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ABSTRACT

In this study we developed a quantitative proteomic
method named ICAT switch by introducing isotope-coded
affinity tag (ICAT) reagents into the biotin-switch method,
and used it to investigate S-nitrosation in the liver of
normal control C57BL/6J mice and type 2 diabetic KK-Ay
mice. We got fifty-eight S-nitrosated peptides with
quantitative information in our research, among which
thirty-seven had changed S-nitrosation levels in diabetic
mouse liver. The S-nitrosated peptides belonged to forty-
eight proteins (twenty-eight were new S-nitrosated pro-
teins), some of which were new targets of S-nitrosation
and known to be related with diabetes. S-nitrosation
patterns were different between diabetic and normal
mice. Gene ontology enrichment results suggested that
S-nitrosated proteins are more abundant in amino acid
metabolic processes. The network constructed for S-
nitrosated proteins by text-mining technology provided
clues about the relationship between S-nitrosation and
type 2 diabetes. Our work provides a new approach for
quantifying S-nitrosated proteins and suggests that the
integrative functions of S-nitrosation may take part in
pathophysiological processes of type 2 diabetes.

KEYWORDS ICAT switch, mass spectrometry, quanti-
tative, S-nitrosation, type 2 diabetes

INTRODUCTION

It is well established that nitric oxide (NO) can regulate a
diverse array of signal transduction pathways which play

“These authors contributed equally to the work.

important roles in both physiologic and pathological pro-
cesses, partly acting through modification of cysteine
residues of proteins (S-nitrosation) (Hess et al., 2005).
Methods such as biotin-switch and SNOSID have been
developed for studying S-nitrosation (Jaffrey and Snyder,
2001; Hao et al., 2006). However, these approaches will not
be powerful enough for those researches concerning
quantitative analysis of S-nitrosation. As known, the biotin
switch method includes three key steps: blocking free
cysteines, specific reduction of nitrosated cysteines (S-
nitrosothiol, SNO) by ascorbate, and biotinylation of released
free cysteines by biotinylation reagents such as biotin-HPDP.
Then the biotinylated proteins or peptides can be purified by
streptavidin-agarose for further analysis. Isotope-coded
affinity tag (ICAT) reagents, reactive to free thiols, have
been used extensively in quantitative proteomics (Gygi et al.,
1999). Here, we replaced the biotin-HPDP in the original
biotin-switch method with ICAT reagents following with
mass spectrometry detection, allowing quantification of S-
nitrosated proteins in samples at the proteomic level. This
method was named ICAT switch.

Type 2 diabetes mellitus (T2DM) is now a major threat to
human health (Zimmet, 2000). Although the pathology of the
development of T2DM is complicated, chronic inflammation
induced by obesity is thought to play a key role (Wellen and
Hotamisligil, 2005). The expression of inducible NO synthase
(iNOS) increases under inflammation conditions (Xie et al.,
1994), and targeted disruption of INOS protects against
obesity-linked insulin resistance in muscle tissue (Perreault
and Marette, 2001). Endogenous NO produced abnormally
by iINOS has a variety of effects on some processes in the
development of diabetes (Perreault and Marette, 2001; Sugita
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et al., 2002; Fujimoto et al., 2005) and its complications
(Ceriello et al., 2002), and alterations in the amount of S-
nitrosated proteins such as insulin receptors, insulin receptor
substrate 1, and Akt (Carvalho-Filho et al., 2005; Yasukawa
et al., 2005; Wadham et al., 2007) are reported to be involved
in these diseases. Liver is an important organ for many
metabolic processes, such as gluconeogenesis, glycogen-
esis, fatty acid and triglyceride metabolism, many of which are
abnormal in diabetes. Research on S-nitrosated proteins in
liver at the proteomic level will help to uncover the role of S-
nitrosation in diabetes.

In the present study we developed the ICAT switch method
to identify and quantify S-nitrosated proteins in the liver of
control C57BL/6J mice and diabetic model KK-Ay mice. The
relationship between S-nitrosated proteins and diabetes was
subsequently analyzed using bioinformatics.

RESULTS
Construction and validation of ICAT switch method

We labeled the S-nitrosated thiols in C57BL/6J samples with
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light ICAT reagents and the S-nitrosated thiols in KK-Ay
samples with heavy ICAT reagents. The peptides containing
both quantitative and SNO site information were then
identified by mass spectrometry. The flow chart of ICAT
switch is shown schematically in Fig. 1A (ICAT structure was
shown in Supplemental Fig. 1), in which ICAT reagents were
used to replace biotin-HPDP to label the S-nitrosated Cys
residues. Taking one result as an example, the peaks of
peptide AGCQVVPSDMMDGR labeled with ICAT reagents
can be seen in precursor MS spectrum as shown in Fig. 1B.
The difference in m/z units between light and heavy ICAT
labeled peptides is 9 Da for univalent ions, 4.5 Da for divalent
ions, and 3 Da for trivalent ions. This spectrum indicated that
ICAT reagent could be used to identify S-nitrosation with
mass spectrometry.

