1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Chem Biol. Author manuscript; available in PMC 2016 July 23.

-, HHS Public Access
«

Published in final edited form as:
Chem Biol. 2015 July 23; 22(7): 965-975. doi:10.1016/j.chembiol.2015.06.010.

Site-specific proteomic mapping identifies selectively modified
regulatory cysteine residues in functionally distinct protein
networks

Neal S. Gould?, Perry Evans?, Pablo Martinez-Acedo3, Stefano M. Marino?, Vadim N.
Gladyshev®, Kate S. Carroll3, and Harry Ischiropoulos:6.*
1Department of Pediatrics, Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA

2Department of Biomedical and Health Informatics, Children’s Hospital of Philadelphia,
Philadelphia, PA 19104, USA

SDepartment of Chemistry, The Scripps Research Institute, Jupiter, FL 33458, USA
“Department of Agricultural Biotechnology, Akdeniz University, Antalya, 07985, Turkey

SDepartment of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA
02115, USA

6Department of Systems Pharmacology and Translational Therapeutics, Perelman School of
Medicine, University of Pennsylvania, Philadelphia, PA 19104, USA

Summary

S-acylation, S-glutathionylation, S-nitrosylation, and S-sulfenylation are prominent, chemically
distinct, modifications that regulate protein function, redox-sensing, and trafficking. Although the
biological significance of these modifications is increasingly appreciated, their integration in the
proteome remain unknown. Novel MS-based technologies identified 2,596 predominately unique
sites in 1,319 mouse liver proteins under physiological conditions. Structural analysis localized the
modifications in unique, evolutionary conserved protein segments, outside commonly annotated
functional regions. Contrary to expectations, propensity for modification did not correlate with
biophysical properties that regulate cysteine reactivity. However, the in vivo chemical reactivity is
fine-tuned for specificity, demonstrated by the nominal complementation between the four
modifications and quantitative proteomics that showed a reduction in S-nitrosylation is not
correlated with increased S-glutathionylation. A comprehensive survey uncovered clustering of
modifications within biologically related protein networks. The data provide the first evidence for
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the occurrence of distinct, endogenous protein networks that undergo redox signaling through
specific cysteine madifications.
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Introduction

The functional diversity of the amino acid cysteine in proteins is well appreciated by the
identification and characterization of structural, metal binding and catalytic cysteine residues
(Marino and Gladyshev, 2010; Pace and Weerapana, 2014; Schmidt, et al., 2006). Structural
cysteine residues forming disulfides are essential for protein folding and for the structural
integrity of proteins. Metal binding and metal coordination is indispensable for the
formation of metalloproteins including iron-sulfur clusters in the mitochondrial respiratory
chain (Pace and Weerapana, 2014). Cysteine residues also serve catalytic function in protein
phosphatases, acyl transferases, oxidoreductases, and RING binding domain proteins such as
E3 ligases (Karisch, et al., 2011; Passmore and Barford, 2004; Paulsen, et al., 2012).
Another class of distinct cysteine residues that serve a regulatory role has also recently
emerged as a widespread signaling mechanism. These regulatory cysteine residues undergo
post translational modifications, principally S-acylation, S-glutathionylation, S-nitrosylation,
and S-sulfenylation to influence protein function and location, afford allosteric regulation,
and provide a mechanism for signal transduction akin to phosphorylation or lysine
acetylation (Finkel, 2011; Groitl and Jakob, 2014; Sen, et al., 2012; Seth, et al., 2012; Smith
and Marletta, 2012). To appreciate the global biological impact of these modifications and to
improve our understanding of how signaling and protein regulation is achieved, proteomic
studies have explored the landscapes of cysteine post translational modifications (Hamnell-
Pamment, et al., 2005; Paulsen, et al., 2012). However, these proteomes were acquired one
modification at a time and in different organs and cells; not permitting critical investigations
into the interface, complementation and organization of these modifications at the proteome
level. This is important, considering isolated instances of documented complementation and
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coordination between multiple modifications can regulate essential biological functions such
as neurotransmission, redox-dependent signaling, and metabolism (Sen, et al., 2012).
Therefore acquisition of endogenous site-specific proteomes of all four cysteine
modifications simultaneously from the same organ under physiological conditions will
enable comprehensive and global evaluation of complementation and coordination while
providing a rich resource for appreciating cysteine modifications in biology.

Acquisition and systematic interrogation of these proteomes will also provide invaluable
insights for the long-standing challenge relating to the biochemical and biophysical
properties that guide the reactivity of cysteine residues. The presence of cysteine residues
localized in microenvironments that readily enable deprotonation, forming thiolate anions, is
considered a principal attribute for reactivity. Data from proteome wide studies of cysteine
residues reactive to electrophiles indicated that thiolates represent a small fraction of hyper-
reactive cysteine residues (Weerapana, et al., 2010). Moreover, thiolate anion is an
imprecise distinguishing characteristic of catalytic activity, with a majority of catalytic
residues having been identified as hyper-reactive as opposed to thiolate. This presents a
biological conundrum since highly reactive residues are more likely to be covalently
modified, however proteomes of cysteine post-translational modifications have localized
these modifications primarily in non-catalytic regions. This dichotomy between the
necessity for functional cysteine reactivity and propensity for covalent post translational
modification is unresolved.

