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Figure S1. Multiple sequence alignment of all CrtC protein sequences showing conserved amino acids. 
Identical amino acids are marked with an asterisk. RgCrtC sequence is highlighted in yellow (next page). 
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1. Importance of the N-terminal part of CrtC 

In our previous study we have already shortly discussed the preliminary results on the importance 

of the N-terminal part of CrtC for the catalytic activity (Hiseni et al. 2011). In order to investigate this 

further, truncated (Tr- and RgCrtC) and N-terminal point mutants (TrCrtC) were constructed (Table S1). 

We have shown here that the activity of the truncated versions is fully retained (Figure 6, main text). It 

should be noted here that the truncated version of TrCrtC shows a larger molecular weight (Figure S2, 

lane 2) compared to the native ‘cleaved’ form (Figure S2, lanes 3,4), which is due to the attached N-

terminal His-Tag in all constructs that is cleaved off from the full length protein, resulting in a smaller 

protein. 

 

 
Table S1. N-terminal mutants of Rubrivivax gelatinosus (RgCrtC) and Thiocapsa roseopersicina (TrCrtC) 

carotenoid 1,2-hydratase. 

Name Mutation 

RgCrtC truncated RgCrtC without first 45 AAs 

TrCrtC truncated TrCrtC without first 57 AAs 

TrCrtC S58V TrCrtC bearing mutation S58V 

TrCrtC S58Q TrCrtC bearing mutation S58Q 

 

 

 

Apart from expression levels, the activities of crude cell extracts of the N-terminal constructs 

were measured with lycopene as substrate. Since crude cell extracts were used, the results cannot be 

quantitated. However, in combination with the expression levels as shown in Figure S2, indicative 

conclusions can be drawn. As stated in our previous study, the N-terminus is not important for catalytic 

activity (Hiseni et al. 2011). This again was proven here, as the truncated Rg- as well as TrCrtC were 

active. Furthermore, although the introduction of N-terminal point mutations did affect the cleavage rate 

of the N-terminal part, it did not affect the activity of TrCrtC. 
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Figure S2. SDS-PAGE (10%) analysis of expression of N-terminal mutants from T. roseopersicina CrtC (TrCrtC).  

M, Precision plus protein standard (BioRad). First lane of each sample shows cells before induction with 0.1 mM 

IPTG and the second lane shows cells after overnight expression at 25°C. 1, TrCrtC wild type; 2, TrCrtC truncated; 

3, TrCrtC S58V; 4, TrCrtC S58Q. 

Full length protein = 44 kDa, truncated protein w/o His-tag = 38 kDa, truncated protein with His-tag = 39 kDa. 

 

 

 

 

 

 

 

 

Although the reason for the truncation is still unknown, and the N-terminal region is not involved 

in the catalytic activity, we did explore this phenomenon a bit further. The cleavage site was determined 

by MS analysis, and appeared between S57 and S58. To determine whether the truncation of recombinant 

TrCrtC was processed by E. coli endogenous proteases or the enzyme itself, two mutants at the first 

amino acid after cleavage were produced. The S58 position was modified by substitutions with valine 

(same size, different chemical features) or glutamine (different size, same chemical features), which are 

no targets for known E. coli proteases. All resulting proteins were cleaved, but at a different rate. It seems 

that the cleavage rate increased in the order of wild type < S58V < S58Q. This conclusion is based on the 

fact that in the wild type sample in Figure S2 mainly the 44 kDa band is visible (lane 1). In the S58V 

mutant about the same amount of both, the 38- as well as the 44 kDa bands could be detected (lane 3), 

while in the S58Q mutant mainly the 38kDa band could be identified (lane 4). These differences in 

cleavage rate might be explained by the fact that the substitution of an amino acid by a larger or more 

hydrophobic amino acid could result in conformational changes which promote the processing activity, 

either by host proteases or through self-cleavage. Since this truncation was not the focus of this study, we 

did not pursue this any further. Nevertheless, additional experiments are needed to get more insight into 

this occurrence. For example, by expressing larger amounts of the corresponding proteins, and quickly 

purifying them, one could follow the change of the protein size in time. With the wild type TrCrtC, we 

have already seen that even though the purified enzyme consisted of both sizes proteins, after few days of 

storage, the 44 kDa could not be detected anymore, pointing towards self-cleavage (Hiseni et al. 2011), 

which is not disturbed by the mutations prepared in this study. 