To test the accuracy of ICAT switch, we applied this method
in quantifying S-nitrosation induced by S-nitrosoglutathione
(GSNO) in vitro, whose ratio could be controlled. The liver
lysates of normal mice were treated with 500 uM GSNO for
protein S-nitrosation followed by ICAT switch. Half was
biotinylated by L (light) and another half by H (heavy) ICAT
reagent. Since the levels of S-nitrosation in both halves of the
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Figure 1. Construction and validation of the ICAT switch method. (A) Schematic overview of ICAT switch. Proteins were
extracted from mouse liver and added to a blocking buffer, in which the free Cys-thiols were methylthiolated by MMTS. S-NO bonds in
proteins from C57/BL6 and KK-Ay mouse liver were then separately reduced by ascorbate and labeled with ICAT light/heavy
reagents. Samples from C57/BL6 and KK-Ay mouse liver were then combined and digested by trypsin at 37°C overnight. Peptides
labeled with ICAT reagents were purified by monomeric avidin agarose, and then acid-cleaved by cleaving reagents. Finally, peptides
were analyzed by LC-MS/MS. (B) Representative mass spectrum of the ICAT labeled peptides in full scan with three kinds of mass
intervals. The difference of mass values between the isotopic peptides was 9 Da for univalent ions, 4.5 Da for divalent ions, and 3 Da
for trivalentions. (C) Box plot of light/heavy ratios of S-nitrosated peptides is shown. The middle line in the box indicates the median of
light/heavy ratios in this group of data. The box indicates 50% members of the group.
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lysates were the same, the expected value of the ratios was
1.0 (L/H= 1:1). 127 S-nitrosated peptides were identified
with an average ratio 0.94 and the distribution was shown in
Fig. 1C. These results guaranteed the accuracy of our
method used afterward.

S-nitrosated peptides and proteins identified in C57BL/6J
and KK-Ay diabetic mouse liver

We analyzed the different S-nitrosation patterns between
normal and diabetic mouse liver by ICAT switch. The
probability above 0.8 for every peptide acquired by Peptide-
prophet was set as the criteria for peptide acceptance.
Filtration of S-nitrosated peptide was shown in Fig. 2A.
Employing a threshold of Probability above 0.8, the percent of
false S-nitrosated peptides identified in this experiment is
below 3.6%. In this state, the fraction of all correct assign-
ments passing the minimal probability thresholds (MPT) filter
is nearly 75% (sensitivity). The accepted peptides contained
Cys were quantified afterward by ASAPRatio, which was
part of the TPP software package. The peptide
AGCQVVPSDMMDGR in aminolevulinate delta dehydratase
(gi 34328485) was taken as an example, in which heavy ICAT
reagents were labeled on the cysteine (Fig. 2B). There was a
shift of 236 (the mass of the heavy ICAT tag) in the m/z
from the b to the b4z ion and an ICAT diagnostic peak at m/z
294.9 (cl). Fig. 2C shows quantification of the peptide
AGCQVVPSDMMDGR by ASAPRatio. The ratio of signals
from light (C57BL/6J) versus heavy (KK-Ay) ICAT labeled
peptides was determined to be 0.46 +0.03, meaning that
the amount of S-nitrosated peptides in KK-Ay increased to
about 2.2 fold (1/0.46) that of C57BL/6J. S-nitrosated
peptides whose amount is changed in diabetic mouse liver
(L/H<0.7 or L/H>1.3) were listed in Table 1, and the others
(0.7<L/H<1.3) were shown in Supplemental Table 1. After
checking the MS/MS spectra and the SIC (single ion
chromatogram) manually by ASAPRatio, 58 peptides were
considered as S-nitrosated peptides containing quantitative
information. The distribution of the peptides ratios is shown in
Fig. 3A. Of the 58 peptides identified, 24 peptides whose L/H
ratio was less than 0.7 were considered as S-nitrosation
increased in KK-Ay mouse liver, 13 peptides whose L/H ratio
was more than 1.3 were considered as S-nitrosation
decreased, and 21 peptides whose L/H ratio was between
0.7 and 1.3 were considered to show no change in S-
nitrosation status, because changes below +30% were
considered as not significantly different in accordance with
the ICAT kit instructions. An L/H ratio of 0 meant that the S-
nitrosated peptide was only present in KK-Ay mouse liver, and
an L/H ratio of 999 meant that the S-nitrosated peptide was
only present in C57BL/6J mouse liver.

Bioinformatic analysis of S-nitrosated proteins

To identify which biological processes were more likely to be

regulated by quantitative changes in S-nitrosated proteins,
we performed GO enrichment of these proteins using the
BiNGO plugin in the Cytoscape platform. Thirty proteins with
altered levels of S-nitrosation in KK-Ay mouse liver were
analyzed by GO enrichment tool BINGO. The enriched GO
terms were visualized using a DAG (directed acyclic graph)
graphical representation (Fig. 3B). The “amino acid metabolic
processes” had a low p-value, which meant this process had
higher probability to be regulated by S-nitrosation proteins.
Other biologic processes enriched are listed in Supplemental
Table 2.

