S2. (a) The effect of KCl on the NADH consumption rate of the 

ArR/Arx/CYP101D2 system (b) The effect of pH on the NADH consumption rate of the 

ArR/Arx/CYP101D2 system. The coupling of product formation to NADH consumption 

(≥ 95%) was unaffected by the presence of ≤ 500 mM KCl or the pH values studied. The 

optimal activity was found at pH 7.4. 
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Figure S3. Protein sequence alignments of the ONFR proteins PdR, PuR, ArR, BphA4 

and AdR. 

                            10        20        30        40        50        60            

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                ---------MNANDNVVIVGTGLAGVEVAFGLRASGWEGNIRLVGDATVIPHHLPPLSKA  

PuR                -----------MNDTVLIAGAGHAGFQVAVSLRQAKYPGRIALINDEKHLPYQRPPLSKA  

ArR                ----MASEVQAERADVVIVGAGHGGAQAAIALRQNGFEGRVLVIGREPEIPYERPPLSKE  

BphA4              ------MSQEALKAPVVVLGAGLASVSFVAELRQAGYQGLITVVGDEAERPYDRPPLSKD  

AdR                MASRCWRWWGWSAWPRTRLPPAGSTPSFCHHFSTQEKTPQICVVGSGPAGFYTAQHLLKH  

 

                            70        80        90       100       110       120         

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                YLAGKATAESLYLRT-----PDAYAAQNIQLLGGTQVTAINR----------DRQQVILS  

PuR                YLKSGGDPNSLMFRP-----EKFFQDQAIELIS-DRMVSIDR----------EGRKLLLA  

ArR                YLAREKTFERICIRP-----AQFWEDKAVEMKLGAEVVSLDP----------AAHTVKLG  

BphA4              FMAHG-DAEKIRL--------DCKRAPEVEWLLGVTAQSFDP----------QAHTVALS  

AdR                PQAHVDIYEKQPVPFGLVRFGVAPDHPEVKNVINTFTQTAHSGRCAFWGNVEVGRDVTVP  

 

                           130       140       150       160       170       180      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                DGRALDYDRLVLATGGRPRPLPVASGAVGKANNFRYLRTLEDAECIRRQLIA---DNRLV  

PuR                SGTAIEYGHLVLATGARNRMLDVPN---ASLPDVLYLRTLDESEVLRQRMPD---KKHVV  

ArR                DGSAIEYGKLIWATGGDPRRLSCVG---ADLAGVHAVRTKEDADRLMAELDAG--AKNAV  

BphA4              DGRTLPYGTLVLATGAAPRALPTLQ---GATMPVHTLRTLEDARRIQAGLRP---QSRLL  

AdR                ELREAYHAVVLSYGAEDHRALEIPGEELPGVCSARAFVGWYNGLPENQELEPDLSCDTAV  

 

                           190       200       210       220       230       240      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                VIGGGYIGLEVAATAIKANMHVTLLDTAARVLERVTAP------------------PVSA  

PuR                VIGAGFIGLEFAATARAKGLEVDVVELAPRVMARVVTP------------------EISS  

ArR                VIGGGYIGLEAAAVLTKFGVNVTLLEALPRVLARVAGE------------------ALSE  

BphA4              IVGGGVIGLELAATARTAGVHVSLVETQPRLMSRAAPA------------------TLAD  

AdR                ILGQGNVALDVARILLTPPEHLEALLLCQRTDITKAALGVLRQSRVKTVWLVGRRGPLQV  

 

                           250       260       270       280       290       300      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                FYEHLHREAGVDIR-----------TGTQVCGFEMSTDQQKVTAVLCEDGTRLPADLVIA  