Herein, we have combined state-of-the-art chemical enrichment methodologies with high
resolution mass spectrometry to identify specific cysteine residues sites that are
endogenously modified by S-acylation, S-glutathionylation, S-nitrosylation, and S-
sulfenylation under physiological conditions. Computational analysis of the data indicated
that modified cysteine residues principally do not participate in disulfide bonds, do not
coordinate metals or serve as catalytic residues and are localized in unique, regulatory
regions of proteins conserved among related species. Although the propensity for
modification did not correlate with biophysical properties relating to the intrinsic chemical
reactivity of cysteine, there was minimal complementation among the four modifications.
Notably, our findings indicated that the modifications were clustered in functionally distinct
pathways some of which were predicted from existing knowledge and some which offer new
insights into the regulation of functional pathways by selective post translational
modification of regulatory cysteine modification.

Acquisition and characterization of endogenous cysteine proteomes

To better understand the basis for the structural and functional diversity of protein cysteine
residues in biology, we devised and implemented proteome-wide mass spectrometric
technologies that enable site-specific identification of post-translationally modified cysteine
residues from liver tissue under normal physiological conditions. The work-flow is depicted
in Figure 1A and it consists of four steps: alkylation of reduced cysteine residues, selective
reduction or labeling, chemical enrichment or chromatographic separation, and protease
digestion followed by MS peptide analysis. The selectivity, accuracy and reproducibility of
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the methodologies have been reported previously and are reinforced by the use of knockout
mice herein (Doulias, et al., 2010). In six wild type mouse liver, we mapped a total of 2,596
sites of cysteine post-translational modifications in 1,319 proteins. Specifically, we
identified 686 S-nitrosylation (SNO) sites in 438 proteins, 883 S-glutathionylation (SSG)
sites in 580 proteins, 585 S-acylation (SAc) sites in 428 proteins and 442 S-sulfenylation
(SOH) sites in 392 proteins (Fig 1A and Tables S1-4). As an experimental reference, 7,682
mercury-reactive cysteine residues were mapped to 5,664 proteins in samples bypassing the
thiol blocking step (Table S5). Considerable overlap exists between our experimentally
derived reactive cysteine proteome and published proteomes (Huttlin, et al., 2010; Kislinger,
et al., 2006; Kruger, et al., 2008). Including proteins from published sources, we generated a
mouse liver reference proteome consisting of 9,378 proteins of which 9,185 (98%) contain
at least one cysteine residue. The 1,319 endogenously modified proteins represent 14% of
the cysteine containing proteins in the reference proteome (Fig 2A) and their abundance,
molecular weight and total number of cysteine residues falls within the overall distribution
of other cysteine-containing proteins in the reference proteome (Fig 1B-D).

The majority of modified cysteine residues were identified as having only a single post-
translational modification. At the protein level, 937 proteins were distinguished by a single
modification, representing 71% of all modified proteins identified. Moreover, only 8 of the
382 proteins carrying multiple modifications had cysteine residues with all four
modifications (Fig 2B and Table S6). The largest overlap among the modifications was
between SAc, SNO, and SSG, consisting of 118 proteins (9%). Among the redox-dependent
modifications (SNO, SSG, SOH), the largest overlap was between SSG and SNO with 185
proteins (14%) indicating that protein selectivity exists for the majority of chemically
reactive modifications. At the cysteine level, 1,653 sites were modified by only a single
modification, representing 80% of the total modified residues and accounting for 19% of the
total cysteine residues (Fig 2C). Only 5% of the cysteine residues detected carried multiple
modifications. There were zero instances of a single cysteine residue modified by all four
modifications (Fig 2D). SAc and SSG had the largest overlap with 262 (17%) shared
cysteine residues. Among the redox-dependent modifications, the largest overlap was again
between SNO and SSG with 171 (11%) cysteine residues identified in both proteomes. The
aforementioned findings indicate that both selectivity (i.e., only one modification on a single
cysteine residue within a protein) and to lesser extent complementation (i.e., more than one
modification on protein cysteine residues) exists in native biological systems.

To assess the degree of overlap among different modifications, mice deficient in the
endothelial isoform of nitric oxide synthase (eNOS™~) were utilized. Since the largest
overlap of non-enzymatic modifications is between SNO and SSG proteomes, and S-
nitrosylation may in fact promote S-glutathionylation (Klatt, et al., 1999; Martinez-Ruiz and
Lamas, 2007), we analyzed the SSG proteome in the eNOS™~ and WT liver (Fig 2E and
Table S7). We have previously documented a 90% reduction in liver SNO sites in eNOS™~
compared to wild type (Doulias, et al., 2013). Between both genotypes, a total of 936 SSG
sites were identified, with the majority of sites (905, 97%) being shared between the two
genotypes. Of the 936 SSG sites identified, 177 sites correspond to sites of both S-
glutathionylation and S-nitrosylation representing the fraction of cysteine residues that are
potentially co-regulated. To assess whether changes in SSG correspond to the expected loss
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of SNO occupancy, a label free quantification approach was used on 174 shared sites
between wild type and eNOS™~ (Fig 2F, Table S8). Using standard cutoffs for significance,
only two peptides were increased in the eNOS™~ mice and two increased in wild type
(Table S9). However, the four sites represent an extremely low percentage (0.4%) of the
total SSG sites identified; indicating that complementation between modifications is a rare
occurrence under normal physiological conditions. As a corresponding analysis, SOH
modified proteins were visualized after dimedone derivatization via western blot (Fig 2G).
Despite some non-specific binding of the antibody in negative controls treated with DTT
during derivatization, overall protein SOH is unchanged in both WT and eNOS ™/~
genotypes. Moreover since neither the total number of SSG modified cysteine residues nor
the magnitude of SSG or SOH modification significantly increased in the eNOS™~ due to
the decrease in SNO, we infer that biological cysteine modifications occur in a specific
manner and likely are not driven by cysteine reactivity.