Since S-nitrosated proteins may affect signaling pathways
indirectly through their impact on other proteins (Benhar and
Stamler, 2005; Qu et al., 2007), we constructed a protein
network containing 14 S-nitrosated proteins identified in KK-
Ay mouse liver and other related proteins by virtue of text-
mining technology to find out the latent functions of the S-
nitrosated proteins (Fig. 4A). Green, white and red nodes
stand for S-nitrosated proteins, and the gradient from green to
red reflects the S-nitrosation change from increasing to
decreasing. Grey nodes stand for related proteins to S-
nitrosated targets. The edge between two nodes stands for
the relationship between them. For example, Fig. 4B shows a
subnet composed of an S-nitrosated protein and its related
proteins. In this subnet, the green color of the node for serine/
threonine kinase receptor-associated protein (STRAP), which
was identified as an S-nitrosated protein in our research,
means that the amount of S-nitrosated STRAP increased in
KK-Ay mouse liver. Other gray nodes stand for proteins
related with STRAP. Of the related proteins, the edge
between Cdkn1a (an alias of p21) and STRAP shows that
stable expression of STRAP induces downregulation of the
cyclin-dependent kinase inhibitor p21 (Halder et al., 2006);
the edge between trp53 (an alias of p53) and STRAP shows
that STRAP activates p53 (Jung et al., 2007).

DISCUSSION

Here we developed the ICAT switch method for quantitative
proteomic research on S-nitrosation in diabetic mouse liver.
By virtue of the ICAT switch in quantification, we solved the
problem of false negative identification of S-nitrosation
targets. In our study there are 20 peptides with 0<L/H<0.7
and seven peptides with 1.3 <L/H <999, which were identified
as new S-nitrosation targets and their quantitative variation
was determined. However, using former methods lacking
quantitative information, these proteins would have been
eliminated from the S-nitrosated protein target list since
they were presented in both control C57/BL6 and the
KK-Ay mouse liver, therefore, leading to false negative
identification of S-nitrosation targets. Some S-nitrosated
targets reported in other studies, such as transaldolase
(Lefievre et al., 2007), glutathione S-transferase (Sies et al.,
1998; Lindermayr et al., 2005; Hao et al., 2006; Lefievre et al.,
2007), D-dopachrome tautomerase (Han and Chen, 2008),
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Figure 2. Filtering, identification and quantification of S-nitrosated peptides. (A) Filtration of S-nitrosated peptide. The MPT
for false positive (error) rate below 0.05 is 0.68. Employing a threshold of Probability (PeptideProphet) above 0.8, we make sure the
percent of false S-nitrosated peptides identified in this experiment is below 3.6%. In this state, the fraction of all correct assignments
passing MPT filter is nearly 75% (sensitivity). (B) Identification of the peptide AGCQVVPSDMMDGR in aminolevulinate delta
dehydratase. Red dots indicate matching of b-ions, and blue dots indicate y-ions. Orange dots labeled with b* indicate dehydrated b-
ions. The purple dot at m/z 294.9 shows the ICAT diagnostic peak. (C) Reconstructed ion chromatogram of the precursor ion from
peptide AGCQVVPSDMMDGR in its light and heavy versions using ASAPRatio. The ratio of light (C57/BL6) versus heavy (KK-Ay)

ICAT labeled peptides was determined to be 0.46 + 0.03.

678

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010



Protein & Cell

Quantification of S-nitrosation in diabetic liver using ICAT switch

aMvsiod
0000°L JoA|| ‘| eseulbie 2ce90'L  60C°8.0C ¢ LOYY 8Ll GGZ90L L L0'0F Y0 11660 LAMSHOdAAdE™
asejelpAyap >.w_wo_>__>_
68660 ‘-ejJjop ‘sjeulnAsoulwE  9E¥/9'0  LZZELLL T aviv G20l G8¥8Zere €0'0F9¥°0 0000°L ASdVAADOOV™
| Buiurey _
0000°L -Uod ulewop esseuesoin  /G89/°0  2Z8CYSYL € 100dN LEGEVT L0LOSYLe  €0°0F¥¥ 0 0000°L 1'¥0dADAIdAV' Y
SWwLIoJos! _
6£660 ‘osessysues-g suolyienib  1/98€°0  696°G/ZL ¢ WNLSO 98v1 66889Y€¢ L0'0F8€0 28680 pd ¥ IND4VATO™M
06660 €0 Wiojos! uluowiey Sovvl'e  evighl € OLHSN 880¢C. 20818cLy
_ d™M
06660 Le wliojosi uluouley  SObvL'Cc  EVL8YL € OLHSN 8802/ 69.€962)  90°0FLE0 0000'L OIdOSSISO919Y
860,001 MY _ AN
68660 utejoud |eanayjodAy €1292°0 v/L'6SEL  C  L0090%LE€6Y  ¥860. 9269256l  €0'0FSE0 0000°L I11OVOAVdAN™
0000°L | ursAydojued 1G006'0 P¥2Z09¢) ¢ 1dAS 12061 €0¥S0€L
0000°L Z uishydojued 1G006'0 ¥2Z09¢k ¢ 1dAS 12061 Y0282l  €0°0¥SE0 6080 AMdONADIAL
1 (1401) eyde |
J0}oB} JB3jONU 8)Ao0jeday
JO I0JOBJ0D UONeZ
-lIswip/asejelpAyap auiw _ ay3asio
G1660 -ejouiqued eydje  uueyd  6£88L°0  L/2°066L € 1dgod oslel 809¥8¢€€L  €0°0¥920 0000°L VOIHLSTLIHAM
rA? _ I
0000°L uiejoid eAIsuodsasjeay  €LL6Z'0  GLL'G9EL T ZLldSyH €L¥S1 86%.080% 00°0¥8L°0 9€06°0 AANNHAOOVY™
. TMd
111670 | @sejop|esues; 2e00'0  90LC.SL ¢ 10QTvL LGeLe 0v96G8€€  C00F€L0 €886°0 SILT4A09OVIVH
(1 ssep) _
28660 | eseusboipAysp [oyodle 8790 96v'cL0L ¢ LHav [44°1%% LLEYZ.L9 00'0¥00°0 0000°L SHOAD VAN
swuojosi‘zdgbiy _ dM
16980 urejoud Bupoessjur-qy/Biy  99¥68°0  86Z°€BEL T 2sSg40Ss suou 2e0.1628  000¥00°0 86060 HVOOOSALNN™-
SHTIAASTAIFTT
ANO4LSATAATO
6.6°0 L¥9 Jojdadal Aiojoejjo 68YS.LL L6'lovy € L#94470 suou §gi88ZLece  000%¥000 9266°0 AISNILIQVOVTM
pIAMATAH
G166°0 L ureyo jybi| upiiey 1/800'L 8cT'lvle € 98€¥€90071 suou /€G28628 00°0F¥00°0 0000°L $314A07THdAv'd
(yoydoud-uisjoud) uonduosep qdl 8ue9 (H) asF (ydydoud-apndad)
Ageqoud uiejoud NV +HIA Z loquAs eusb  zenug uoissadoe I6  onel dysy Angeqoud aouanbas