PuR                YFHDRHSGAGIRMH-----------YGVRAT--EIAAEGDRVTGVVLSDGNTLPCDLVVV  

ArR                FYQAEHRAHGVDLR-----------TGAAMD--CIEGDGTKVTGVRMQDGSVIPADIVIV  

BphA4              FVARYHAAQGVDLR-----------FERSVTG---SVDG----VVLLDDGTRIAADMVVV  

AdR                AFTIKELREMIQLPGARPILDPVDFLGLQDKIKEVPRPRKRLTELLLRTATEKPGPAEAA  

 

                           310       320       330       340       350       360      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                GIG----------LIPNCELASAAGLQVDNGIVINEHMQTSDPLIMAVGDCARFHSQLYD  

PuR                GVG----------VIPNVEIAAAAGLPTAAGIIVDQQLLTSDPHISAIGDCALFESVRFG  

ArR                GIG----------IVPCVGALISAGASGGNGVDVDEFCRTSLTDVYAIGDCAAHANDFAD  

BphA4              GIG----------VLANDALARAAGLACDDGIFVDAYGRTTCPDVYALGDVTRQRNPLSG  

AdR                RQASASRAWGLRFFRSPQQVLPSPDGRRAAGVRLAVTRLEGVDEATRAVPTGDMEDLPCG  

 

                           370       380       390       400       410       420      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                -RWVRIESVPNALEQARKIAAILCGKVPR---DEAAPWFWSDQYEIGLKMVGLSEGYDRI  

PuR                -ETMRVESVQNATDQARCVAARLTGDAKP---YDGYPWFWSDQGDDKLQIVGLTAGFDQV  

ArR                GAVIRLESVQNANDMATAAAKDICGAPVP---YKATPWFWSNQYDLKLQTVGLSTGHDNA  

BphA4              -RFERIETWSNAQNQGIAVARHLVDPTAPG--YAELPWYWSDQGALRIQVAGLASG-DEE  

AdR                LVLSSIGYKSRPVDPSVPFDSKLGVIPNVEGRVMDVPGLYCSGWVKRGPTGVIATTMTDS  

 

                           430       440       450       460       470       480      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

PdR                IVRGSL--AQPDFSVFYLQ-GDRVLAVDTVNRPVEFNQSKQIITDRLPVEPNLLGDESVP  

PuR                VIRGSV--AERSFSAFCYK-AGKLIGIESVNRAADHVFGRKILPLDKSVTPEQAADLSFD  

ArR                VLRGDP--ATRSFSVVYLK-GGKVVALDCVNMVKDYVQGKKLVEARAQIAPEQLADAGVP  

BphA4              IVRGEVSLDAPKFTLIELQ-KGRIVGATCVNNARDFAPLRRLLAVGAKPDRAALADPATD  

AdR                FLTGQMLLQDLKAGLLPSGPRPGYAAIQALLSSRGVRPVSFSDWEKLDAEEVARGQGTGK  



                           490       

                   ....|....|....|.. 

PdR                LKEIIAAAKAELSSA--  

PuR                LKKAAA-----------  

ArR                LKEMLA-----------  

BphA4              LRKLAAAVAA-------  

AdR                PREKLVDPQEMLRLLGH 

  

Sequence alignments were performed using ClustalW (http://www.ebi.ac.uk/clustalw/) 

and annotated using BioEdit (4,5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S4 a-c) Overall structure comparison of PdR (a), BphA4 (b) and PuR (c) colored 

in cyan, pink and orange, respectively. The FAD molecules are shown in yellow stick 

representation. Differences in the secondary structures are colored in red. 

(a)                 (b) 

 
(c) 

 
 



Figure S5. The surface of PdR (a) and PuR (b) at the top of the adenine ribose moiety, showing the more open conformations of these enzymes 

compared to ArR (Fig. 2c). 

(a)                  (b) 

 
 

 



Figure S6. Overlay of the NAD-binding domain of the NAD
+
 (in yellow) complex of 

BphA4 (in cyan) with ArR (in orange) without NAD
+ 

bound. The structurally conserved 

loops (I, II and III) involved in cofactor binding and the location of potential key residues 

such as Glu165, Glu181 and Glu301 are shown.  