However, from the 29 SSG containing peptides that were increased or detected exclusively
in the wild type versus the eNOS™~ genotype, only three sites were also S-nitrosylated. One
logical explanation for a peptide to have increased SSG in the wild type is that a SNO
intermediate may promote the formation of SSG through an exchange reaction with GSH, as
it has been shown in vitro (Klatt, et al., 1999). However, the data do not indicate that such
chemical reactions are prominent in vivo, as only a very small subset of cysteine residues
undergoes these types of reactions. Rather, our in vivo data argue for an intrinsic
mechanism, possibly through a combination of biochemical and biological factors, which
dictates specificity and selectivity among cysteine residues and the corresponding
modifications.

Redox-modified cysteine residues occur outside common functional domains

To further explore possible underlying biochemical and biophysical factors that promote
specificity of post-translational cysteine modifications, an in-depth structural and
biochemical analyses of the proteomes was performed. We did not identify a specific
primary sequence motif associated with the cysteine modifications, consistent with previous
analyses of large data sets including those of reactive cysteine residues (defined by the
reactivity towards iodoacetamide) (Marino and Gladyshev, 2010; Weerapana, et al., 2010).
However, the frequency of certain amino acids within a thirteen amino acid window
surrounding the modified cysteine residues revealed that cysteine, glutamine, serine, and
tryptophan are generally under-represented and alanine, histidine, isoleucine, lysine,
methionine and valine are generally over-represented amino acids (Fig S1). A notable
exception relates to the over-representation of a second cysteine residue in the +3 position of
SOH residues which prompted the interrogation of the data for common CXC and CXXC
motifs (Fig 3A). Of the 427 uniquely mapped SOH cysteine residues, 18 (4.2%) are within
CXC motifs and 61 (14.2%) are present in CXXC motifs. In contrast, the percentage of
residues in a CXC or CXXC motif for SAc (0.8%, 0.4%), SNO (2.1%, 3.7%), and SSG
(1.3%, 4.8%) are significantly lower than what would be expected based on the reference
proteome. These findings correlate well with the higher frequency of unmodified cysteine
residues proximal to S-sulfenylation sites in both three-dimensional structures and primary
protein sequences (Salsbury, et al., 2008). Additionally, these data are in agreement with the
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established formation of stable sulfenic acid intermediates that can facilitate catalytic
activity or catalytic regulation (Conway, et al., 2004).

Although not exclusive, a number of Zn-finger proteins contain CXXC domains and
cysteine residues are commonly found in metal binding sites (Pace and Weerapana, 2014;
Shi, et al., 2005). The proportion of proteomes that exhibit either Zn finger or other metal-
binding properties were examined (Fig 3B). Consistent with the enrichment in CXXC
domains, there is greater proportion of cysteine residues within Zn finger domains in the
SOH proteome (8.5%) compared to the reference proteome (5.3%); while SAc (0%), SNO
(1.2%) and SSG (0.4%) proteomes exhibited a significantly lower percentage than expected.
Conversely, SNO (2.3%) or SSG (1.8%) residues were more likely to be within metal-
binding regions compared to the reference (0.8%), SAc (0.8%), or SOH (1.2%) proteomes.
The presence of metal ions in proximity to the modified cysteine is well known to modulate
its reactivity or pKa (Stewart and Igumenova, 2012). However, in these cases it is difficult
to discern whether the presence of the metal ion might promote or facilitate cysteine
modification or whether it is a property of the individual cysteine, which facilitates metal ion
coordination or redox-mediated covalent modification. Regardless, the overall percentage of
modified cysteine residues within metal binding sites is low, indicating that cysteine
modifications are less prone to directly disrupt catalytic or metal cofactor binding.
Furthermore, searches for other functional motifs of classically redox-sensitive phosphatases
([IVIHCXGXGR[ST]G) and acyl transferases (C[X]sR) did not return any significant
enrichment in any of the four modifications. The indication that cysteine modifications
principally bind outside of commonly annotated functional regions of the proteins implies a
greater potential for the existence of cysteine dependent redox regulatory domains in these
proteins.