/140 270> H/1) JoAl snow oiagelp ul pabueyo s| junowe asoym ‘sepidad pajesouu-S Jo uoljewlojul sAleuenb pue se)is pajesoliiu-S ‘suiejold pajesosju-S Jo isi

"youms 1| Aq pajeanas se (g7 <H

| alqeL

679

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010



Xu Zhang et al.

Protein & Cell

L WwIojos| ‘@seyjuAs

16660 -e)aq auluolyje}sko G0S/L'0  /L62'8CEl sg0 Lzl L200S¥LZ  00'0F€L0 75960 NUASAdTIAADY
uia)01dooA|6 ay
68660 ysejqoydoy} [e}9400U0 1G  6€66.°0  SG8E'2CS) 90NY0.L0€19 suou 68€6281G 000 666 0000°L ddOY13vVOSYO'd
¢ dnoib uonejusw
-9|/dwod ‘Aousioyep Jiedal
juspo. Bunuswadwod <.v_>>OIm_>
68660 -ssoi0 Jledal Uoisioxe  €1/0L'C  82L'€981 €043 z/8¢€l 00892561 000 666 0000} SAVSNOINTO Y
9 Buiuie) HMdHHEMS
G866°0 -uod jeadas You suoNd|  €Z/€2°C  662'2SET 9041 29SS 1989066 000 +666 0000°L OAILSAQdOSH™M
uieyoud Buipuiq ARSES
G866°0 ¥ Jusuodwod Juews|dwod €86k G6Z'90.LL davo 69221 G/ZZ¥SLE 000 F666 0000} IDYOADdTOIAM
10} dHSAMINTY
25180 -oej uonduosues ayil-ulld - L8120 L€6'8YET Z9HSIN 19%9. g8ozelele 000 +666 €v180 ASNID4HDOLd™
SINIYL NMAAQY
06660 urajoud Jrow aypeduy €9G66C°0 6699CLL yojew ou suou 821806 000 +666 0000°L HOdOALHVAH Y
| Buiuiey
-uod ujewop uixelyuad
pue 493 ‘v adA} J0joe} _
1¥86°0 puBlIgaIIA UOA ‘lysng €25¥9'0  ¥LE8LSL Ld3AS L18¥9 Zv88elel  08°€¥9/.°LE 16180 JHIHLANSdALO™
00€5.0071 =
68660 ursjoud eaayjodAy 6G8¥0°0  8€'98¢l yojew ou suou 6L6S6EV6  €€0FGL'E 0000°L adao1dodydINY
Z1O Jequisw ‘| Ajwey
9916°0 8sejonpal ojex-opje ¥6ZLE0 LT LvpL [4%01%2 7\ 20vze9 0€€61.298
€10 Jeqwaw ‘| Ajiwey _ S™M
9916°0 asejonpal oje3-ople ¥62LE0 LT LvbL SLOLENY ¥8€.¢ 6.8¥0€L L2°0F90°¢ 82160 A1OVAMO3ITY
_ aM
8/6€£22001 MY OTOOOIVSSAN
G/66°0 ursjoud |eonayjodAy 9/9¢/’L  88¥'G9GC CLNPY00€GD  8.16€2C Z88186lLE  L20¥€SC 0000°L dINDALODOVN'Y
uie}
-04d pajeloosse J0jdedal _
68660 8seun| auluoalyy/eules  Gz6/9°0  C¢ZL'LSEL dvdls 10602 2895G/9 G00¥190 0000°L 4"dADHIdO4HO™
0000°L €joq ‘esepiuonon|d LLoLe’o  Loceovl asno 900041 8607529 80°0F190 JAZA N} "4 LLIdOSOATM
VRSER = RRIIT
0000'L osef| eluowwe suipisly  z/GL8'0  189'2/2¢ IVH 9618€9 ZSL¥6L9 €00F¥S0 96660 WOLONITVIOIM
(yoydoud-uisyoud) uonduosap qdl 8ues (H/1) as* (yvydoud-apndad)
Angeqoud uigyoid NV +HIN JI0qwAs susb  zenuz uoissedoe 16 onel dySy Ajjigeqoud aouanbas
(ponupuo))