 

M          1              2                3                  4  

37 

50 
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2. Homology model of CrtC 

In order to investigate which one of the fully conserved residues could be involved in the catalytic 

hydration reaction, we tried to build a 3D structure model of TrCrtC. The CrtC secondary structure 

prediction was carried out with the program PolyView 2D (Porollo et al. 2004). Then the SWISS-

MODEL program was used to model the structure of TrCrtC (Arnold et al. 2006). All programs were 

used from their respective website, using the default settings. 

 

Figure S3. A homology model of CrtC from T. roseopersicina based on the crystal structure of a putative AttH 

(PDB id: 2ICH) from Nitrosomonas europaea. The ribbon diagrams depict front (left-hand side) and back (right-

hand side) view of CrtC. The structure is color-coded from the N-terminus (blue) to the C-terminus (red).  

 

 
 

 

 

The homology model was based on the only known 3D structure (PDB 2ICH) that showed some 

sequence identity (15.4%) to the CrtC (Figure S3), which is generally regarded as too low to build a good 

model. Modelled residue range was between 95 and 342 (QMEAN Z-Score: -6.054). The homologue is 

the putative AttH protein from Nitrosomonas europaea (Chiu et al. 2010). It belongs to a protein family 

of unknown function (DUF2006), which has remote similarity to the family PF07143 encompassing 

carotenoid 1,2-hydratases. The topology of the CrtC model structure shows similarity to lipocalins, 

proteins that bind and transport small hydrophobic molecules (Flower 1996). The lipocalin fold is 

typically formed by a large, twisted beta-sheet that closes in the back to form a central, internal, ligand-

binding cavity. This folding motif is frequently found in porins, transmembrane proteins or in general in 

proteins that bind hydrophobic ligands/substrates (LaLonde et al. 1994). 
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Figure S4. CrtC conserved residues. Ribbon diagram of TrCrtC with marked regions that contain highly conserved 

amino acid residues. The sequence motifs, which correspond to those regions, are shown in boxes (I – VI). N and C 

indicate N-and C-terminus, respectively.    

 

 

 
RgCrtC …............SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

TrCrtC …............SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

BrCrtC …............SDDG…….GSVFSP.Y……...........GPS........H.W..........D.Y.D.........................PFY 

RrCrtC …............SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

RpCrtC …............SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

Fos13CrtC...........SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

Fos06CrtC...........SDDG…….GSVFSP.Y……...........GPS........H.W..........H.Y.D.........................PFY 

 

  

  I                   II                         III          IV           V  IV                        VI 

 I    

 II    

 III    

 V    

 IV    

 VI   

 N    

 C    
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We visualized the conserved residues onto the model to investigate if there is any relationship 

between the conserved regions and specific locations in the homology model of CrtC (Figure S4). Six 

striking sequence motifs were selected (I – VI) and the results show that, indeed, most of the highly 

conserved residues that were found across all (putative) CrtC’s (Figure S1) are located either at the 

bottom or upper part of the cavity, with one motif (III) located outside the cavity. From a catalytic point 

of view, the amino acids located in regions IV and V, i.e. aspartic acid (D), tyrosine (Y) and histidine (H), 

are most probably involved in the catalytic hydration, as these amino acids are commonly involved as 

active residues in acid-base type catalyzed reactions in the active sites of enzymes (Bartlett et al. 2002). 

Furthermore, in this model they are all aligned and in close distance to each other (Figure S5), which is 

important for the contact with the substrate. 

 

Figure S5. View of the potential active site of TrCrtC. The conserved residues H237 (yellow), W239 (red), Y264 

(blue) and D266 (green) are show as sticks, with hydrogen bond as yellow dots (region IV).  

