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Abstract:  
We have accumulated data that measured the thiol redox state of nearly 1000 different proteins using isotopic thiol reagents  (ICAT, AB Sciex corp) used for mass spectrometry analysis.   We have analyzed fibroblasts of several cystinotic cell lines as well as control cells lines and have found significant differences in thiol redox conditions for a number of proteins.  These include redox regulating proteins such as peroxiredoxins, and thioredoxin domain containing proteins, as well as enzymes such as lysosomal proteases (ie Cathepsin), cytosolic redox proteins (ie. Superoxide dismutase) and even membrane and structural proteins.  We have identified that an increased fraction of the thiol-oxidized form of these proteins exists in the cystinotic cell lines as compared to the controls.  We have also evaluated  the influence of both cysteamine treatment, and the pro-apoptotic signal, UV, in their effects of thiol redox in cystinotic cell lines.  Metabolomics work was also done on the same samples to quantify applicable metabolites such as cystine, glutathione, and GSSG, as well to find potential mixed disulfides present in the cystinotic phenotype.  
Introduction:

To measure the redox state of thiols, including from oxidation due to reactive oxygen species (ROS’s) or from disulfide bonds, a set of irreversible binding reagents have been used that are designed for easy protein purification, and suitable for mass spec quantitation.  One such reagent is called ICAT.  We have modified an existing labeling method with ICAT reagent to measure the thiol redox state within intact fibroblast cultures. Thiol modification has been implicated in having a role in apoptotic sensitivity in both fibroblasts and renal tubular cells of cystinotics.
ICAT Methods:

We have grown cystinotic and control fibroblasts in Modified eagles media until confluency.  Several cell lines were introduced to either a 700mJ exposure to UV light followed by a 16hr incubation, or a 48hr time course of cysteamine (6-8hr media changes).  We initially exposed the proteins from these preps to ICAT labeling post lysis in PBS buffer, but realized that incubation in non-redox quenched conditions could alter the redox results of the proteins measured.  This was deemed true after doing another series of experiments without lysing cells at neutral pH, but instead acid precipitating intact cells in 10% TCA, followed by several wash steps and protein re-solubilization.  We then incubated this protein in the light form of ICAT reagent for several hours, followed by acetone precipitation and removal of excess reagent.  This first incubation probed thiols that were already reduced in the cell prep.  We then reduced the protein with TCEP and exposed it to the heavier form of the ICAT.  This second labeling should then bind to all thiols that were previously in the oxidized form.  Excess ICAT reagent was again removed by size exclusion chromotagraphy.  The labeled proteins were trypsin digested overnight and the peptides were purified using an avidin column, which binds to the biotin linker on the ICAT reagent.  Following elution and cleavage of the ICAT reagent with acid, samples were further purified using reverse phase C18 column at high pH (instead of the usual low pH conditions).  The samples were combined into 4 different pools and concentrated.  Each pool was then run on a low pH C18 column that was in-line with a 5600 Q-tof mass spectrometer (AB Sciex).    Extended 2hr gradients were run to increase peptide separation and improve coverage by ms.  Data was then processed by Protein Pilot software to both identify peptides, their respective proteins, and to preliminarily quantitate ICAT ratios of the labeled peptides.  The higher the H/L ratio, the more oxidized the thiol of the peptide was within the cell, either due to disulfide bonding, or potential oxidation from ROS’s.
Metabolomics methods:

The acidified supernatants from the initial protein precipitation step were frozen at -80degrees.  A portion of these was later re-extracted in Methanol/acid for metabolomics studies.  The amount extracted was normalized from protein assays of leftover protein from the fibroblast growths.  The samples were spiked with isotopic versions of glutathione and cystine for quantitation.  Also, separate standard curves using varying concentrations of endogenous GSH, GSSG, and cystine were done which also included isotopic standards for quantitation.  Runs were all done with full precursor ion scans that scanned from 50 to 1000m/z in both positive and negative ion modes.  Therefore in addition to quantitation of the aforementioned compounds, the rest of the analytes monitored in the runs could be processed by untargeted metabolomics methods.  We also extracted mixed disulfides from these runs for the different preparations.
ICAT Results and discussion:

