Downloaded viaHONG KONG UNIV SCIENCE TECHLGY on September 10, 2018 at 08:43:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Journal of

-t m
p rO e O e & Cite This:J. Proteome Re2018, 17, 31953213 pubs.acs.org/jpr

eresearch

Development of in Planta Chemical Cross-Linking-Based
Quantitative Interactomics in Arabidopsis

Shichang Liu, ® Fengchao Yd, © Qin Hu! Tingliang Wangl.ujia Y4, Shengwang D{,
Weichuan Yu:® and Ning '+

"Division of Life Science, Energy Institute, Institute for the Environment, The Hong Kong University of Science and Technology
Hong Kong SAR, China

*Division of Biomedical Engineering, The Hong Kong University of Science and Technology, Hong Kong SAR, China
SDepartment of Electronic and Computer Engineering, The Hong Kong University of Science and Technology, Hong Kong SAR, Chir

Tsinghua-Peking Joint Center for Life Sciences, Center for Structural Biology, School of Life Sciences and School of Medicini
Tsinghua University, Beijing 100084, China

Department of Physics, The Hong Kong University of Science and Technology, Hong Kong SAR, China

“Department of Chemical and Biological Engineering, The Hong Kong University of Science and Technology,
Hong Kong SAR, China

The Hong Kong University of Science and Technology, Shenzhen Research Institute, Shenzhen Guangdong 518057, China

* Supporting Information

ABSTRACT:An in planta chemical cross-linking-based quéineicalisbeting__________ =~ _________I Chromatographic enrichment
'Vacuum

titative interactomics (IPQGX1S) workow has been devel:"a e oo pepices

infiltration

Affinity LC-MS/MS analysis
chromatography  enrichment
Spectra
MS —» MS/MS!

O

i
|
|

L
g3
4 |

|
|
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alteration in protein structures in a model orgaAmhldopsisi 5 yf“‘ NN 'f;f
thaliana A chemical cross-linker, azide-tag-madiisuccini- | gle

Quantification of CX Identification of CX

midyl pimelate (AMDSP), was directly applied Ardbidopsist==22=—~____________ S

tissues. Peptides produced from protein fractions of €sGh————————————- T )

density gradient centrifugation were dimethyl-labeled, Ifrom--m [ —i

which the AMDSP cross-linked peptides were fractionated on._ - w=r=_ | | ‘ i
chromatography, enriched, and analyzed by mass spectromey: EE; o A \4 eadallf i

ECL2 and SQUA-D software were used to identify and quass s | QuanfstoncrcX dortfcton }

titate these cross-linked peptides, respectively. These CORmPUIEcn oriontriod prot .'—:;e—i;.————.———————,,;;—-———.--.———.;.—'

programs integrate peptide idexaiion with quantitation and

statistical evaluation. This wank eventually identd 354 unique cross-linked peptides, including 61 and 293 inter- and
intraprotein cross-linked peptides, respectively, demonstrating that it is able to in vivo identify hundreds of cross-linked peptides
at an organismal level by overcoming theudties caused by multiple cellular structures and complex secondary metabolites of
plants. Coimmunoprecipitation and super-resolution microscopy studies traed tdom PHBSPHBG6 protein interaction

found by IPQCXMS. The quantitative interactomics also found hormone-induced structural changes of SBPase and other
proteins. This mass-spectrometry-based interactomics will be useful in the study of inSjproteinteiteraction networks

in agricultural crops and pf&nticrobe interactions.
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Arabidopsis thaliana

INTRODUCTION These methods include yeast two-hybrid assagity

The dynamic and physical interactions of proteins are involv8d" cau_orSmass spectrometry (8RS), protein micro-

in various cellular processes, ranging from DNArepIication,traﬁ%r-?ﬁ bimolecular uorescence complementation (BiFC),

cription, translation, signal transduction, enzyme activities, apiit luciferase complementation d§§ayorescence reso-

channel opening and closing to metabbligrase interactions Nance energy transfer (FREﬁ')nqummescgnge resonance

determine the behavior of an organism or a biological®systemenergy transfer (BRET),and several proximity-dependent

The proteome-wise piimg of the cellular protéprotein inter- labeling methods, such as engineered ascorbate peroxidase

action helps to delineate the molecular mechanisms underly@?EX)"> and proximity-dependent biotin idecdtion

various cellular events.
To investigate proteédprotein interactions, numerous in Received: May 8, 2018

