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ER stress inducing agent tunicamycin. ChaC1 
and ChaC2 mRNA levels were measured using 
real time qPCR and protein levels were 
measured using western blot analysis (Figure 
5A, B). We observed that ER stress induces the 
expression of human ChaC1 significantly, as 
reported earlier, but no significant changes were 
observed in the case of human ChaC2.  
 
Glutathione degradation also serves as source of 
sulphur for the cells. Hence, we investigated the 
effect of sulphur starvation on human ChaC1 
and ChaC2 expression by real-time PCR 
analysis. As illustrated in Figure 5C we found 
that sulphur starvation upto 18hrs significantly 
increases ChaC1 transcription by about 10 fold 
but on further extension beyond 18 hrs the levels 
started decreasing which may be due to loss of 
cell viability. In comparison, in case of human 
ChaC2 there was no significant change in the 
levels. We also evaluated the expression levels 
at the protein level by western blot analysis 
where human ChaC1 levels increases 
significantly at 18 to 24 hrs of exposure but only 
a small increase in the levels of human ChaC2 
was observed  (Figure 5D). 
 
In human breast and ovarian cancer cells human 
ChaC1 has been shown to be upregulated. We 
therefore examined whether human ChaC2 was 
found at higher levels in cancer cells. We carried 
out a comparison of human ChaC1 and ChaC2 
RNA levels in HEK (non-tumourigenic) cells 
and various tumourigenic cell lines of different 
tissues origin. Higher levels of ChaC1 
transcripts were present in all the tumourigenic 
cell lines as compare to HEK cells, even without 
the need for induction. In comparison to this, 
levels of human ChaC2 transcripts in 
tumourigenic cell lines were comparable to, or 
slightly less than the levels seen in HEK cells 
(Figure 6). 

E. coli ChaC and yeast GCG1 also function as 
ChaC2-like proteins:- During the sequence and 
phylogenetic analysis it was evident that many 
of the unicellular eukaryotes and prokaryotes 
had a single homologue of the ChaC family. 
Moreover, sequence comparisons with the S. 
cerevisiae GCG1 protein (ORF YER163c; Yeast 
ChaC homologue) indicated that it had greater 

similarity to the ChaC2 proteins. This was also 
reflected in the kinetic analysis. We had 
previously investigated the kinetics of the yeast 
GCG1 along with the mouse ChaC1 (10). The 
yeast GCG1 has been shown to be cytosolic 
(20). The Km of GCG1 was found to be 1.5±0.20 
mM (10) while the kcat had a value of 50.8 min-1. 
The kcat was 9 fold lower than the kcat of mouse 
ChaC1. The significance of this difference in kcat 
was not recognized at that point since the ChaC1 
and ChaC2 had not been defined as two distinct 
members of ChaC family earlier. In the case of 
few other organisms, such as T. thermophila and 
E. coli which also had a single homologue, it 
was not immediately clear from sequence 
similarities if the protein was a member of the 
ChaC1 or ChaC2 families. We decided to 
evaluate one of these proteins, the E. coli ChaC 
for its kinetic parameters. E. coli ChaC was 
earlier shown to specifically degrade glutathione  
(10), but its kinetic parameters were never 
evaluated. The purified E. coli ChaC protein was 
used to determine the kinetic parameters. The 
protein displayed Michaelis-Menten kinetics and 
the Km and kcat towards glutathione was found to 
be 3.1±0.91 mM and 13±0.27 min-1 respectively 
(Data not shown). The Km being within the 
physiological range of glutathione suggested that 
the activity was physiologically relevant, while 
the kcat indicates a lower catalytic efficiency than 
mouse and human ChaC1 but comparable 
efficiency to the mouse and human ChaC2. This 
suggested that the E. coli ChaC was functionally 
orthologous to the ChaC2 protein family. 