Beyond primary sequences and linear motifs, we also examined the influence of surrounding
amino acids in the three-dimensional structure of proteins and their correlation with specific
cysteine madifications (Fig 3C). Three-dimensional structures were available for 2,829 Hg-
reactive sites and 111 SAc, 196 SNO, 70 SOH and 202 SSG sites. Cysteine residues that
were not annotated as forming disulfide bonds or undergoing other modifications, and
therefore presumed to exist predominately in the reduced state, were curated from our
reference proteome and used as comparison group for the modified cysteine residues.
Overall, these sites are distributed across the four structural motifs: helix (32.4%), beta-sheet
(27.1%), coil (23.1%), and turn/bend (17.7%). Consistent with previously defined roles as
an anchor for membrane proteins, SAc sites occurred in a higher proportion of helix
domains compared to reduced cysteine residues (38.2% vs 32.4%). In contrast, sites of both
SNO and SOH occurred with greater frequency in beta-sheet domains (31.3% and 33.3%
respectively) and SSG in less structured turn/bend (27.8%) and coil (25%) domains, as
compared to reduced cysteine residues. It is conceivable that steric hindrances are one
limiting factor that selects for the size of modification and influences the domains within a
protein where a modification can occur (Fig S2). The two smallest modifications, SNO and
SOH, are estimated to have similar molecular volumes (V,,) of 108 A and 94 A respectively,
thus it is not surprising that they share similarities in the distribution among structural
motifs. If we consider S-palmitoylation, the addition of a 16:0 fatty acid and one of the most
abundant S-acylation species, an estimated V,, of 570 A is obtained compared to glutathione
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(V,y of 434 A). However, the location of the sulfur at the center of GSH protruding roughly
2.8 A from the carbon backbone may necessitate that GSH adopts a bent configuration to
facilitate formation of a mixed-disulfide. In contrast, the majority of SAc modifying species
are predominantly linear carbon chains with the thioester bond forming at one end. This
highlights that acyl species, while slightly larger, adopt favorable linear conformations
compared to GSH molecules, thereby allowing S-acylation to occur in more structured
domains compared to S-glutathionylation, which occurs predominately in less structured
flexible peptide domains.

Structural cysteine residues that form disulfides are essential for protein folding and account
for the majority of established functional roles for cysteine residues within the proteome
(Hansen, et al., 2009). Subsets of disulfides, described as allosteric in order to differentiate
them from structural, can also alter function through conformational changes in the protein
(Schmidt, et al., 2006). We parsed the proteomes for modified cysteine residues that may
also form disulfides. Using structures that exhibit at least 80% homology with 100%
sequence similarity within five amino acids of the cysteine of interest, on average, cysteine
modifications are less likely (15.6% versus 28.7% random control) to form disulfide, as
identified by C(a) distance of 8A and S-S distance of 2.5A. Based on the structural analysis
of potential disulfide formation, 73.5% are SSG, 25% are SAc, 10% are SOH, and 7% are
SNO modified. Available crystal structures limit the depth of analysis; therefore an
additional examination of predicted disulfides was performed based on Uniprot annotations.
A total of 109,960 cysteine residues were examined in the reference, 237 in SAc, 434 in
SNO, 425 in SOH, and 494 in SSG (Fig 3D). The largest proportion of annotated disulfides
185 (37.4%) occurs within the SSG proteome, compared to 14.3% in the reference. The
SNO proteome exhibited a relative underrepresentation of annotated disulfides (4.1%),
while SAc (14.8%) and SOH (12.5%) are no different from the reference. Overall, the data
indicate that the majority of modified cysteine residues identified in this study do not
conform to the three major biological functions of cysteine residues (catalytic, metal
binding, structural) and thus, can be distinctly considered as candidates for redox-dependent
regulation, analogous to role of serine for phosphorylation or lysine for acetylation.

Functional cysteine residues, primarily structural and catalytic, are well conserved across
highly divergent organisms (Marino and Gladyshev, 2010). We applied a previously
published methodology for high-throughput analysis of amino acid conservation in proteins
across different databases (Marino and Gladyshev, 2010), populated by increasingly
diverging sets of organisms (Table 1). We used the UniProtKB/Swiss-Prot database as a
reference, which was further divided in subsets consisting of only rodents, only mammals,
or only vertebrates. By using the rodent database we found little difference between
conservation values of modified cysteine residues (average conservation, 74%) and other
cysteine sites (76%) in the same proteins. Similar results were obtained with the relatively
divergent mammalian reference database (74% for PTM, 78% for controls). However, if a
broader set of organisms was chosen (e.g., vertebrate database), representing a considerably
more divergent set of homologs, the difference in conservation between PTM and control
sites becomes larger (65% PTM, 73% controls). Finally, if the database is extended to
contain all organisms (the full UniProtKB/Swiss-Prot dataset), then the difference increases
even further (63% PTM, 76% controls). Overall, the difference in conservation increases
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with the degree of divergence between organisms. An important note is that internal controls
are characterized by a higher frequency of disulfides and metal binding cysteine residues
which are known to be highly conserved among divergent organisms. This contributes to the
high conservation rates found for controls across all databases. Compared to other cysteine
residues, modified sites are well conserved only in closely related organisms, but the
similarity is lost at higher evolutionary distances. This indicates that cysteine modifications
could be thought of as recently evolved functional sites. If we consider the modified cysteine
residues as active points in the redox signaling network, then these results suggest that redox
regulatory systems represent relatively “recent designs” within closely related phyla.