vitro and in vivo approaches have been established préViouslypublished: August 7, 2018
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(BiolD).***® The proximity-dependent labeling methods carduring the application of MS-noncleavable cross-linke& in CX
map both stable and transient pr&@piotein interactions by ~MS interactomics. In the analysis of MS-cleavable cross-linker-
fusion of an enzyme to a target protein to label the proximateediated cross-linked peptides, two dissociation steps produce
proteins (e.g., biotin labeling). The tag-labeled proteins dhree levels of mass spectrograms (i.5.M&5and M$). At
peptides can be enriched byigy puri cation and idented the end of MS analysis, each cross-linked peptide ion produces
by MS? Chemical cross-linking coupled to mass spectromettwo MS spectra from the fragmentation of two peptide chains.
(CXSMS) has recently emerged as an alternative means As a result, the cross-linked peptide idstitbn problem is
study protein topolody*®and has become increasingly usefulconverted to a linear peptide idergtion problem. Further-
in providing direct evidence of profairotein interactions at  more, Liu et &f° proposed a method to avoid using MS
the whole proteome levE&iZ° The chemical cross-linking of analyzing MS-cleavable cross-linker-conjugated peptides. Thus
two proteins is generally achieved by joining moieties of twteo computational prograi?® have been applied to identify
polypeptides via a bifunctional chemical with two reactiveross-linked peptides linked by MS-cleavable cross-linkers.
ends’* The membrane-permeable disuccinimidyl suberate To quantitate cross-linked peptides, either a label-free or an
(DSS)-H12/D12 is a frequently used cross-litkerrhe isotope-labeled cross-linker-basesiMSXapproach has been
cross-linked proteins arest processed by proteases, con-adopted. The quangid conformational changes of protein com-
sequently enriched for MS analysis, aallly identied using plexes include F-type ATPase isolated from spinachi‘leaves,
computational prograris’ These CEMS data containing proteasome pugd from yeasf, commercial bovine serum
the protein topology information have been used to compledbumin (BSA), bovine transferrin, chicken ovotransferrin,
ment the 3D structural data derived from X-ray crystallographand commercial plasma of human C3°¢€llse label-free
nuclear magnetic resonance (NMR), and cryo-electron micragdantitation strategy was applied in a study of the interaction
copy éCQ/O'EM) in the study of the dynamics of protein combetween calmodulin and its substraigbereas a method that
plexes>*? integrates PIR-based in vivo cross-linking with SILAC-based
To advance the MS-based study of pSpeatein inter- guantitative proteomics was successfully introduced to measure
action networks in vivo, membrane-permealviigy @olumn- protein conformational changes and interaction networks
enrichable, and MS-cleavable cross-linkers, such as the prateitween drug-sensitive and drug-resistant HeCAChhsez
interaction reporter (PR, have been employed in the study of et al. developed a method that combines both MS1-based and
CXSMS-based interactormics® Similarly, this cross-linker has targeted-MS2 (parallel réant monitoring, PRM)-based
been applied in the investigation of inter-species Ppoteain guantitation to study how drugseet the in vivo conforma-
interactions during bacterial infectioAn azide-tagged, acid- tional dynamics and interactions of cytosolic heat shock protein
cleavable disuccinimidyl bis-sulfoxide (azide-A-DSBSO), whidsp90 in HeLa ceffi§However, quantitative in planta3d#S
is also a membrane-permeable, enrichable, and MS-cleavaltégactomics has not been reported S0 far.
cross-linker, has been applied to identify in vivo Sptetein To develop quantitative GKIS-based interactomics, a
interactions in HEK 293 cells on both the whole proteome scatelatively quantitative method, dimethyl-labeling-based quanti-
and in the targeted proteasome complékésreover, at the  tative proteomics; > has been integrated with theSBaS
animal tissue levélChavez et al. reported a chemical crossapproach. Dimethyl labeling generally achieves 99% labeling
linking-based interactomics on minced mice heart tissues to negciency’’ Although other MSbased (e.g., ICAT labefifjg
out the protein structures and profgirotein interaction. and M$based quantitative proteomics (e.g., iTRA®d
However, the application of &S in plant tissue is quite TMT labeling® as well as label-free quantitative proteomics
di cult, and, so far, only a few cross-linked peptides have bd&ve been applied in the study of organisms unavailable for
identi ed®* because of the interference of complex secondagyltivation in the isotope-coded growth medium, dimethyl-
metabolites in plants, which usually contain over 100 amini@beling-based peptide quantitation, in contrast, is quite useful in
contained secondary metabofitéghese amines may titrate the study of proteomes of a mouse celfliheynan cell
the penetratel-hydroxysuccinimide (NHS) ester-containing lines>°° Arabidopsf¥ rat organ$}and human liver tisstidt
cross-linker. has also heen useful in quantitating post-translationallgdnodi
The cross-linkers used in§MS have generally been classi- proteins.™"*Moreover, Cheng et al. applied dimethyl labeling
ed into MS-noncleavabiland MS-cleaval S-noncleavable in combination with in vitro AMS to quantify and identify
cross-linkers have a relatively long histalby¢ Sland have 17 -estradiol-induced componémtsanges in_the estrogen
been widely applied and well studied. A simi number of ~ response element (ERE) complex of MCF-7'tkls! et al.
studies have used noncleavable cross-linkers, such as DSSpplied a similar strategy to quantitatively map interactors of the
bis(sulfasuccinimidyl)suberate (BS3), to study protein strucsH2 domain of human growth receptor-bound protein 2 (GRB2)
tures***2¢ and proteiSprotein interactions>*° Because of  in HeLa cell$’
their straightforward experiment protocols, as compared within the present study, we integrate isotopic dimethyl-labeling-
those of MS-cleavable cross-linkers, such MS noncleavaissed peptide quantitation with in plant&K%>" This new
cross-linkers are still used in biological stlthelsy. Along  strategy signiantly increases the total number of in Vivo Ccross-
with these MS noncleavable cross-linkers, many computatioliraiked peptides and establishes a quantitative in pl&isCX
programs have been developedbie S). The typical software  approach, named in planta quantitative cross-linking coupled
includes xQuest/xPropHét! pLink’*Kojak!*ECL***and =~ mass spectrometry (IPQEMS). The IPQCEMS interac-
so on. All of these tools apply sophisticated algorithms to idetemics workow is abbreviated asl& interactomic workw?”’
tify cross-linked peptides with a high sensitivity andciiyeci The“C” is derived from thast English letter in the title of each

(Table S). step of the IPQCEMS, comprising chemical labeling (i.e.,
In contrast with MS-noncleavable cross-linkers, MS-cleavainlevivo protein cross-linking and in vitro isotopic dimethyl
cross-linkers have only recently been devétdpéd to labeling of peptides), ¢ hromatographic enrichment (i.e., strong

address the quadratic search space issue often encounteaibn exchan§aigh-performance liquid chromatography
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(SCX-HPLC), a nity puri cation of cross-linked peptides, and pulled down with high-capacity streptavidin agarose resin
C18-HPLC coupled MS/MS analysis), computational prograr(Pierce, Rockford, IL). After 2 h of incubation, 50 mM of
analysis using updated ECL2 software, andradion of tris(2-carboxyethyl) phosphine (TCEP) was used to cleave the
identi ed cross-linked peptides with alternative methods. Thidisul de bond on the DLBA. The cross-linked peptides were
4C interactomics worbw is able to investigate in vivo pr&ein  eluted o the agarose resin to be enriched with a C18 ZipTip
protein interactions and protein structures at a multicelluldiMillipore, Billerica, MA). Consequently, the free thiol group of
organismal level of plants. To increase the ictign of cross-  the cross-linked peptides was blocked by iodoacetamide (IAM),
linked peptides from the in planta cross-linked whole proteomend the peptides were subsequently analyzed UsMGINS.