 

 
 

 



Figure S7. The electrostatic potentials of the FAD si side surface of PdR (a) and PuR (b) 

compared to ArR (Fig. 3a). Negatively and positively charged surface areas are colored in 

red and blue, respectively. Residues that contribute to the different surface potential 

distributions and that may be involved in ferredoxin binding are labeled. 

(a) 

 
 

(b) 

 
 

 



Figure S8. (a) and (b) The electrostatic potential surfaces of the Arx pentamers. 

Positively charged regions are colored in blue and negatively charged regions in red. The 

more neutral surface is the interaction region in the back-to-back packing of pentamers in 

the crystals. The intermolecular disulfide bonds are also located within this neutral region. 

(a) 

 
 

(b) 

 
 



Figure S9. Gel filtration of the Arx protein (Superdex-200) 

 
 



Figure S10. (a) Stereoview of the electron density and model for the [2Fe-2S] cluster in 

Arx. The electron density of [2Fe-2S] cluster (2Fo-Fc contoured at 1) and the side chains 

of the four cysteine residues are colored in marine and grey, respectively. 

 

 



(b) The location of two non-ligand cysteines (Cys42 and Cys43) in the cluster binding 

loop of Arx. The [2Fe-2S] cluster, the secondary structure of the core domain (green) and 

the interaction domain (red), and the side chains of the residues (grey) surrounding Cys43 

are shown. 

 
 



(c) The hydrogen bond network around His49 that connects the Arx C-terminal arm, N-

terminal and the cluster binding loop. The relevant residues (green), the hydrogen bonds 

interactions (black dashed lines) and the water molecules (red) are shown. 

 
 



Figure S11. The electrostatic surface potentials of the interaction face of Pdx (a) and Adx 

(b) surrounding the [2Fe-2S] cluster regions compared to Arx (Fig. 3b). Negatively and 

positively charged surface areas are colored in red and blue, respectively. The 

electrostatic potential surfaces of the cluster binding loop in Arx and Adx are more 

neutral than that of Pdx. Residues that contribute to the different surface potential 

distributions and that may be involved in protein recognition are labeled. 

(a) 

 
 

(b) 

 
 

 



Figure S12. Gel filtration of CYP101D1 (Superdex-200) 

 

 
 



Figure S13. Structure of (a) CYP101D1 (green) and (b) CYP101A1 (P450cam, cyan). 

The more extended N-terminus of the G helix and the different position of the F-G loop in 

CYP101D1 are shown in red. Other differences were found in the N-terminal helical 

region, the 2 sheets and the C-terminal  sheets and are also highlighted in red. 

 (a)                                                                   (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S14. The electrostatic surface potentials of the proximal face of CYP101A1 (a), 

CYP199A2 from Rhodopseudomonas palustris CGA009 (b) and CYP24A1 from rat 

mitochondria (c) compared to CYP101D1 (Fig. 3c). Negatively and positively charged 

surface areas are colored in red and blue, respectively. Residues that contribute to the 

different surface potential distributions and that may be involved in ferredoxin binding 

are labeled. 

(a) 

 
 

(b) 

 
 



(c) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S15. Protein sequence alignments of the CYP101 and CYP111 family proteins 

from P. putida,  P. putida strain PpG777 and N. aromaticivorans. 