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010

680



Protein & Cell

Quantification of S-nitrosation in diabetic liver using ICAT switch

"paysl| sem Jaquisw e AjuQ suiojos! ¢ ueyy alow Buiurejuod suisjoud jo dnoib vy,
‘Buuiw 1x8) JO} PesSN puUB ‘suoISSed9E |6 WOJ) POWIOJSURI) 819M S|OQWAS BueD
JUBWIYDUUS QD IO} POSN PUB SUOISSSIDE 16 WOY) POWIOJSUBL) BI9M S(| BUSD ZauT

‘uopeolyusp} Joj pasn s| aseqelep |GON a4} Wol pl dyL ,

‘| 9|qel |eyuswalddng ul umoys ale (£ = H/13>2°0) Apueoniubis pabueyd jou s) Junowe asoym sapidad pajesoniu-S (Ay-MM :919/26D) sepndad pajesosjiu
-S Jo onel ay} Joj spuels (H/1) AS Foney dvSY 9yl "Selis pajesoiu-S ay) ale sepndad ay) Jo sanpisas sulg}sAd sy} pue ‘uwinjod aduanbas ay) ul umoys ale sepidad pajesou-S

Z Bojowoy [einy O'HOINDD LI
0000°L -onys esepixo spAysple  $zzz0'0  vL9EIrZ ¢ ZXov veLLL €Glye6EL 020F90°E 66660 NID3LSd3dHNY
Z Bojowoy [einy o.v_mm._.dn_>
0000°L -onys esepixo spAysple  1L0662°0 9565l ¢ X0V veLLL €qlyeeeEL  YE0F19C 0000°L INL4OQ3OVIN'Y
Z Bojowoy [einy _ M
0000°L -onys esepixo spAysple  6¥S6£°0 GETIPYL ¢ ZXOVv veLLL €Glye6EL  0G°0F€E6L 9986°0 NTIOOVNOAY Y
I.W_Ow._._
0000'L aseuaboipAysp sulyjuex  6%8¥€°0 2L 196L ¢ Hax 9evee GGG289..  0L'0F690 18960 TNA3AHATNDO™
ase ._..W_ZOm_<._PO>>O_m
0000°L -lswojne} swoiyoedop-q  §LL9L'Z  626'865C € 1aa cozel 819€G/9 S0'0¥090 0000°L SATIHVOd3LS™
ase >.m_lom_n_
0000} -lawojne} swolyoedop-q  9S5¥1L0'0  296V¥8L T laa zozel 819€G/9  €00¥FZK0 86660 AQULYIVYOTY
Z wlojos| ‘aseyjuis
16660 -ejoq auluolyjejsho $9G08'0 €09'19/Z2 ¢ sS40 LveL ¥696800¢
_ ™
| wiojos| ‘aseyjuhs 95000071133vLd
16660 -ejoq aujuolyje}sko $9G08'0 €09'19/Z2 ¢ sS40 LiveL L/00SvLc  90°'0F¥9°0 0000°L AAHVIdNSVYNH
Z WJojos! ‘oseyjuis
16660 -}oq aujuolyje}sho S¥8/00  ¢¥'09LL Z sSg0 Livel ¥696800€
| Wlojos| ‘@seyjuAs _
16660 -€}oq aujuolyje}sko S¥8/00  ¢¥09LL Z Sd0 Livel 1200SvLC L00F¥20 1G€6°0 N MIdNAIDE
Z Wlojos| ‘oseyjuis
16660 -J9q auluolyje}sko G0G/L'0 /l678¢EL ¢ Sg0 Lyl ¥696800€
(yoydoud-uiejoud) uonduosap qdl 8ueo (H/1) as¥ (ydydoid-spndad)
Ajgeqoud uiejoud N\vA +HIN Z JloquAs eusb  zenuz uoissedoe I6  Onel dYSY Ajngeqoud aouanbas
(panupuo?)

681

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010



Protein & Cell

Xu Zhang et al.