we designed and synthesized a membrane-permeable and enfichverify the success of each step of the chemical reactions
able in vivo cross-linker, azide-tag radddisuccinimidyl  (Figure T), the intermediate and the ultimate cross-linked
pimelate (AMDSP), which has two reactive NHS esters at twaynthetic peptides were idead using MSKigure SB The

ends, with an additional azidomethyl group on the spacer chalata on cross-linked peptides were used to test EGL2(C

of this cross-linker. This azide-tagged cross-linker is accessibidFigure S3P

the click reaction for conjugation with a biotin tag, which allows|znt Growth and Hormone Treatment

subseguent chromatography enrichment of cross-linked pep- , ) i ) i
tides?®"®The cross-linked peptides were subsequently analyz?he seeds of the wild-tysebidopsis thaliageotypéolumbia-0
using a new computational program named EECL2 _Col-()_ anc_i the T-DNA msertlona_l mutants, SA!_K__020707
advances the state-of-the-art 1061&* with the ability to  (insertion in AT5G4077@hb3 see-igureSSAor validation)
exhaustively check all possible péigietide pairs with linear and CS8581509 (insertion in AT2G209BbE seerigure S5B

time complexity. We also used pliakd Kojaf’ to analyze for validation) were purchased fromAhabidopsBiological

our data set. The result showed that ECL2 igeftihe most ~ Resource Center (ABRC, Columbus, OH). The seeds of
cross-linked peptides, which is consistent with the conclusidiuPle-mutantsin3/eillwere gifts from Dr. Hongwei Guo at

reported by Yu et 4. the Southern University of Science and TechnAladmdopsis
plants were grown on 50 mL of Murashige and Skoog (MS)
EXPERIMENTAL SECTION basal agar medium in transparent white glass jars of 7.7 cm

_ _ _ diameter and 12.7 cm height. Ethylene hormone treatment was
SyntheSIS of Cross-Linker AMDSP and Chemical Compound performed by add|ng ethylene precursor, MO1-amino-
DLBA cyclopropane-1-carboxylic acid (ACC), into the agar médium.
Bis(2,5-dioxopyrrolidin-1-yl)4-(azidomethyl) heptanedioate i$he growth conditions were controlled at 2315°C, with a
an azide-tag-moei disuccinimidyl pimelate (AMDBBure C growth regime of 16 h of light (24@0 E nv2s°) and 8 h of
andFigure Sjichemical compound thaas custom synthesized darknessArabidopsisiants ofCol-Qein3/eil1phb3 andphb6
by AQ BioPharma (Shanghai, China), whisk¢2<(3-0x0-3- genotypes were grown in glass jars with a density of three plants
(prop-2-yn-1-yl amino)proyl)disulfanyl)ethyl)-5-Y&R6R)- per jar and used for phenotype measurements on the 38th day.
2-oxohexahydrddithieno [3,4dlimidazole-4-yl) pentanamide, In a single biological replicate of the IPQRI% experiment,
commonly called disde-linked biotin and alkyne (DLBA, the in planta chemical cross-linking was performeg0fo
Figure € andrigure SR was custom-synthesized by Medi-techindividuals of 21 day o&in3/eillplants. A total of three bio-
Bioscientic (Changzhou, China). logical replicates were performed for the interactomics.

In Vitro Chemical Labeling of Synthetic Peptides In Planta Chemical Cross-Linking

Synthetic peptides of Fmoc-EAKELIEGLPR and Fmoc-KElfhe chemical cross-linking buwas moded from methods
DDLR were synthesized by Minghao Biotechnology (Wuhagescribed previousiy/® The 21 day old plants were immersed
China). Fmoc-protected N-terminal amine promotes the Crosgr an in planta cross-linking bu(1.76 mM KHPO,, 10 mM

linking between two peptides at the side chains of lysine. T\\%lePO4, 136 mM NaCl, 2.6 mM KCl, 0.1% formaldehyde, 8%
AMDSI_D—based cro;s—linking of two syntheti_c peptides _follongSQ and 10% glycerol, pH 8.0). The 50 mM AMDSP was

a previously described metfibdhe cross-linked peptides made using DMSO and diluted in a working concentration of
were labeled with GB and NaBHCN (in 1 M NaOH) to 1 mM in the in planta cross-linking &u The cross-linker was
produce dimethyl groups on synthetic peptides using a meth@f |trated into plant cells throughie cycles of pressure shift
described by Boersema et alfter the cross-linked peptides petween the atmospheric pressure and a pressure of 600 Torr
were desalted on an Oasis HLB (hydrophidmphilic-balanced)  within 30 miré* The cross-linking reactions were quenched

1 cc cartridge (Waters, Milford, MA), they were resuspended {gith 50 mM NHHCO,. The cross-linked tissues were washed
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acigree times with double-distilled water and harvested with liquid
(HEPES, pH 7.5) at room temperature for 2 h to perform theyjtrogen. The harvested tissues were ground into frozen powder
click reaction. DLBA of 5 mM was added as a reactant, apding a ceramic mortar and pestle and subsequently stored at
1 mM CuSQ and sodium ascorbic acid each were added a$gp> C for the next step of protein extractiofihe e ec-
catalysts in the click reaction. Tris[(1-bertyl;2,3-triazol-  tjveness of this type of in vivo cross-linking was accessed

4-yl) methyl] amine (TBTA, 100) was added to the reaction  sybsequently using immunoblot measurement of the mass shift
to stabilize the generated univalent copper. Consequentlypfcross-linked actin proteins.

high-performance liquid chromatography (HPLC) syste
(Waters 600 Controller, Water Delta 600 Pump, and Watl(%
2487 Dual Absorbance Detector, Waters) coupled to & 200
4.6 mm SCX column (PolySULFOETHYL ATMn§ 200A,  The total cellular proteins were extracted from both the control
PolyLC, USA) was applied to remove the excess DLBA. Ttand the treated tissues using four volumes of detergent-free and
remaining cross-linked peptides were collected and enrichgi¢a-based CsCl density gradient (CDG) protein extraction
again with an HLB cartridge. The cross-linked peptides webe er>-’°Centrifugation was performed at 210020 min

esium Chloride Density Gradient Centrifugation
ractionation of Proteins
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I. In vivo cross-linking Il. CsCl density gradient centrifugation and Ill. Dimethyl labelling and
peptide preparation mixing of peptides
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Figure 1.Chemical labeling d$rabidopsigroteomes and chromatography enrichment fSMSIMS analysis of cross-linked peptides.