 

 
 

Although the model is based on very low homology, this structure is in agreement with our final 

hypothesis, where Y266 could make a bond to D268 through a water molecule, and H239 is in H-bridging 

distance (Figure S5), so all amino acids are correctly placed to assume their hypothetical role (Figure 8, 

main text). Interestingly, according to the homology model, the residues H264 (Rg) and H262 (Tr), which 

mutation to Ala does not impair the activity of the enzyme so much, are located away (region V) from the 

potential active site residues. This observation further allows our hypothesis that region IV is the active 

site of CrtC. On the other hand, the three totallly conserved hydrophobic residues proline, phenylalanine 

and tyrosine in region VI might play the role of attracting the hydrophobic substrate and placing it in the 

right position. The highly conserved mainly hydrophobic amino acids in region II, which are located close 

to potential active side residues in region IV, might play a role in stabilization of the substrate during 

catalytic activity. 



29 
 

Conclusion 

The homology model built for this study is merely a working model, given the limited level of 

sequence identity. However, the position of key residues correspond to the activity data of the mutants 

and allows our hypothesis on the hydration mechanism of CrtC. Due to this fact that the preserved active 

site residues do end up in close proximity to each other (see figure S5), we consider this model to provide 

a good basis for future studies, although a real crystal structure is of the utmost importance to confirm our 

hypothesis. 

 

Acknowledgements 

We thank Jan van Leeuwen (Groningen University) for making the CrtC models. 

 

 

References 

Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-MODEL workspace: a web-based 
environment for protein structure homology modelling. Bioinformatics 22(2):195-201. 
doi:10.1093/bioinformatics/bti770 

Bartlett GJ, Porter CT, Borkakoti N, Thornton JM (2002) Analysis of catalytic residues in enzyme active 
sites. J Mol Biol 324(1):105-121. doi:10.1016/S0022-2836(02)01036-7 

Chiu H-J, Bakolitsa C, Skerra A, Lomize A, Carlton D, Miller MD, Krishna SS, Abdubek P, Astakhova 
T, Axelrod HL, Clayton T, Deller MC, Duan L, Feuerhelm J, Grant JC, Grzechnik SK, Han GW, 
Jaroszewski L, Jin KK, Klock HE, Knuth MW, Kozbial P, Kumar A, Marciano D, McMullan D, 
Morse AT, Nigoghossian E, Okach L, Paulsen J, Reyes R, Rife CL, van den Bedem H, Weekes 
D, Xu Q, Hodgson KO, Wooley J, Elsliger M-A, Deacon AM, Godzik A, Lesley SA, Wilson IA 
(2010) Structure of the first representative of Pfam family PF09410 (DUF2006) reveals a 
structural signature of the calycin superfamily that suggests a role in lipid metabolism. Acta 
Crystallogr, Sect F: Struct Biol Cryst Commun 66(10):1153-1159. doi:10.1107/ 
S1744309109037749 

Flower DR (1996) The lipocalin protein family: Structure and function. Biochem J 318(1):1-14. 
doi:10.1042/bj3180001 

Hiseni A, Arends IWCE, Otten LG (2011) Biochemical characterization of the carotenoid 1,2-hydratases 
(CrtC) from Rubrivivax gelatinosus and Thiocapsa roseopersicina. Appl Microbiol Biotechnol 
91(4):1029-1036. doi:10.1007/s00253-011-3324-1 

LaLonde JM, Bernlohr DA, Banaszak LJ (1994) The up-and-down beta-barrel proteins. FASEB J 
8(15):1240-7.  

Porollo AA, Adamczak R, Meller J (2004) POLYVIEW: A flexible visualization tool for structural and 
functional annotations of proteins. Bioinformatics 20(15):2460-2462. doi:10.1093/ 
bioinformatics/bth248 


	CrtC_residues_AMB_ESM_Page1_revision.pdf
	Identification of catalytically important residues of the carotenoid  1,2-hydratases from Rubrivivax gelatinosus and Thiocapsa roseopersicina

	CrtC_residues_AMB_ESM_1_rotated.pdf
	Electronic Supplementary Material 2.pdf
	Identification of catalytically important residues of the carotenoid 1,2-hydratases from  Rubrivivax gelatinosus and Thiocapsa roseopersicina


	CrtC_residues_AMB_ESM_2_revision.pdf