                            10        20        30        40        50        60            

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           ----MTTETIQSNANLAPLPPHVPEHLVFDFDMYNPSN-LSAGVQEAWAVLQESNVPDLV 55   

CYP101C1           -----------------MIPAHVPADRVVDFDIFNPPG-VEQDYFAAWKTLLDG--PGLV 40   

CYP101D2           -LATNFDEAVRAKV---ERPANVPEDRVYEIDMYALNG-IEDGYHEAWKKVQHPGIPDLI 55   

CYP101D1           MNAQTSTATQKHRV---APPPHVPGHLIREIDAYDLDG-LEQGFHEAWKRVQQPDTPPLV 56   

CYP101B1           MLPHDRGQNSTRRITAMEAPAHVPADRVVDIDIYMPPGLAEHGFHKAWSDLS-AGNPAVV 59   

CYP111A1           ---MERPDLKNPDLYTQQVPHDIFARLRREEPVYWNPE---SDGSGFWAVLRHKDIIEVS 54   

CYP111A2           -----MLDLKNPDTYQGGVPYAALQDLRAEGPVHWNPE---SDGAGFWAVLGHDEIVAVS 52   

 

                            70        80        90       100       110       120         

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           WTRCNGGHWIATRGQLIREAYEDYRHFSSECPFIPREAGEAYDFIPTSMDPPEQRQFRAL 115  

CYP101C1           WSTANGGHWIAARGDVVRELWGDAERLSSQCLAVTPGLGKVMQFIPLQQDGAEHKAFRTP 100  

CYP101D2           WTPFTGGHWIATNGDTVKEVYSDPTRFSSEVIFLPKEAGEKYQMVPTKMDPPEHTPYRKA 115  

CYP101D1           WTPFTGGHWIATRGTLIDEIYRSPERFSSRVIWVPREAGEAYDMVPTKLDPPEHTPYRKA 116  

CYP101B1           WTPRNEGHWIALGGEALQEVQSDPERFSSRIIVLPKSVGEMHGLIPTTIDPPEHRPYRQL 119  

CYP111A1           RQPLLFSSAYENGG---------HRIFNENEVGLTNAGEAAVGVPFISLDPPVHTQYRKV 105  

CYP111A2           RQPDLFSSAFENGG---------HRIFNENQVGLTGAGESAIGIPFISRDPPSHTQYRKF 103  

 

                           130       140       150       160       170       180      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           ANQVVGMPVVDKLENRIQELACSLIESLRPQGQCNFTEDYAEPFPIRIFMLLAGLPEEDI 175  

CYP101C1           VMKGLASRFVVALEPKVQAVARKLMESLRPRGSCDFVSDFAEILPLNIFLTLIDVPLEDR 160  

CYP101D2           LDKGLNLAKIRKVEDKVREVASSLIDSFAARGECDFAAEYAELFPVHVFMALADLPLEDI 175  

CYP101D1           IDKGLNLAEIRKLEDQIRTIAVEIIEGFADRGHCEFGSEFSTVFPVRVFLALAGLPVEDA 176  

CYP101B1           LNAHLNPGAIRGLSESIRQTAVDLIEGFAAQGHCNFTAQYAEQFPIRVFMALVGIEASEA 179  

CYP111A1           IMPALSPARLGDIEQRIRVRAEALIERIPLGEEVDLVPLLSAPLPLLTLAELLGLDPDCW 165  

CYP111A2           VMPALSPARLQGIEERIAKRVERLFAQVPLGETVNILPLLTVPLPLLTLAELLGVPADLW 163  

 

                           190       200       210       220       230       240      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           PHLKYLTDQMTRPDG------SMTFAEAKEALYDYLIPIIEQRRQKPGTDAISIVANGQV 229  

CYP101C1           PRLRQLGVQLTRPDG------SMTVEQLKQAADDYLWPFIEKRMAQPGDDLFSRILSEPV 214  

CYP101D2           PVLSEYARQMTRPEGNTPEEMATDLEAGNNGFYAYVDPIIRARVGGDGDDLITLMVNSEI 235  

CYP101D1           TKLGLLANEMTRPSGNTPEEQGRSLEAANKGFFEYVAPIIAARRGGSGTDLITRILNVEI 236  

CYP101B1           PRIRHWAECMTRPG------MDMTFDEAKAVFFDYVGPLVDARRETPGEDMISAMINADL 233  

CYP111A1           YELYNWTNAFVGEDDPEFRKSPEDMAKVLGEFMGFCQELFESRRANPGPDIATLLANAEI 225  

CYP111A2           PDLHRWTDAFVGEDDPDFRQSPEAMQAVLAEFMGFATALFEDRRANPGPDIASLLANTEI 223  

 