(A) Work ow of in planta chemical cross-linking of the complete plant proteome, fractionation of proteins by CsClI density gradient centrifugation
and peptide preparation, chromatography enrichment, SMSIMS analysis of cross-linked peptides. AMDSP denotes aziéd-modi
disuccinimidyl pimelate. Multiple vacuunitrattion was applied to whole plants submerged in AMDSP solution. The total cellular proteins of
Arabidopsisere separated into top (t), middle (m), and bottom (b) fractions. The peptides generated from control (C) andAraied|§$)s

proteomes in the top, middle, and bottom fractions were chemically labeled as either light- (i.e., 28 Da) or heavy- (i.e., 34 Da) isotbgk-labeled dime
modi cations, respectively. The mixtures of light-isotope-labeled cross-linked peptides from the control samples and heavy-isotope-labeled cr
linked peptides from the treated samples weredlas forward (F) replicates, while the mixtures of heavy-isotope-labeled cross-linked peptides from
the control samples and light-isotope-labeled cross-linked peptides from the treated sampks agerecifmocal (R) replicates. A biological
experiment produced both F and R replicates. tF, tR, mF, mR, bF, and bR denote F and R replicates derived from top, middle, and bottom prote
fractions, respectively. The peptide mixtures were subjected to the click reaction and separated using SCX-HPLC, f&lkivegdavydiriotin

a nity chromatography enrichment an$MS/MS analysis. The chemical labeling scheme and chromatographyareghown iRigure S6A

(B) Chemical structure of light- and heavy-isotope-labeled dimethyatiadi; the labeling reaction of the N-terminal and lysine side chain of the
cross-linked peptides (CX-p). A cross-linked peptide consiatglofpeptides. (C) Chemical reaction procedure to produce the AMDSP cross-

linked synthetic peptides: EAKELIEGLPR and KELDDLR. DIPEA déhbtksopropylethylamine. RT denotes room temperature. DLBA was
conjugated to AMDSP-cross-linked synthetic peptides through the click reaction. Cross-linked peptides were enriched with strepdavidin agarose
eluted by tris(2-carboxyethyl) phosphine (TCEP). The free thiol group of the cross-linked peptides was blocked with iodoacetamidé (IAM). The MS
spectra of cross-linking intermediates anaheh@roduct of cross-linked synthetic peptides are shiéinrin S3
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at 10°C to separate the total cellular protein into top (t), middlethoroughly with a washing len (50 mM HEPES, 0.05%

(m), and bottom (b) protein fractions. The membrane proteinsSDS, pH 7.5), 50 mM TCEP reductant was applied to the resin
associated with fraction t and b were solubilized wolumes  to cleave the disule bound between the biotin and cross-linker
of a membrane-solubilizing and protein-denaturing (MSPLCp release the cross-linked peptides into solution. The reaction
bu er containing 20 mM Tris-HCI (pH 7.8), 8 M urea, 10 mM was performed for 2 h. The free thiol moiety of the cross-linked
EDTA, 10 mM EGTA, 50 mM NaF, 2% glycerol, 1% glycerolpeptides was then blocked by 20 mM of IAM for lateMSIMS
2-phosphate disodium salt hydrate, 1 mM PMSF, 1% sodiunalysis.

dodecy! sulfate (SDS), and 1.2% Triton-X100. The extracted ig Chromatography $Tandem Mass Spectrometry

protein fractions t, m, and b were precipitated by an acetone ai@5\1s/MS) Analysis

methanol mixture (v/v 12:1), resuspended in the urea-bas
protein resuspension len” and quantied by a DC protein

3222%'2& r(r?el(t)hsgi,j' Hercules, CA) according to previous achine, consisting of a Dionex UltiMate 3000 UHPLC anda Q
T ) ) _ . Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer
Protein Digestion, Dimethyl Labeling, and Peptide Mixing (Thermo Fisher Scienti, San Jose, CA). A gradient elution
Proteins were digested by trypsin protease (Promega, Madis¢s performed on a MonoCap capillary monolith HPLC col-
WI) as previously describédFollowing the desalting, the umn (0.1x 2000 mm, GL Science, Shinjuku-ku, Tokyo) with a
digested peptides were enriched using C18 Sep-Pak cartridgd¥ rate of 0.4L/min for 220 min. Mobile phase A consisted of
(Waters, United Kingdom), and the peptides of the control an@l-1% formic acid, while mobile phase B consisted of 80%
ethylene-treated plants were separated into two aliquots, halgggtonitrile and 0.08% formic acid. The gradient was established
which were labeled with light (L)-isotope-coded chemical@s follows:813 min 4% B, 1314 min £8% B, 1880 min &
(**CH,0 and NaBHCN), while the other half were labeled 25% B, 88130 min 2555% B, 138150 min 5599% B, 158
with heavy (H)-isotope-coded dimethyl chemiddzD4O 190 min 99% B, 19092 min 984% B, and 1$220 min 4% B.
and NaBHCN) in the presence of 100 mM sodium acetateThe data—dependent_acquisi'giqn mode was used to generate the
(pH 5.5)°87 Both L- and H-peptides derived from the control MS data. The normalized collision energy was set at 28% (HCD).
and the treated plants, respectively, were combined to prodiBeeach cycle, the mass spectrometer generated one full scan
three mixtures (or called pairs) of peptides amedesubse-  (30051800n7 z, 70 000 resolution), followed by 20 MS/MS
quenﬂy as forward (F)-m|x|ng experimenta| rep"cates’ that g;ans Wlth a resolutlon_ of 17 500 The |_solat|0n window was
tF, mF, and bF. Conversely, the H- and L-peptides derived frof Da, while the dynamic exclusion durationwas 5. The charge
the control and the treated plants, respectively, were combiné@ge was from +3 to +8.
to produce three pairs of reciprocal (R) experimental replicateSomputational Analysis of Mass Spectrometry Data

thatis, tR, mR, and bR. The raw MS data werest converted into the mzXML format
Conjugation of Cross-Linked Peptides with DLBA via Click using ProteoWizard (version: 3.0.11110 64%bitfye con-
Chemistry verted MS/MS data were consequently analyzed using Mascot