L./H=999 (10.3%)
decreased extremely
in KK-Ay

1.3<L./H<999 (12. l%)ﬁ‘
decreased in [

KK-Ay \
B
)
(GO-ID)
N
5.00E-3 5.00E-8
(I
p-value

\

L/H=0 (6.9%)
increased extremely
in KK-Ay

0<L/H<0.7 (34.5%)
increased in KK-Ay

0.7<L/H=1.3 (36.2%)
no change

3673)

KI\I;

/\

KI“ ‘{Iil

/K/ \

O

6520: animo acid metabolic process Z]

Figure 3. Analysis of S-nitrosated peptides and proteins identified in the normal and diabetic mouse liver using ICAT
switch. (A) The number of S-nitrosated peptides distributed in different L/H (C57/BL6 versus KK-Ay) ratio groups. L/H= 0: S-
nitrosated peptide only presents in KK-Ay mouse liver; 0 <L/H <0.7: S-nitrosation increased in KK-Ay mouse liver; 0.7<L/H<1.3: no
change in S-nitrosated peptides from KK-Ay mouse liver; 1.3 <L/H <999: S-nitrosation decreased in KK-Ay mouse liver; L/H = 999:
S-nitrosated peptides only present in C57BL/6J mouse liver. (B) GO enrichment result of proteins with changed S-nitrosation level.
Numbers in the nodes represented IDs of GO terms. The color from yellow to red (dependent on p-value) reflected their degree of

enrichment.

aspartate aminotransferase (Lefiévre et al., 2007), and
glutathione peroxidase 1 (Koh et al., 2001; Lindermayr et
al., 2005), were also detected in our study, indicating the
efficiency of the ICAT switch.

With this quantitative proteomic method, we were able to
find a number of new S-nitrosated targets that are known to
be involved in diabetes and thus merit special investigation.
(A) Arg/Abl binding protein (ArgBP2), this multi-adaptor
protein interacts with many important proteins in cell signaling
(Wang et al., 1997), including Akt (Yuan et al., 2005) and cbl
(Soubeyran et al., 2003), which are involved in the insulin-
induced glucose transport pathway. S-nitrosated ArgBP2 was
only detected in KK-Ay mouse liver, suggesting that S-
nitrosation of this protein may contribute to dysfunction of the
glucose transport pathway. (B) Hepatocyte pterin 4 alpha
carbinolamine dehydratase/dimerization cofactor (PCBD1),
also known as dimerizing cofactor for HNF1 (DCoH), can bind
to the HNF1 family of transcriptional activators, nuclear factor
1 alpha (TCF1) 1 (Mendel et al., 1991). The HNF1-DCoH
complex regulates the expression of a large group of genes
related to metabolism and the insulin pathway in liver. Defects

682

in the expression of these genes underlie maturity-onset
diabetes of the young (MODY) (Yamagata et al., 1996a, b),
and mice lacking DCoH display hyperphenylalaninemia and
an impaired glucose tolerance (Bayle et al., 2002). The His80
and Glu81 residues (Rose et al., 2004) are thought to be the
active site of DCoH1, and the 3.9-fold increase in S-
nitrosation of Cys82 in diabetic mouse liver detected in our
experiment may affect the structure near the active site and
cause dysfunction. (C) Pantophysin (SYPL) (Leube, 1994), it
is reported to associate with GLUT4-containing vesicles and
may regulate vesicle transport in adipocytes (Brooks et al.,
2000). Here we found that S-nitrosation of this protein
increased 2.9 folds in diabetic mouse liver. Whether this S-
nitrosation affects Pantophysin’s role in GLUT translocation is
expected for further research. (D) Aminolevulinate delta
dehydratase (ALAD), its activity decreased in the liver of
high glucose-induced diabetic rats (Folmer et al., 2002) and
the oxidation of cysteines is thought to be one possible
reason (Afonso et al., 1996). Here we found that S-nitrosation
of ALAD increased 2.17 folds in diabetic mouse liver,
suggesting one possible contribution to the decrease of
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Figure 4. Integrative analysis of the network of S-nitrosated proteins. (A) Text-mining network constructed by S-nitrosated
proteins. The nodes colored green, white or red stand for S-nitrosated proteins, and the gradient from green to red reflects the
increasing ratio of light (C57/BL6) versus heavy (KK-Ay) ICAT labeled peptides. Grey nodes are proteins that affect or are affected by
S-nitrosated proteins. (B) Topological connections of the S-nitrosated protein STRAP. Grey nodes stand for proteins related to
STRAP by text-mining. The edge between two nodes stands for the relationship. Cdkn1a and trp53 are known to be regulated by
STRAP from the information provided by this subnet, and these two proteins are associated with diabetes.

ALAD activity. (E) Aldo-keto reductase family 1, member C12/ Srivastava, 1992). Aldose reductase (AR) is another member
C13 (AKR1C12/C13) (S-nitrosation decreased by 67%), this of the aldo-keto reductase superfamily, and the inhibition
superfamily is related to the pathogenesis of secondary of AR is thought to prevent diabetic complications. AR is
complications associated with diabetes (Bhatnagar and very sensitive to nitric oxide donors and increasing NO
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availability can usefully inhibit the polyol pathway via down-
regulating AR activity and alleviating the development of
diabetes complications (Dixit et al., 2001; Chandra et al.,
2002). The functional role of the decrease in the extent of S-
nitrosation of AKR1C12/C13 might be one possible factor for
the development of diabetes. (F) Alcohol dehydrogenase 1
(class 1) (gi6724311), which was S-nitrosated only in KK-Ay
mouse liver, could depress the phosphorylation of insulin
receptor (Tyr1146) and reduced phosphorylation of Akt and
GSK-3beta in cardiomyocytes from ethanol-fed mice (Li and
Ren, 2008). These are similar to the abnormal insulin
signaling pathway in liver or peripheral diabetic tissues
(Cohen, 2006).