                           250       260       270       280       290       300      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           N-GRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPEHRQELIERPERIPAACEE 288  

CYP101C1           G-GRPWTVDEARRMCRNLLFGGLDTVAAMIGMVALHLARHPEDQRLLRERPDLIPAAADE 273  

CYP101D2           N-GERIAHDKAQGLISLLLLGGLDTVVNFLSFFMIHLARHPELVAELRSDPLKLMRGAEE 294  

CYP101D1           D-GKPMPDDRALGLVSLLLLGGLDTVVNFLGFMMIYLSRHPETVAEMRREPLKLQRGVEE 295  

CYP101B1           GDGRRLTRDEALSVVTQVLIAGLDTVVNVLGFIMRELAGNPALRADLRQRGADILPVVHE 293  

CYP111A1           N-GQPVALRDFIGNLTLTLVGGNETTRNSISHTIVTLSQQPDQWDILRQRPELLKTATAE 284  

CYP111A2           R-GEPAPLRDFIANLILALVGGNETTRNSINHTMIALAENPGQWDILRADPSLMTAAVKE 282  



                           310       320       330       340       350       360      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           LLRRFS-LVADGRILTSDYEFHGVQLKKGDQILLPQMLSGLDERENACPMHVDFSR--QK 345  

CYP101C1           LMRRYP-TVAVSRNAVADVDADGVTIRKGDLVYLPSVLHNLDPASFEAPEEVRFDRGLAP 332  

CYP101D2           MFRRFP-VVSEARMVAKDQEYKGVFLKRGDMILLPTALHGLDDAANPEPWKLDFSR--RS 351  

CYP101D1           LFRRFA-VVSDARYVVSDMEFHGTMLKEGDLILLPTALHGLDDRHHDDPMTVDLSR--RD 352  

CYP101B1           LFRRFG-LVSIAREVRRDIEFHGVHLKAGDMIAIPTQVHGLDPRVNPDPLAIDPSR--KR 350  

CYP111A1           MVRHASPVLHMRRTAMEDTEIGGQAIAKGDKVVLWYASGNRDESVFSDADRFDVTR--TG 342  

CYP111A2           MVRFASPVIHMRRTAMRDTQLGQQAICKGDKVVIFYPAGNRDPAVFENPDRFEITR--PV 340  

 

                           370       380       390       400       410       420      

                   ....|....|....|....|....|....|....|....|....|....|....|....| 

CYP101A1           VSHTTFGHGSHLCLGQHLARREIIVTLKEWLTRIPDFSIAPGAQIQHKSGIVSGVQALPL 405  

CYP101C1           IRHTTMGVGAHRCVGAGLARMEVIVFLREWLGGMPEFALAPDKAVTMKGGNVGACTALPL 392  

CYP101D2           ISHSTFGGGPHRCAGMHLARMEVIVTLEEWLKRIPEFSFKEGETPIYHSGIVAAVENVPL 411  

CYP101D1           VTHSTFAQGPHRCAGMHLARLEVTVMLQEWLARIPEFRLKDRAVPIYHSGIVAAVENIPL 412  

CYP101B1           ARHSTFGSGPHMCPGQELARKEVAITLEEWLRRIPDFALGPNSDLSPVPGIVGALRRVEL 410  

CYP111A1           VQHVGFGSGQHVCVGSRLAEMQLRVVFEILSTRVKRFELCS-KSRRFRSNFLNGLKNLNV 401  

CYP111A2           RQHLAFGSGAHVCVGSRLAEMQLRLAFAEMARHVRAFEVVG-EPSRVRSNFINGFKRLEV 399  

 

                           430  

                   ....|....| 

CYP101A1           VWDPATTKAV 415  

CYP101C1           VWRA------ 396  

CYP101D2           VWPIAR---- 417  

CYP101D1           EWEPQRVSA- 421  

CYP101B1           VWNT------ 414  

CYP111A1           VLVPK----- 406  

CYP111A2           RLLV------ 403  

 

 

Sequence alignments were performed using ClustalW (http://www.ebi.ac.uk/clustalw/) 

and annotated using BioEdit (4,5). 