Peptides desalted on a C18 Sep-Pak cartridge (WAT0205{¥grsion 2.5.0) to search against the target and decoy TAIR10
Waters) were dissolved in 50 mM of HEPES (pH 7.5) to make Arabidopsisrotein databases, which currently contain 35 387
nal concentration of 4 mg/mL. A click reaction was performeBrotein sequencesit{ps://www.arabidopsis.org/download_
in a peptide solution, containing 0.5 mM DLBA, 0.5 mM les/Sequences/TAIR10_blastsets/TAIR10_pep_20101214_
CuSQ, 0.5 mM sodium ascorbate, and 0.1 mM TBTA, for 2 h atPdate) respectively. The precursor mass tolerance was set at
room temperaturé. 10 ppm, while the MS/MS mass tolerance was set at 0.01 Da.
Trypsin was selected as protease, while the maximum allowed
number of missed cleavages was set at 2. Because monolinks
were set as 397.165799 and 398.149815 Da on residue (K) and
The six peptide samples (derived from three CDG proteiN-terminus, respectively, they were set as the variable
fractions (t, m, bx two types of mixings (F and R)) were modi cations. Because both light (28.031300 Da) and heavy
dissolved in a mobile phase solution for the subsequent SGXetopic dimethyl (34.063117 Da) were used to label lysine
HPLC separation. Mobile phase A contained 7 mpP®&H residues and N-termini of peptides, they were set as the variable
(pH 2.7) and 30% acetonitrile, and mobile phase B containadodi cations on lysine and the N-termini of peptides. Oxidation
7 mM KH,PQ, (pH 2.7), 350 mM KCI, and 30% acetonitrile. on methionine was set as the variable gatitin. We also set
Each peptide sample was separated into three subfractions usarpamidomethyl (57.021464 Da) on cystine (C) asxdte
a200x 9.4 mm SCX column (PolySULFOETHYL ATMp§ modi cation. The false discovery rate (FDR)01 was used to
200 A, PolyLC, Columbia, MD) at@w rate of 2.5 mL/min.  select peptide-spectrum matches (PSMs) from the results of the
The elution gradient was established as foll8d8:r0in 5 Mascot search. Normally, researchers convert the FDR
10% B, 1627 min 1817% B, 2340 min 1%32% B, 4850 min estimated based on the target-decoy strategygiutiue for
32560% B, 5852 min 66100% B, 5260 min 1080% B, its monotonicity and higher power. In this study, we always
60590 min 0% B! Ultraviolet absorption at 214 nm was convert the FDR intogvalue and use tlgvalue in the cuto
applied to monitor the eluate. A total of 18 HPLC-fractionated o avoid confusion, we still refer to this value as FDR to be
peptide samples (9 from F mixing and 9 from R mixing) wereonsistent with other researchers. From 77 226 éeRSMs
eventually produced from a single biological replicate. (Table S2g there were 5538 proteins, which were used to
The cross-linked peptides were pdriby incubating the generate a custom protein database of smaller size for the
HPLC-fractionated peptides with a high-capacity streptavidfollowing ECL2 (version 2.1.7)-based cross-linked peptide
agarose resin (Pierce) for 2 h to enrich the biotin-tagged andenti cation. The precursor mass tolerance was set at 10 ppm.
cross-linked peptides. After washing the agarose redihe MZ bin size was set at 0.02, which corresponds to

eléjoth the nal product of cross-linked synthetic peptides and the
oss-linked plant peptides were injected into SMBIMS

Chromatographic Separation, A nity Enrichment, and
Chemical Modi cation of Cross-Linked Peptides
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MS/MS mass tolerance being set at 0.01 Da. FDR for PSM wastibody Production and Immunoblot Assays

setas 0.05. _ Rabbit polyclonal antibodies were raised againgtEBe-

The mass spectrometry_data _have been deposited to tRE; AKDENIVL peptide of prohibitin 3 (PHB3, AT5G40770)
ProteomeXcharige Consortium via the PRIGEpartner  4n4, RI VGIKDKVYPEGT peptide of prohibitin 6 (AT2G20530),
repository with a data set ideetiPXD008161. _respectively, by GL Biochem (Shanghai, China). The anti-PIP2a

Quantitation of cross-linked peptides was performed usiRgpyit polyclonal antibody was raised in our labofating.
the extracted ion chromatogram (XIC)-based SQUA-Dyniiactin (plant) monoclonal antibody (20480) was purchased
(version 2.0) software as previously descfibethe analysis,  from Sigma-Aldrich (St. Louis, MO). Protein extraction and
we selected the quamtble cross-linked peptide ions accord'”gimmunoblotting were performed as previously detibed.
to the following criteria:

oimmunoprecipitation
(1) The PSM number of light-dimethyl-labeled cross—linkeé:I Hnopreciprat

peptides is 1. The coimmunoprecipitation was performed°&, &s previ-
(2) The PSM number of heavy-dimethyl-labeled cross-linkgd}'Sly described Protein extraction bar, containing 50 mM
peptides is 1. Tris-HCI, 100 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 10%

(3) Thetotal PSM number obtained from at least three out oglycerql, 2 mM PMSF, and EDTA-free protease inhibitor
six independent experimental replicates shoulgbe  cocktail (Complete Roche), was used to lyse plant cells. Follow-

(4) The number of idented PSMs of a peptide from the ing cent_rlfugatlon, the supernatant of cell lysate was incubated
forward experiments divided by the total number of itdVith antibody-coupled beads for 1 h. The protein complexes
corresponding PSMs .20 were enriched with antibodies and eluted with @rbu

(5) The number of idented PSMs of a peptide from the C%EFaER'ngt ISOD?IM 1T()r/'ss"l|3%| (pI;ji de),MSE'\lngXea’ 5 mM
reciprocal experiments divided by the total number of jtdithiothreitol (DTT), 1% »and om :
corresponding PSMs i€.20. Plant Tissue Section Preparation and Immunostaining

The criteria used to select sigantly altered cross-linked To prepareArabidopsiissue sections for immunostaifiing,
peptides are as follo\fstd-chande 1.5 (or|log-ratip 0.58) photobleaching (1000 W halogen projector lamp with intensity
and BH-FDR (BenjamiHochberg multiple test correction) of 1800 mol photons ¢ s°%) was performedsst in 2% BSA

0.1. solution for 1 h. Sections efn3/eillplant tissues were
Bioinformatic Analysis incubated with anti-PHB6 polyclonal antibody for 12 tGat 4