In addition, with the help of GO enrichment, the integrative
analysis results showed that the S-nitrosated proteins in KK-
Ay mouse liver were enriched in processes related with amino
acid metabolism (Fig. 3B). For example, one S-nitrosated
target is arginase 1 (Entrez Gene ID: 11846), which is
responsible for hydrolyzing L-arginine to form L-ornithine and
urea, is involved in the nitrogen metabolism pathway and urea
cycle. There are also reports that amino acid metabolism was
abnormal in diabetes (Wijekoon et al., 2004; Noguchi et al.,
2006). Excess amino acids in the liver can act as substrates
for gluconeogenesis (Felig,1975), interfere with the inhibitory
effect of insulin on glucose production (Boden and Tappy,
1990), and change the insulin/glucagon ratio (Roden et al.,
1996), all of which may increase the output of hepatic
glucose. Moreover, abnormal amino acid metabolism in the
liver may change levels of amino acids throughout the whole
body. Some reports suggest that high levels of amino acids
can have both positive (Tremblay and Marette, 2001;
Nobukuni et al., 2005) and negative (Armstrong et al., 2001;
Bogan et al., 2001) effects on glucose metabolism and insulin
action in peripheral tissues. Amino acid levels can also affect
insulin secretion in pancreatic islet B-cells (Newsholme et al.,
2007). Therefore, it is possible that S-nitrosation interferes
with amino acid metabolic processes and thus contributes to
diabetes.

Meanwhile, we noticed that not every S-nitrosated protein
identified in our research can be linked with diabetes or its
complications directly. Thus, we used text-mining network to
help to reveal the relationships. As shown in Fig. 4B, this
subnet composed by STRAP and nodes connected to it, such
as p21 and p53. p21 is known to promote adipose tissue
expansion and leads to insulin resistance (Inoue et al., 2008),
and many proteins affecting the insulin pathway are regulated
by p53 (Feng et al., 2007). This subnet indicates that S-
nitrosation of STRAP may play an indirect role in diabetes via
p21 and p53. Therefore, the network constructed for S-
nitrosated proteins provided clues about the relationship
between S-nitrosation and type 2 diabetes.

With the new developed ICAT switch method, we got the
quantitative proteomic profile of S-nitrosation in C57/BL6 and
KK-Ay mouse liver. The quantitative information, together with

the network analysis of S-nitrosated targets contributed to
explaining the relationship between S-nitrosation and dia-
betes. Our work provides a solution for quantification of
multiple S-nitrosation, makes it possible to elucidate the
integrative correlation of S-nitrosation with pathophysiologic
processes. The mode of this work can be used to study S-
nitrosation profiles in other physiologic and pathological
processes.

MATERIALS AND METHODS

Reagents

Cleavable ICAT™ reagent kits were purchased from Applied
Biosystems (Foster City, CA, USA), Methyl methanethiosulfonate
(MMTS), biotin-(N-(6-(Biotinamido)hexyl)-3'-(2'-pyridyldithio)-propio-
namide (biotin-HPDP), and BCA™ protein assay kits were from
Pierce (Rockford, IL, USA). PlusOne™ urea was from GE Healthcare
(Piscataway, NJ, USA). Protease inhibitor cocktail tablets (Complete,
Mini, EDTA-free) were from Roche Applied Sciences (Indianapolis,
IN, USA). Sequencing-grade modified trypsin (V5113) was from
Promega (Madison, WI, USA). Solvents used in LC/MS analysis,
including formic acid (FA), acetonitrile (ACN) and methanol, were
from J.T. Baker Chemicals (Philipsburg, NJ, USA). All other chemicals
were from Sigma-Aldrich (St. Louis, MO, USA).

Animals

Eight-week-old female lean wild-type C57BL/6J and KK-Ay mice
were obtained from the Institute of Experimental Animals, Beijing
(Beijing, China). The mice were housed in mesh cages in a room
maintained at 25°C and illuminated in 12:12-h light/dark cycles. They
were provided with a standard rodent diet and water. All animal
experimental procedures were conducted according to the Animal
Welfare Act 2006.

Protein Preparation

Livers from C57BL/6J and KK-Ay mice were homogenized separately
in detergent-free lysis buffer (50 mM Tris, pH 7.7, 2.5mM EDTA,
0.1 mM neocuproine, 8 M Urea, 20 mM MMTS and protease inhibitor
cocktail) on ice, as described in the literature (Han and Chen, 2008).
Lysates were centrifuged at 12,000 g for 20 min at 4°C to remove the
debris. All steps were performed in the dark. Protein concentration
was determined using a BCA™ protein assay kit and adjusted to
1 mg/mL, after removal of MMTS from the protein solution by TCA/
acetone precipitation.

In each individual experiment, one control mouse and one diabetic
KK-ay mouse were used. Independent experiments were conducted
for 9 times and representative data were presented.