 
 



Table S1. Steady state NADH turnover activity of CYP101D2 and CYP101A1 with 

camphor in the presence or absence of 200 mM KCl, with different electron transfer 

proteins from Pseudomonas putida and Novosphingobium aromaticivorans. Turnover 

rates are given in nmol.(nmol CYP)
–1

.min
–1

 and the data are reported as meanS.D. 

(n  3). Product formation rates and coupling were estimated using the 5-exo-

hydroxycamphor analogue 2-hydroxy-3-pinanone as a standard and adjusted 

assuming 100% coupling for the PdR/Pdx/CYP101A1 turnover with camphor. Leak 

rates were obtained in the absence of substrate and were 25.7 ± 2.7 for ArR/Arx and 

11.2 ± 0.9 for PdR/Pdx. ArR: Aromaticivoransredoxin reductase; Arx: 

Aromaticivoransredoxin; PdR: putidaredoxin reductase; Pdx: putidaredoxin. 

 

 CYP101D2 

Electron transfer chain NADH 

consumption rate 

Product 

formation rate 

Coupling 

% 

    
ArR/Arx (200mM KCl) 74546 74128 99 

ArR/Arx 202078 2010100 99 

PdR/Arx (200mM KCl) 1564.6 1534.5 98 

PdR/Arx 2795.6  25923 93 

PdR/Pdx (200mM KCl) 16.04.7 11.13.4 70 

  

CYP101A1 

Electron transfer chain NADH 

consumption rate 

Product 

formation rate 

Coupling 

% 

    

ArR/Arx (200 mM KCl) 24.63.1 0.70.1 3 

ArR/Pdx (200 mM KCl) 17.90.9 6.30.3 35 

PdR/Pdx (200 mM KCl) 75316 75316 100 

 

 



Table S2. Comparison of the active site residues of CYP101D1 and CYP101A1. 

Differences  in CYP101D1 are underlined. 

P. putida N. aromaticivorans  

CYP101A1  CYP101D1 

E84 R85 

F87 W88 

G93 G94 

E94 E95 

Y96 Y97 

F98 M99 

T101 T102 

T185 T186 

L244 L251 

V247 L254 

V295 V302 

D297 D304 

I395 I402 

V396 V403 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Protein-camphor interactions in CYP101D1. 

O Tyr97(2.6 Å) 

C2 Leu251C1(4.0 Å), Trp88CH2(4.0 Å) 

C3 Leu251C1(4.1 Å), Thr102C2(4.0 Å) 

C5 Leu251C1(4.0 Å), Gly255C(4.0 Å) 

C6 Leu251C1(4.2 Å), Gly255C(3.5 Å), Leu254C(4.2 Å) 

C8 Val302C1(3.7 Å) 

C9 Val302C2(3.6 Å), Thr259C2(3.6 Å),  

C10 Leu254C(3.9 Å), Leu254C1(3.8 Å), Thr186C2(3.7 Å), Val403C2(3.9 Å) 

 



Table S4. A comparison of selected residues in Adx, Arx and Pdx. 

 

 

Arx 

 

Adx 

 

Pdx 

Leu38 Ala45 Asp38 

Gly65 Asp72 Glu65 

Asp66 Glu73 Arg66 

Asp69 Asp76 Gly69 

Asp72 Asp79 Glu72 

Asp75 Tyr82 Thr75 
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