Biochemical properties of cysteine modifications

It is conceivable that underlying biochemical properties of the modified cysteine residues
may promote modification and enable selective modification. Therefore we determined the
Kyte-Doolittle hydropathy index of the peptides within a window of thirteen amino acids
around the modified cysteine residue. In general, cysteine residues skew towards marginally
hydrophilic regions of the protein, with few differences between modifications. The 7,579
experimentally mapped cysteine residues occurred in a relative normal distribution
averaging only slightly hydrophilic with an index value of —0.16. Similarly, the averages of
both SAc (-0.13) and SOH (-0.13) values did not significantly differ from the reference
proteome. In contrast, the regions of the protein where SSG modifications occur are on
average significantly more hydrophilic (-0.32, p<0.001) than cysteine residues in the
reference proteome. Additionally, regions in which SNO modifications occur average
significantly lower hydrophilicity (—-0.04, p<0.001) compared to the reference (Fig S3). To
account for the immense variability in the types and functions of the modified proteins, we
analyzed the deviation of the hydropathy of the modified cysteine residues using other intra-
protein cysteine residues as a reference (Fig 4A). Due to the high proportion of uniquely
modified cysteine residues, unsupervised hierarchical clustering occurred within each of the
modifications. This analysis mirrored the averages indicating that the majority of modified
cysteine residues are more hydrophilic than other cysteine residues within the same protein.
Smaller clusters of proteins exhibited modified residues that deviate toward greater
hydrophobicity compared to other cysteine residues within the same protein. Due to the
relative low abundance of proteins that exhibit multiple modifications, instances of
differences in hydropathy between different modifications within the same protein is not
sufficient to derive biological significance.

It has been proposed that accessibility and cysteine reactivity are the two most influential
factors for thiol redox reactions (Marino and Gladyshev, 2012). The cellular redox
environment is primarily reducing, but smaller localized environments exist which can
promote oxidation. A number of proteins exhibit ‘oxidant sensing’ functions presumably
through highly reactive cysteine residues (Brandes, et al., 2009; Groitl and Jakob, 2014). We
analyzed the solvent accessibility of the modified cysteine residues and found no difference
between modified cysteine residues and the unmodified reference. Due to limitations in the
quality and availability of structures, only 276 modified cysteine residues, compared to
1,744 unmodified residues, could be analyzed. Across all modifications, an average of
13.7% occurred in surface regions (defined as a RSA value above 50), compared to 10% in
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the reference. The SOH proteome exhibited the greatest percentage of cysteine residues
localized in surface exposed regions (29%), although it also exhibited the lowest number of
residues (21) that could be analyzed. We also examined deviation in solvent accessibility
using intra-protein control cysteine residues (Fig 4B). Overall, the modified cysteine
residues exhibited a distribution relatively equal to the unmodified cysteine residues within
the same protein, only slightly skewing towards being higher solvent accessibility. Since a
number of modified cysteine residues exhibit similar accessibility yet do not share
modifications, our data argues that solvent exposure is not sufficient to induce the formation
of a modification, further suggesting that these modifications demonstrate true, functionally
targeted, redox regulatory elements that are both selective and specific.

The reactivity of a protein cysteine residue is in part controlled by intrinsic properties of the
sulfur (i.e. pKa) and the amino acids that make up the microenvironment of the cysteine
residue (Britto, et al., 2002). The majority of cysteine residues are protonated at
physiological pH although deprotonation to form thiolate anions can occur rendering these
residues more reactive (Denu and Tanner, 1998). It has been suggested that some redox-
responsive proteins contain a stabilized thiolate anion due to lowering of the cysteine pKa
(Lim, etal., 2012; Wood, et al., 2003). Additionally, it has been proposed that thiolate anion
formation is sufficient to induce the formation of covalent modifications (Britto, et al.,
2002). We investigated the predicted pKa distribution of modified cysteine residues.
Compared to the average pKa of 9.7 for reference cysteine residues, modified residues did
not significantly differ with an average pKa of 9.5 (Fig 4C), although there is the distinct
possibility that local pKa of the cysteine can be affected by polar residues, causing a
deviation between predicted and experimentally derived pKa. We investigated the
distribution of charged amino acids vicinal to the modified cysteine to examine the
contribution of various amino acids towards cysteine reactivity (Fig 4D). Greater than 50%
of all four proteomes exhibited uncharged amino acids within 10 A of the modified cysteine.
Smaller subsets of cases which exhibit negatively charged amino acids near the modified
cysteine occur in the SOH and SSG proteomes. Interestingly, basic amino acids that are
more likely to lower the thiol pKa were minimally represented within 10 A of the modified
cysteine residues. Considering the low proportion of basic amino acids, our data indicates
that thiolate anion formation may not be the primary determinant for the formation of
cysteine modifications. Conversely, the relative higher proportion of negatively charged
residues near SOH and SSG sites may act to stabilize the modifications rather than directly
affecting cysteine reactivity. Collectively, these data indicate that commonly considered
measures of general cysteine reactivity (accessibility and pKa/charge state) are not
necessarily the sole factor to determine cysteine reactivity and cysteine modification state in
vivo.

Biological clustering of modified cysteine residues

Specific biochemical properties of modified cysteine residues, and by extension cysteine
reactivity, do not appear sufficient to distinguish the occurrence or type of modification on a
given cysteine residue. Therefore we explored whether specific modifications can be
attributed to biological locales or functions. Uniquely modified proteins were labeled with
all gene ontology (GO) terms by starting with term associations provided by Uniprot, and

Chem Biol. Author manuscript; available in PMC 2016 July 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gould et al.