The database used for the gene ontology (GO) analysis After washing the plant tissue sections with the microtubule-

protein was downl.oaded from t_he TAIR \_Nebsite. GO analys&i&[‘é{ﬂgégﬂ;ﬁaitéLg::’ig]o ?é?;,nég 55? nr?,'\\/l/l E/;ggg@ﬁ:M
was performed using the following equation EGTA (pH 6.9), three times (10 min per washing), these

|/ sections were incubated with goat antirabbit IgG (H+L), Alexa
R = log, '/ N i Fluor 647 (Thermo Fisher Scienjifor 5 h at £C. Following
i the rst immunostaining with anti-PHB6 polyclonal antibody
whereN is the total match number of all categories of the cros@nd secondary antibody conjugated with Alexa Fluor 647 dye,
linked proteindy is the total match number of all categories ofthese prestained sections were washed again with M&6B bu
the leaf proteome AfabidopsiSN; is the match number ofthe  three times and with 10 min of washing per round. The anti-
cross-linked proteins belonging tattheategory, ard isthe ~ PHB3 polyclonal antibody conjugated to Alexa Fluor 750 dye
match number of proteins from the leaf proteommbfdopsis ~ (Molecular Probes; Invitrogen, Eugene, OR) was then added
belonging to thith category. The top three categories sorted bygonsequently to locate the PHB3. These tveoetit immune-
fold enrichment were selected. abeling dyes were also applied to conjugate PHB3/PHB6 and
The bioinformatics tool used in GO enrichment analysis is théater channel protein PIP2a. The polyclonal anti-PIP2a anti-
Database for Annotation, Visualization and Integrated Discové§dy was conjugated with Alexa Fluor 750, which was used to
(DAVID) version 6.7 Kttps:/david-d.ncifcrf.gov/tools Jsp ~ analyze colocalization ceeents of aquaporin and PHB3/6
The thresholds were set as the following: gene cobnt  Proteins.

Pvalue 0.01, and FDR 0.1. To test the spediities of anti-PHB3 and anti-PHB6 anti-
. . & . . bodies, immunostaining was performedadand two loss-
ZLCQ@I;SMOC’GHHQ and ProteinSProtein Interaction of-functiorArabidopsimutantsphb3andphb6 For example, in

the Col-Ogenetic background, synthetic peptides of PHB6 and

Protein modeling was performed using an online softwag g3 ere used as competitive inhibitors at a ratio of 10:1 with
I-TASSER?For each protein, the model of the highest C-scorgna corresponding antibodies. Furthermore, the anti-PHB3

was selected. Docking of interacting proteins was assessed UBBody was tested on bahl-0andphb3 Sections of both

the online software PatchDtlskith the following parameters: notypes were incubated with anti-PHB3 antibody conjugated

The clustering root-mean-square deviation (RMSD) is 4.0 arg\ﬁfth Alexa Fluor 750 dye. The anti-PHB6 antibody sipgci

the complex type is default. The distance between two Crogsss examined dfol-0and phbémutant. Sections of both

linked lysines was set to be within 20 A. The 3D structures of t%@notypes were incubated with anti-PHB6 antibody and goat
\y

proteins were drawn using the software ICM-Browser 3.8. Thgitiraphit I9G (H+L) labeled with Alexa Fluor 647 sequentially.
identi ed protei®protein interactions were searched using

STRING 10.5l{ttps://string-db.org/and softwarArabidopsis >UPer-Resolution Imaging

Interactions Viewerh{tp://bar.utoronto.ca/interactions/cgi- Super-resolution images were obtained using a home-built direct
bin/arabidopsis_intactions_viewer.¢giThe Arabidopsis stochastic optical reconstruction microscopy (dSTORM)
Interactions Viewer is a database that includes 36 358emn  system with two excitat®emission channels based on a
and 70 944 predictétabidopsiateracting proteins. Nikon Ti-E inverted microscopeA 656.5 nm diode-pumped
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solid-state (DPSS) laser and a 750 nm diode laser were used\f@asurement of Rosette Area and Root Length of
excitation of samples immune-labeled with Alexa Fluor 647 afthbidopsis

Alexa Fluor 750 in imaging bu’® A 100 objective lens (CFI  photos of 38 day old plants were captured. In these photos,
Apo TIRFM 108 oil, N.A. 1.49, Nikon) was used to observe rylers are used to indicate the scale. The rosette areas were mea-
the uorescence signals. An electron-multiplying chargeured using ImageJ software with a downloaded module
coupled device (EMCCD, Andor, IXon-Ultra) was applied tq http://dev.mri.cnrs.fr/priects/imagej-macros/wiki/

collect the emission ||ght that paSSEd thl’ough a channel Splittﬂreasure Rosette Area 'Dod]'he roots were genﬂy sepa-
To block the excitation laser and the channel crosstalk, emiSSiﬁ[bd fro?n the m_ed|um_, and their |ength5 were measured

lters FF01-692/40-25 and FF01-794/32-25 were used for thfirectly using a ruler. In a single biological replicate, typically
647 and 750 nm channels, respectively. During imaging, 98520 plant individuals of a genotype were assessed. A total of
samples were stabilized using an active locking system with 1ifge biological experiments were performed.
accuracy. Static conventionarescence images using lower
laser intensities (typically 89 W#dor 647 nm and 434 W/ém . . .
for 750 nm) were obtained before super-resolution imaging'€ Statistical sigmiances of plant phenotypes and immuno-
to locate the target cells. The excitation laser intensities wel@tting were determined using the two-tailed Stsitkesst or
4.0 and 4.5 kW/chror Alexa Fluor 647 and Alexa Fluor 750, ONe-sampletest. The signéance values are representét’by
respectively. Every super-resolution image was accumulated> @nd™** ” to indicate? < 0.05P < 0.01, and < 0.001,
by 10 000 frames at 33 Hz to record the blinkingasescent ~ reSpectively. Multiple comparisons were assessed by one-way
dye molecules with 200the electron-multiplying (EM) ANOVA (analy5|s of variance) using the IBM SPSS statistical
gain. According to the averagiag error, 20 nm lateral reso- Package (version 24, 1BM, Armonk, NY). The Tsikayge test
lution was achieved. The 3D images with 50 nm axial resoRf-5% signcance was used.
tion were generated by applying a cylindrical lens. Rohdea S S
2.0 software (Nanobioimaging, Hong Kong) was used to pro- RESULT
cess the data, and ImageJ software was used to reconstrucedigblishing Chemical Labeling, Chromatographic

Statistical Analysis

nal images. Enrichment, and Mass Spectrometry Analysis for
Colocalization Analysis of Interacting Proteins Based on IPQCXMS .
dSTORM Micrographs To identify proteiSprotein interactions irabidopsisa