ICAT switch method for isolation of S-nitrosated peptides

Protein samples were dissolved in blocking buffer (20mM Tris,
pH 7.7, 1mM EDTA, 0.1 mM neocuproine, 8 M urea, 20mM MMTS)
and incubated for 1 h at room temperature in dark (Han and Chen,
2008). After TCA/acetone precipitation, the pellets were dissolved in
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labeling buffer (20 mM Tris, pH 7.7, 1 mM EDTA, 0.1 mM neocuproine,
4 M urea and a vial of ICAT reagents) in the presence of sodium
ascorbate. Protein obtained from C57BL/6J and KK-Ay mice was
labeled with isotopically light and heavy ICAT reagents, respectively,
and incubated for 2h at room temperature. Labeled preparations
were combined and precipitated by TCA/acetone. Pellets were
dissolved in enzymolysis buffer (50 MM NH4HCO3, pH 8.3, 1.5M
urea) and digested with trypsin overnight at 37°C using an enzyme-to-
protein ratio of 1:50. The resulting peptide mixture was cleaned using
a cation-exchange cartridge. Cleaned peptides were collected and
subjected to affinity purification using monomeric avidin agarose.
Peptides labeled with ICAT reagents were enriched and then cleaved
with cleaving reagent at 37°C for 2 h. The cation-exchange cartridge,
cleaving reagent and relevant buffers were from a cleavable ICAT™
reagents kit, and procedures for purifying peptides were according
to the manufacturer's guidelines. ICAT labeled peptides were dried
by vacuum centrifuge and resolubilized in 0.1% formic acid for
LC-MS/MS analysis.

LC/MS/MS analysis

Peptides from which the biotin tag had been removed were separated
by reverse-phase capillary liquid chromatography (RP-C18, Column
Technology Inc, 0.15mm x 150 mm) at a flow rate of 200 nL/min. The
eluent was directly analyzed by a Thermo LTQ linear trap instrument
equipped with a Thermo micro-electrospray source, a Thermo
Surveyor pump and an autosampler (Thermo Finnigan, San Jose,
CA, USA). A survey scan followed by 5 CID (collision induced
dissociation) events was used. Peptide identification by CID was
carried out in automated mode using the 3-min dynamic exclusion
option.

Database search, data validation and quantification

MS/MS spectra were searched against a database downloaded from
the National Center for Biotechnology Information website (NCBI;
mouse; May 4, 2007; 46,903 entries) using SEQUEST (Yates et al.,
1995) in Bioworks 3.2 (Thermo Finnigan). The SEQUEST database
search criteria included a static modification of cysteine residues of
227 Da (light cleavable ICAT reagent) and a variable modification of
9Da for cysteines (for the heavy cleavable ICAT reagent). The
tolerance of the precursor ion and fragment ion were 2 and 1 amu,
respectively. Peptides were permitted to have up to two missed
cleavages. The .dta and .out files obtained from SEQUEST were
validated using PeptideProphet (Keller et al., 2002) and ProteinPro-
phet (Nesvizhskii et al., 2003). The minimal probability thresholds
(MPT) were set to make false-positive error rates for both peptides
and proteins were below 0.05. The peptides passing the MPT statistic
filter in corresponding experiment were accepted and quantified. The
minimal intensity of precursor ions peak was set to 1000 when
acquiring MS/MS data. Relative quantification with SIC (single ion
chromatogram) was performed using ASAPRatio (Li et al., 2003).
ASAPRatio grouped abundance ratios of same sequence peptide
(including different isotopic forms, charge states, repeats) in one RP
elution peak together to calculate the mean and standard deviation
first, then abundance ratios of same sequence peptide in different RP
elution peaks were grouped together to get the final mean and
standard deviation for a unique peptide. Software packages were
utilized via the Trans-Proteomics Pipeline (ISB, Seattle, WA, USA).

The resulting peptide spectra of proteins were manually checked for
qualitative and quantitative results.

Bioinformatic analysis of the results of S-nitrosation

The database ID (gi Accession) of the S-nitrosated proteins was
converted into an Entrez Gene ID using the DAVID Gene ID
Conversion Tool (Dennis et al., 2003). Entrez Gene IDs were used
to do GO enrichment. S-nitrosated proteins were visualized with
Cytoscape (Shannon et al., 2003) and used to do GO enrichment
using the BINGO (Maere et al., 2005) plugin with the Gene Ontology
(GO) annotation (Ashburner et al., 2000). The Benjamini and
Hochberg False Discovery Rate (FDR) correction was chosen as
the testing correction, and a p-value threshold of 0.05 was selected
for Biological Process categories in the BINGO settings. A text-mining
network was constructed for S-nitrosated proteins and their related
proteins via the Agilent Literature Search (Vailaya et al., 2005) plugin
of Cytoscape in order to analyze the contribution of the S-nitrosated
proteins to diabetes through their impact on other proteins. In the
Agilent Literature Search tool, Gene Symbols of S-nitrosated proteins
were used to search the Pubmed database; “Mus musculus” was set
as the concept lexicon; Max Engine Matches was set to 10; and
aliases were used. The network was displayed by Cytoscape, and
relationships between nodes were checked manually. Wrong nodes
and edges were removed, and nodes standing for S-nitrosated
proteins were colored using a green-to-red gradient according to the
amount of S-nitrosated peptides.
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