Page 10

adding each term’s ancestor associations using “is a” and “part of” relationships. GO terms
were evaluated in each of the three GO categories: cellular location, biological process, and
molecular function. Subsets of terms were selected as features that could be used to classify
modified proteins. These GO terms had: (i) at least one modification with 10% of proteins
associated with the term, (ii) at least one modification with more than 20% of proteins not
associated with the term, and (iii) a significant association with modification status, as
indicated by a Benjamini-Hochberg adjusted Chi-square p-value < 0.001. As an evaluation
of how well these GO terms were associated with different modifications, we constructed a
random forest classifier to predict modifications. Given the redundancy of GO term
associations, we first clustered the distinguishing GO terms into seven groups using k-means
clustering. Each GO term was represented by a feature vector holding the fraction of
annotated proteins for each modification. The vector was normalized by the sum of each
annotated fraction for a term. The result was seven distinct clusters of GO terms which
included both cellular localization and biological/molecular processes. A heat-map of the
relative distribution of proteins represented in each GO term, clustered within one of the
seven significantly distinguishing clusters is depicted in Fig 5A. We used each cluster as
features in a random forest classifier, and scored an average accuracy of 48% across 10 fold
cross validation, which is better than the accuracy of 37% obtained by always predicting the
most frequent modification.

We used a random forest to rank the importance of each cluster in the correct assignment of
modification labels according to its mean decrease impurity (Fig 5B). The importance
measure represents the decrease in accuracy when the protein assignments for a cluster’s
terms have been permuted to erase the association between modification and term. Based on
these analyses, cluster 4 which predominately includes small molecule and nucleotide
metabolic processes is a rather effective distinguishing classifier for SNO proteins and
against SOH proteins. Combined with the abundance of SNO proteins within cluster 2,
which is highly populated with mitochondria localization and oxidoreductase activities, and
this fits well with the known cardio-protective effects of S-nitrosylation during ischemia and
the role of S-nitrosylation in fatty acid -oxidation (Chouchani, et al., 2013; Doulias, et al.,
2013).

Other modifications, such as S-sulfenylation, were highly represented in clusters 5 and 6
which incorporate the higher proportion of SOH sites in zinc binding and CXXC domain
proteins. SSG proteins were primarily represented by annotations in the response to
wounding. Overall, SAc proteins were the least specific among each of the cysteine
modifications examined, potentially due to the variety of acyl species which can be formed
and the multiple different interactors of acyl-transferases. As would be expected based on
the well-characterized function as a membrane anchor, S-acylated proteins did correlate well
with proteins localized to organelle membranes and the cell periphery. Collectively our data
reveal the presence of biologically-related protein networks containing discriminating,
conserved cysteine residues among related species that undergo distinct modifications.
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Discussion

Herein, we mapped 2,596 sites of four chemically distinct cysteine modifications, S-
nitrosylation, S-glutathionylation, S-acylation and S-sulfenylation in wild type mouse livers
under normal physiological conditions. The four different modifications target discrete
protein populations and cysteine residues with minimal complementation between the
modifications. Specifically, the data revealed that 80% of the modified residues carried a
single modification, while at the protein level 71% of proteins exhibited only a single
modification. This remarkable selectivity is maintained even under conditions of decreased
occupancy of S-nitrosylation. In the eNOS knockout mice, which have decreased SNO site
occupancy the data showed that S-glutathionylation does not significantly deviate in site
identity or abundance compared to wild type. While some of the chemical reactions that give
rise to these cysteine modifications in vitro are known, the in vivo chemical events,
including those that may account for the selectivity of the different modifications are less
defined. In part, selectivity can be derived by protein-protein interactions as it has been
shown for prototypical redox-sensing proteins such as thioredoxin and glutathione-S-
transferase, which facilitate the direct transfer of nitric oxide and glutathione equivalents
respectively to target proteins (Benhar, et al., 2010; Mitchell and Marletta, 2005; Townsend,
et al., 2009). There is also evidence that certain modifications (i.e. SNO or SOH) can be
reduced by cellular glutathione resulting in a displacement of the nitroso or hydroxy!l groups
resulting in protein S-glutathionylation (Dalle-Donne, et al., 2007; Smith and Marletta,
2012). Furthermore, the general consensus to date is that under normal physiological
conditions, the modifications are dictated by the reactivity of the cysteine residues and the
microenvironment surrounding the modified cysteine residue. However extensive
biochemical interrogation of the modified cysteine residues did not reveal a single
overarching biochemical property of the modified cysteine residues that will dictate
selectivity. The commonly considered properties that discriminate reactive thiols (i.e.
solvent accessibility, pKa, and deprotonation) from unreactive cysteine residues cannot be
used to access the propensity for modification. Moreover, recent evidence of S-
glutathionylation in Titin indicates that conformational changes in the protein allow a
previously buried cysteine to become exposed and modified (Alegre-Cebollada, et al.,
2014). The principle of redox modifications depending on conformation presents an
additional layer of complexity that could only be identified on a protein-by-protein basis.
This introduces a concept wherein cysteine modifications may not only be dependent on the
redox environment but also on temporal changes in protein biochemistry. Considering the
specificity between modifications, it is possible that the propensity for thiol modification lies
in the combination of cysteine and modifying agent reactivity, somewhat analogous to a
‘lock and key’ type mechanism. Regardless, it is becoming increasingly apparent that
finding a single rule or property for cysteine post-translational modification on a proteome
wide scale may not be possible.