Colocalization is a concept to describe the degree of interactig@mpPrehensive interactomics @ major steps was adopted
and relationship between two proteins. The two-color dSTORKf19ure A andFigure S6) (1) in vivo chemical cross-linking
system provides 3D super-resolution images with 50 axial red@h a specially designed cross-lirkieru(e S6B (2) CsCl

lution and 500 nm thickness. To calculate the 3D colocalizatig#ensity gradient (CDG) centrifugation-based fractionation of
the super-resolution image is divided into 10 layer§&2g@m  Proteins and subsequent peptide preparation, (3) light- and
to 250 nm along th# direction with 50 nm thickness. In the heavy-isotope-coded dimethyl labeling and mixing of peptides,
colocalization experiment analysis, a ewdflanders split (4) SCX chromatography-based separation améy dead

coe cienf’was applied to calculate the colocalization for eacnrichment of the cross-linked peptides, and (SM3IMS

layer and then to obtain the 3D colocalization. The Mande@nalysis. According to this work (Figure A), both protein
method is widely used to calculate colocalization. In this ca§émples of the control and treated plant were extracted and
two colocalization coeients are used to describe the degree ofubjected to CsCl density gradient centrifugation, which pro-

two moleculésverlappirt duced top (t), middle (m), and bottom (b) fractions with a yield
(the ratio of protein amount to the tissue amount used for
i Ri colocal protein extraction) of 0.20%, 0.60%, and 0.07%, respectively. As a
M, = T R result, each biological replicate produced six protein samples

i (i.e., the control and treate@ CDG fractions;igure A and
Figure S6A These proteins were digested into peptides with a
M., = i G colocal yield (the ratio of peptide amount to protein amount) 8f 65
2 .G 75%. After dimethyl labeling and peptide mixing, each biological
replicate produced six mixing replicates (i.e., tF, mF, bF, tR, mR
whereRandG are the intensity of the red channel (647 nm) andand bRFigure A,B andrigure S6A
green channel (750 NMR) ¢oioca= R if G > 0, andG; coi0ca G To enrich the cross-linked peptides from the cellular peptides,
if R > 0. Coe cients M1 and M2 can range from 0 to 1. M1 = 1 the azido on the cross-linker was conjugated to the alkyne
implies that all of the pixels of the red components are locatedrimiety of the disutle bond-linked biotin and alkyne (DLBA)
pixels of the green components, while M2 = 1 implies that ahrough click chemistriFigure C). Following the click reac-
pixels of the green components are located in pixels of the réah, we further separated each peptide sample into three
components. fractions using SCX-HPLEigure A). Finally, a single bio-
Additionally, if two images are merged together, anothédwogical replicate generated 18 peptide mixtures (3 CsCl density
Coe Cient,Imerge iS Proposed to calculate the ratio of the totalgradient fractions2 types of mixing [F and RB SCX-HPLC

intensity of overlapped pixels over two channels fractions). In total, three biological replicates produced 54 pep-
tide mixtures (18 peptide sampl@&biological replicates). The
r - Ricoiocat i G colocal biotin-tagged cross-linked peptides were subsequently enriched
merge R+ .G from each of 54 peptide samples via streptavidiity @uri -