After several iterations of the purification procedures, we were able to improve the ICAT coverage from about 150 proteins, and 3000 peptides, to almost 1000 proteins and 11,000 peptides identified with high confidence.  Since most of the cell exists in a reduced environment, most of the peptides showed a low H/L ICAT ratio, though nearly a quarter of the proteins had peptides with high enough H/L ratios for quantitation (Figure 1).  Only this subset could be evaluated properly, though not all of these proteins had strong enough signal for accurate evaluation.  We present here comparisons between the different fibroblast preps for those peptides for which both the light and heavy forms could be accurately quantified.  The results overwhelmingly show that the cystinotic patients have a greater oxidized form of many of the peptides with quantifiable ICAT ratios.  We have also shown that a 48hr treatment with cysteamine (6-8hr media changes) lowered the H/L ratios for many of the proteins.  It seems as these changes are not equivalent between the different subcellular compartments, with the oxidized thiols appearing most prevalent in lysosomal proteins for example with large changes after cysteamine treatment, and little to no effect with cysteamine for proteins in the nucleus (table 1).  Representative graphs of this data can be seen in figure 2.  Though UV experiments were performed, there seemed to be little change due to UV exposure for one of the cell lines, while the other showed contradictory results.  We have not shown this data as we will need to sample more cell lines and repeat these experiments before interpreting this data.   
Metabolomics results and discussion:

The quantitiation of cystine, GSH, and GSSG is shown in table 2.  Though the proteomic results indicated increased thiol oxidation for the cystinotics, this was not evident in the GSH/total glutathione ration, as the controls appeared slightly more oxidized.  The cystine data demonstrates that both cystinotic cell lines  had significant cystine, while the cysteamine treated cell line had negligible cystine.  We were also able to extract several mixed disulfide forms from the metabolite samples.  Glutathione-cysteamine mixed disulfide was found in the cysteamine treated cell line only, and indicated the presence of such a mixed disulfide in the cell even 8hrs after the last treatment.  Also, we extracted for the mixed disulfide glutathione-cysteine, and were able to find very small amounts of this in all of the fibroblast cultures (including UV), but a very large amount in the cysteamine treated culture.  This is likely due to cysteamine binding to and shuttling cysteine out of the lysosome and into the cytosol where it can be reduced and re-form mixed disulfides with compounds such as glutathione.  Interestingly, this mixed disulfide was not found to any significant extent (no greater than controls or non- UV) in the UV exposed cystinotic cell line, surprising, as cysteine would be expected to leak out of the lysosome following apoptotic signaling.  
Conclusion:
We have shown that our cystinotic cell lines appear to have increased thiol oxidation for a number of proteins, though we need to further explore this phenomenom with more cell lines.  We especially need matched controls for the female cystinotic cell lines, as our control cell lines are currently from males.  We hope to also collect more metabolomics results fromf both cell cultures and patients, to potentially identify related metabolic consequences for the thiol redox changes we are observing in the proteomics work.  It was also evident from our data that cysteamine appears to reduce some of these thiol oxidation effects, but the consequences interestingly are not the same for all subcellular compartments.
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Figure 1: (A) A peptide whose thiol is always reduced, taking on the light ICAT completely. (B) Peptide is nearly always in oxidized form, needing TCEP treatment before binding with the heavier ICAT. C) A peptide which is oxidized about 50% of the time.  This is a measurable ICAT ratio, unlike A and B. (D) Pie chart describing the portion of peptides with over and under 30% oxidation for the control cell line. (E) Same as D except for one of the cystinotic cell lines.
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Figure 2: H/L ICAT ratios (y-axis for each graph) for 4 different proteins from 4 different sub-cellular compartments (ERR44-endoplasmic reticulem, Cathepsin B-lysosomal, CCHC-type zinc finger-nucleus, and superoxide dismutase-cytoplasmic.  Differences between cystinotic, control and cystinotic-cysteamine treated is shown for these proteins.


                                                                      


























                


Sub-cellular


Compartment �
Number


of proteins 


(# peptides)�
Average % change from control �
Average % change from cystinotic post


cysteamine �
�
Endoplasmic 


reticulem �
6 (10) �
95,63 �
-26 �
�
Lysosome �
5 (9) �
112,76 �
-26 �
�
Cytoplasm �
4 (5) �
86,53 �
-16 �
�
Nucleus �
4 (7) �
70,41 �
0 �
�
Membrane/


extracellular �
4 (5) �
91,71 �
-36 �
�
Mitochondria �
2 (4) �
61,61 �
-15 �
�
Table 1: Summary of thiol redox changes organized by sub-cellular compartment.





















































�
GSH


(uM) �
GSSG


(uM) �
GSH/total glutathione �
Cystine 


(uM) �
�
Control 1 �
80.7 �
13.3 �
0.86 �
0�
�
Control 2 �
63.2 �
9.6 �
0.87 �
0 �
�
Cystinotic 


F1 �
63.9 �
4.2 �
0.94 �
25.0 �
�
Cystinotic 


F1 cysteamine �
40.5 �
2.1 �
0.95 �
0.6 �
�
Cystinotic F2 �
74.4 �
1.8 �
0.98 �
33.9 �
�
Table 2: Metabolite quantitation results of Cystinotic, control, and cysteamine treated fibroblast supernatants. Cystine, and glutathione (reduced and oxidized) are shown above.










































