The comprehensive mapping of the endogenous cysteine modifications it also provides a
rich, validated, resource for understanding the landscape of thiol modifications in vivo, and
may guide future studies since non-catalytic cysteine residues are often used as an effective
strategy for drug design and targeting (Hagel, et al., 2011). The modifications were
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principally localized in protein segments outside of commonly annotated functional regions
(disulfide-forming, metal binding and catalytic) and thus, can be distinctly considered as
regulatory residues. This new class of regulatory cysteine residues is conserved among
closely related species to the same degree as other functional cysteine classes. The unbiased,
bioinformatics analysis of the proteomes also revealed several structural findings consistent
with previous analyses of individual modifications. The localization of SOH modifications
in CXC and CXXC motifs correlated well with the overabundance of zinc finger proteins in
the SOH proteome and their well-known CXXC active site motif. Furthermore, the greater
proportion of SAc modifications found in helical domains is consistent with the higher
frequency of S-palmitoylation localization at the N-termini, where helical conformations are
also common (Linder and Deschenes, 2003). Finally, the fact that SSG modifications had
the highest disulfide annotation is unsurprising since the chemical distinction between inter/
intra protein disulfides and mixed disulfide is largely non-existent. Thus it is expected that
S-glutathionylated cysteine residues share similar properties characteristic of cysteine
residues that form disulfides.

Overall, the data identified subsets of cysteine residues in the proteome that are functionally
related and selectively modified supporting the emerging concept for the presence of
regulatory cysteine residues wherein post-translational modifications trigger, harmonize and
expand physiological signaling and protein function.

Experimental Procedures

Tissue Collection

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the Children’s Hospital of Philadelphia. Wild-type C57BL/6J and Nos3t™Unc (eNOS™-)
animals were obtained from Jackson Laboratories. Mice were anesthetized using CO, and
exsanguinated via cervical dislocation.

Preparation of modified cysteine proteomes

Two methods were used for the detection of in vivo cysteine redox maodifications, selective
reduction coupled with phenylmercury enrichment or chemical derivatization coupled with
2D separation.

Analysis of Snitrosylation proteome follows essentially as previously described (Doulias, et
al., 2013).

Sglutathionylation proteome analysis follows a similar procedure as S-nitrosylation with
the main exception being that endogenous cysteine bound nitric oxide is removed using UV
prior to alkylation with n-ethylmalemide (Sigma). SSG proteins are selectively reduced
using recombinant Glutaredoxin 1 (Cayman) and enriched using phenylmercury resin.

Sacylation proteome analysis follows the same steps as that of the SSG proteome except
proteins are selectively reduced with 800 mM hydroxylamine (Sigma-Aldrich) for 60 min at
50°C(Martin, et al., 2012).

Chem Biol. Author manuscript; available in PMC 2016 July 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gould et al.

Page 13

Since S-sulfenylated proteomes necessitate a chemical derivatization, mercury enrichment is
not employed; instead proteins are separated in gels and fractionated. 700 pg of proteins
were treated with 25 mM dimedone (DMD) for 2h at RT with constant shaking as
previously described (Martinez-Acedo, et al., 2014). The protein samples were separated by
concentrating SDS-PAGE. The unique gel band obtained for each proteome was visualized
by Coomassie brilliant blue G-250 (Amresco), and then cut into small gel pieces, treated
with 10 mM DTT and 50 mM NEM at pH 8.0 prior to tryptic digestion. The resulting
peptide pool was desalted onto Oasis C18 HLB extraction cartridges (Waters) and dried
down. Peptide were suspended in focusing buffer (5% glycerol and 2% IPG buffer pH 4-7
(GE Healthcare)), loaded onto 24-well, 24 cm-long ImmobilineDryStrip, pH 4-7 (GE
Healthcare) and separated by isoelectric focusing on a 3100 OFFgel fractionator (Agilent).
The recovered fractions were acidified and the peptides were desalted using OMIX C18 tips
(Varian, Inc). After elution, the peptides were dried-down prior to reverse phase-high
performance liquid chromatography (RP-HPLC)-LIT analysis. Visualization of protein
sulfenylation utilized the same dimedone derivatization as above followed by reducing SDS-
PAGE. The blot was incubated with anti-cysteine sulfenic acid antibody raised against
dimedone derivatized peptide (Millipore).

The generation of the experimental proteome, termed mercury reactive (Hg-React) consisted
of loading un-alkylated protein suspension on the mercury column. Processing follows the
same enrichment, wash, elution, and lyophilization methods as the other three proteomes
that utilize the resin enrichment. After lyophilization, the resulting peptides are resupended
in 200 pL 0.1% formic acid followed by the addition of 200 pL 2% acetonitrile and 5 mM
ammonium formate, pH 10. The volume is then reduced to 10 uL via Speedvac. The
resulting peptide solution was then fractionated using alkaline-reverse phase fractionation on
a Waters NanoAcquity UPLC instrument with a Agilent Zorbax-300Extended C18 3.5uM
100 x 0.3mm Column (Mertins, et al., 2013). Flow rate was set at 6 pl/min for 50 minutes
with a 20 min gradient. Mobile phase A consisted of 5 mM NH4CO,, pH 10 and 2%
acetonitrile. Mobile phase B consisted of 5 mM NH4CO,, pH 10 and 90% acetonitrile.
Peptide elution was monitored at 280 nm wavelength. A total of 10 fractions were generated
and combined non-continuously into 5 final fractions which were analyzed by LC-MS/MS.