Crystallographic studies and quality of the yeast 
ChaC2 homolog (GCG1) model:- To gain 
mechanistic insights we initiated the crystal 
structure determination of ChaC2 protein. The 
attempt to crystallize the human ChaC2 was 
unsuccessful. However, the crystallization of 
yeast GCG1 a homologue of human ChaC2 was 
successful and we were able to collect X-ray 
diffraction data upto 2.2 Å from an in-house X-
ray source. Despite many attempts we could not 
solve the structure by molecular replacement 
using the close homologs that were available in 
the Protein Data Bank (PDB) as templates. 
Therefore, we decided to determine the structure 
by anomalous dispersion method by 
incorporating selenomethionine  residues in the 
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refined with anisotropic temperature factors. The 
model building and refinement were carried out 

iteratively until the Rwork and Rfree were 
converged.  
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FIGURE 1. NJ based phylogenetic tree of ChaC1 and ChaC2 proteins. The NJ based tree was created 
using MEGA6 software with 1000 bootstrappings. Two distinct members of ChaC family are marked and 
bootstrap values are indicated respectively. The abbreviations used are Dm-Drosophila melanogaster, Hs-
Homo sapiens, Mm-Mus musculus, Dr-Danio rerio, Rn-Rattus norvegicus, Ce-Caenorhabditis elegans, 
At-Arabidopsis thaliana,  Dm-Drosophila melanogaste, Sc-Saccharomycese cerevisiae, Ca-Candida 
albicans, Ss-Sus scrofa, Ec- Escherichia coli, Bt-Bos taurus. Hs ChaC1,AAH19625.1; Hs 
ChaC1V1,NP_077016.2; Hs ChaC2, NP_001008708.1; Sc Gcg1, NP_011090.3, Mm 
aChaC2i,NP_080803.1; Mm bChaC2i,NP_001277596.1; Dm ChaC2, NP_651176.1; Ca ChaC2, 
NP_503578.1; Bt ChaC1,NP_001092352.1; Bt ChaC2,NP_001068996.1; Ss ChaC1,XP_005659810.1; 
Mm ChaC1,NP_081205.1; RnChaC1, NP_001020187.1; Dr ChaC1, NP_001103596.2; 
BtChaC2, NP_001068996.1; Ss ChaC2,XP_003125197.1; Ec ChaC,NP_415736.2; Rn 
ChaC1,NP_001166908.1; Rn ChaC2,NP_001020187.1; At 3GGCT2,NP_564490.1; At 2GGCT2, 
NP_567871.1; At1GGCT2,NP_197994.1; Ce ChaC,NP_503578.1; Dr ChaC2,NP_001025128.1.  
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FIGURE 5 : Human ChaC1 but not human ChaC2 is induced specifically by ER stress inducers:Cells 
(HEK293) were cultured in untreated media (control) and in media containing Tunicamycin. (A) RNA 
and (B) protein levels were measured at different time intervals using real time PCR and western blot 
analysis respectively. (C,D) Regulation of human ChaC1 and ChaC2 under sulphur starvation conditions: 
Cells(HEK293) were cultured in media which lacks sulphur sources. (C) RNA and (D) protein levels 
were measured at different time intervals using real time PCR and western blot analysis. The data set 
obtained from three independent experiments were plotted using Graphpad prism5 software (* indicates a 
P- value less than 0.05). 
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FIGURE 6: Comparison of human ChaC1 and ChaC2 expression in different cell lines: Expression 
levels were compared between HEK293, a non tumourigenic cell line and tumourigenic cell lines  A549 
(lung adenocarcinoma) Hep3b (Hepatocellular carcinoma) MCF7 (Breast adenocarcinoma) IMR32 
(neuroblastoma) cell lines by measuring RNA levels using real time qPCR. The experiments were carried 
out in duplicates (* indicates a P- value less than 0.05). 
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FIGURE 7. Crystal structure of GCG1. Stereo diagram showing the overall fold of GCG1 in cartoon 
form. The secondary structures are shown in cyan, pink and white for helices, strands and loops 
respectively. The benzoic acid (green) and phosphate ion (orange) are shown in stick model. The figure 
was generated using pyMOL (42) 
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Figure 9 
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