More detailed methodology, including mass spectrometry, peptide identification and
bioinformatic analysis parameters can be found in the supplementary experimental methods
section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Redox signaling mediated by cysteine post-translational modifications represent a recent
area of intense interest with wide reaching implications for multiple scientific disciplines
ranging from physiology to cardiovascular and neurological diseases. These diverse
protein cysteine modifications represent newly realized regulatory mechanisms that
influence protein function and location, afford allosteric regulation, and provide a
mechanism of signal transduction akin to phosphorylation or acetylation. To enable
investigations into the interface, complementation and organization of cysteine
modifications at the proteome level we mapped the sites of S-acylation, S-
glutathionylation, S-nitrosylation, and S-sulfenylation. The assembled proteomes
represent a unique resource and the first comprehensive identification of endogenous
cysteine residues in proteins that are modified by these four chemically distinct
modifications under normal physiological conditions. Analysis of the acquired proteomes
offered the following significant advances: 1) discovered that redox dependent post-
translational modifications occur in biologically unique protein networks containing
differentiating, conserved cysteine residues that possess capacity for redox regulation. 2)
The redox-dependent modification of cysteine residues are surprisingly selective and
minimal complementation exists in the proteome. 3) Through comprehensive
bioinformatic interrogation, we established that modifications are not localized in
common cysteine functional domains, rather they exist in unique segments of proteins
that may represent recent evolutionary designs to accommodate specific redox-sensing,
signaling and functional regulation of proteins. Collectively these findings are on the
forefront for understanding the basic tenets of redox-dependent regulatory cysteine
residues at the proteome level and their biological role in normal signaling and disease
pathways and provide a rich resource for future work on these pathways.
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Figure 1. Acquisition and characterization of cysteine proteomes
A. Schematic representation of the protocol utilizing selective reduction/reactivity coupled

with enrichment methods for the detection of S-nitrosylation (SNO), S-glutathionylation
(SSG), S-acylation (SAc), and S-sulfenylation (SOH) proteomes. The mercury reactive
proteome (Hg-React) provides an experimental reference proteome used for biochemical
and structural comparisons. Proteome counts for the identified peptides and the
corresponding proteins are indicated in the table. B. Frequency distribution of protein
abundance curated using PaxDB. All annotated liver proteins within PaxDB were utilized to
generate the reference for examining cysteine post-translational modifications (PTMs). C.
Distribution of protein molecular weights for cysteine PTMs compared to liver expressed
reference proteins. D. Cysteine content normalized to length of proteins in the liver
reference and individual modified cysteine proteomes. Proteome data is from 6 biological
replicates.
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Figure 2. Frequency and distribution of cysteine modifications
A. Frequency of modified proteins within the liver proteome. The fraction of uniquely

modified proteins correspond to the given annotated proteome, proteins that exhibit multiple
modifications are clustered together. The combination of cysteine PTMs and Hg-react
proteins represents the fraction of endogenous proteins that are experimentally detectable
utilizing our methodology. B. Distribution of modified proteins among the four cysteine
PTMs. C. Site specific frequency of cysteine modifications within the experimentally
determined proteome. D. Site specific distribution of cysteine modifications. E. Overlap of
identified S-glutathionylated sites in wild type and eNOS™~ liver tissue, sites in parentheses
denote the number of sites that carry both SSG and SNO modifications. F. Label-free
quantification of the 174 shared sites that are both S-glutathionylated and S-nitrosylated
from wild type and eNOS™, fold-change is based on eNOS™~, a positive value indicates
greater abundance of peptide in the eNOS™~ tissue a negative value indicates greater
abundance in wild type. Red lines are the cutoff for significantly changed peptides. G.
Western blot of SOH in WT and eNOS™~ genotypes using antibody against dimedone
(DMD) derivatized peptides.
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Figure 3. Fraction of modified cysteine residues within functional cysteine groups
A. Distribution of reduced (SH) and modified cysteine residues within major structural

domains. B. Fraction of cysteine residues within annotated CXC or CXXC domains. C.
Distribution of cysteine residues annotated as zinc finger binding or metal binding. D.
Fraction of cysteine residues within each proteome annotated within disulfide bonds.
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Figure 4. Biochemical properties of modified cysteine residues
Heatmap resulting from the unsupervised hierarchical clustering of the deviation of

hydropathy (A) and solvent accessibility (B) of modified cysteine residues compared to
intra-protein unmodified cysteine residues. The x-axis represents all proteins which could be
calculated, grey represents missing values resulting from uniquely modified proteins. C.
Frequency distribution of pKa values that are able to be calculated using PROPKa. D.
Charged amino acid frequency among cysteine proteomes within 10 A of the modified
cysteine.
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Figure 5. Biological clustering of modified proteins

A. Clustering of aggregate GO terms of cellular localization and biological/molecular
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processes. The heatmap represents the relative proportion of proteins within each of the
designated GO term, with the total protein number indicates to the left. Cluster number
ranging from 1-7 assigned from top to bottom with text color differentiating the assigned
clusters. Scale bar represents the relative proportion of proteins assigned within the GO term
assigned to any one modification. B. Ranking of cluster importance score based on random
forest rank tests of the clusters accuracy in distinguishing modifications from each other, bar
coloring corresponds to cluster color text in A.
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Table 1
Cysteine PTM Conservation
Database? PTM Cysb Control Cysb Difference
Rodent Only 74.0 76.4 2.4
Mammal Only 745 78.0 35
Vertebrate Only 65.4 729 75
UniProtKB/Swiss-Prot 63.1 76.4 13.3

a . . .
Indicates organism search database ordered by least to most divergent
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Data presented as % conservation derived from the number of times each Cys site is present in BLASTP alignments for a given protein within the

given database.
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