cation. Following a series of subsequent chemicatatiodis
The coe cientryegeranges from 0 to fyeqe= 1 implies that  (Figure C), the cross-linked peptides were obtained with a
the two channels are 100% colocalized. yield of 0.13% to 0.22%. (The yield wasettto be a ratio of
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the cross-linked peptide amount to the total amount of cellul&:.4 h. Kojak and ECL2 were run in a Linux server with two Intel
peptides in each SCX-HPLC fraction.) The enriched crosseon E5-2670 v3 CPUs (12-core, 2.3 GHz) and 64 GB RAM.
linked peptides wereally subjected to ISMS/MS analysis,  pLink was runin a Windows PC with one Intel Xeon E5-2630 v4
which has thus far completed thst two C steps of IPQGX CPU (10-core, 2.2 GHz) and 64 GB RAM. Please refer to the
MS (Figure A andFigure S6ATo facilitate the computational Supplemental Fifer the parametettes, the logles, and the
analysis of the mass spectrometry (MS/MS) data, 18 MS data setsults.
prepared from a single biological replicate were combined intoAmong the unique cross-linked peptides iéeitly ECL2,
two larger MS/MS data sets separately (F afdjiRe S6A 241 and 271 cross-linked peptides were light- and heavy-
- : -~ - T isotope-labeled, respectivelahle S3pFigure 3). After
:;jeegttildecstlon and Quantitation of in Planta Cross-Linked combining the three CsClI fraction peptide mixing types, tF1,
. o o mF1, and bF1, into a single F1 experiment replicate sample, we
Toconrm if the N VIVO CI’OSS—lInkIng was SUCCESSfuL AMDS%und that the number Of unique Cross_”nked peptides
monolinked (dead-end) peptides were idetiind measured  accumulated as the number of experimental replicates increased
with a cuto FDR threshold of 0.01. Altogether, we found (Figure B). Altogether, 21.19% of the 354 unique cross-linked
11 820 unique monolinked peptidéstie SZpfrom 77226  peptides were idengid 10 times or more, and 41.53% of them
redundant monolinked peptidésifle S2a Cellular compo-  were identied once igure €). The charges of 53.28% of the
nents analysis results suggested that these peptides are fi@ue cross-linked peptides wereFigufe B). Using the
cellular proteins inside the cell rather than secretary proteomef proteome @rabidopsiss a referenéewe dened those
(Table S2¢ which conrmed that AMDSP had been succes- proteins having spectral count0 as abundant proteins. As a
sfully delivered into plant cells through vacuutraition. result, we found, notably, that 38.60% of the unique cross-linked
To establish a comprehensive and multitask computationgéptides (i.e., PSM numbet), 40.32% of those idertil at
program for identifying and quantifying light- and heavy-isotopgrast twice among the unique cross-linked peptides (i.e., PSM
labeled cross-linked peptides, we coupled aeth@QUA-D  number 2), and 41.30% of those ideeti at least four times
(version 2.0)'with ECL2 (version 2.1.7)ECL2 can searchall  among the unique cross-linked peptides (i.e., PSM nufber
possible peptipeptide pairs through an exhaustive approactwere actually from the abundant proteins in our experiments,
while other state-of-the-art tools, such as xQuest, pLink, aadd their ratios were much larger than the ratio of abundant pro-
Kojak, only search a small fraction of all p&iéfeide pairs  teins in leaf the proteomefshbidopsise., 9.12%;igure E).
for each spectrum with pitering steps. Such pitering steps  This nding strongly suggests that the interactions of abundant
may cause misseddings:**® The XIC-based quantation  proteins are preferable for capture by IREMbased
component, SQUA-D, uses the output of the cross-linked pejpteractomics.
tide identication as an input to locate the ion chromatography GO analysis of those proteins derived from the cross-linked
pro le for each identd PSM Figure . The new version of  peptides showed that the in vivo cross-linked proteins were con-
SQUA-D estimates the intensities and calculates the log-raticcehtrated in the following categories, molecular fungton 1
light- and heavy-isotope-labeled PSMs. Finally, it outputs the loiglogical processS%, and cellular componentSi%, and
ratios of all idented PSMs and supplies the consequent resultwere reduced in the following categories, molecular function
to a statistical evaluation componEigyre . The statistical 456, biological processSI®, and cellular componen£18
evaluation component includes the batebteadjustmerit, (Figure & andrigure SY These ndings suggest that IPQEX
ttest, and multiple test correctidAll of these components are  MS-based interactomics tends to capture the proteins located in
illustrated in the workw (Figure 2. the cell wall, extracellular space, and cytoplasm rather than those
Because ECL2 included contaminant proteins during tHecated in the nucleus. In addition, stable interactions, such as
searching automatically, we eliminated the PSMs belongingititeractions between structural molecules, are preferable to be cap-
those contaminants in the downstream analysis. Furthermat@ed instead of transient interactions, such as interactions between
because our samples were labeled with light or heavy dimetsiginal transduction moleculeg¢re & andrigure Sy
labeling, we eliminated the PSMs without the labeling or con-Among the 354 unique cross-linked peptides ieléiere
taining the incorrect labeling patterns. With FDR5, atotal  are 61 interprotein cross-linked peptides and 293 intraprotein
of 3171 PSMsTable S3awere identied. These PSMs con- cross-linked peptideSaple S3p The cross-linked peptide
tained 354 unique cross-linked peptidablé S3h We also 205120520AKFIVEK () S5 AVEQKQVAQQEAERY] is one of
include a tablel@ble S3ccontaining PSMs with FDRO.01. those interprotein cross-linked peptides folmol€ S3) Its
We also analyzed our data with pLink (version 2.3.3) and and chains were derived from prohibitin 1/2/6 (PHB1/
Kojak (version 1.5.5). The same parameters and selectiBB2/PHB6, AT4G28510/AT1G03860/AT2G20530) and
criteria were used. For the interprotein cross-linked peptidd3dB3 (AT5G40770), respectively. Its MS/MS spectra of heavy
pLink identied 2 PSMs, Kojak idergd 0 PSMs, and ECL2 isotope-labeled cross-linked peptides are shéguia &.
identi ed 92 PSMsHigure S4A For the intraprotein cross- Three D structure models and docking of PHB3 and PHB6 are
linked peptides, pLink idergd 3 PSMs, Kojak idergd 3047 predicted as shown fgure Bl. The predicted distance
PSMs, and ECL2 idergd 3079 PSMsHgure S4B Both between the two cross-linked lysines (i.e., PHB3-K191 and
pLink and Kojak did not identify many interprotein cross-linked®HB6-K204) was 18.1 A according to the médglie B.
peptides, which may be caused by theitgniag steps. These Among the 61 interprotein cross-linked peptides, seven inter-
steps compare spectra with linear peptide chains and discard &stions were found in the STRING database, and they are
con dent peptide chains before generating pSpegide 205/205/20AKFIVEKS ;s AVEQKQVAQQEAER of the PHB1/
pairs and scoring. Although such steps are reasonable to s¢HB2/PHB6 and PHB3 interactiogKTVAKPKS ;6KA-
extent, it may cause missedlings when the database is VSETSDELAK of the light-harvesting chlorophyll A/B-binding
large’*** In terms of average running time for analyzing ongrotein 1.1 (LHCB1.1, AT1G29920) and LHCBS5 (AT4G10340)
data le, pLink took 1.17 h, Kojak took 0.95 h, and ECL2 tookinteraction, ;K TVAKPKSFFDPLGLAADPETAQLQLAEIK
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Figure 2 Flowchart of the computational programs of ECL2 coupled to aagimtimodule. Cross-linked peptides were evaluated based on FDR
0.05, where FDR is the false discovery rate estimated based on the target-decoycattomidentponent is providedmble S3a,lwhereas
the quantication was performed according to the XIC of cross-linked peptides. The calculation of XIC log-ratios was followed by a statistica
evaluation procedure that included bothtist and multiple test correction (i.e., BH-FDR). The sé@mnticuto criteria were BH-FDRO0.1 and
llog-ratip 0.58 (i.e.lfold chande 1.5). The quanttation component outputs are providethinle S4

of the LHCB1.1 (AT1G29920) and LHCB4.1 (AT5G01530) ATMG01190) and ATPase subunit alpha (ATPA, ATCG00120)
interactiong;KYGSGGA,,JINEPTAAAIAYGLIKK of the interaction, angsSGGAGASEKS,,,GSQGAVKDK of the
ADP/ATP carrier 1 (AAC1, AT3G08580) and heat shock protibosomal protein L36e family protein (AT5G02450) and
tein 70-1 (HSP70-1, AT5G02500) interactighST- SRP72 RNA-binding domain-containing protein (AT1G67680)
SLLKS,;,{ TGTDVGYPGGLWFDPLGWGSGIHAXK of interaction. This alternative evidence supports the results of the
the fructose-bisphosphate aldolase 2 (FBA2, AT4G38970) alRQCXSMS approach.

photosystem | light-harvesting complex gene 2 (LHCAZ2, During the quantitation of cross-linked peptides, the batch
AT3G61470) interactiog;VGSAAQKAMKS 5, TNKPQF- e ect adjustment{gure 2was applied to 18 replicates of the
QEIIASTKTLTAEAESFLK of the ATPase subunit 1 (ATP1, MS data sets (generated from 3 biological repkcatgpes of
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Figure 3Mass spectrometry and bioinformatics analysis of cross-linked peptides. (A) Venn diagram presentatioacbfitiigLiddigit- and
heavy-isotope-labeled cross-linked peptides. (B) Accumulation of thesl ideique cross-linked peptides from six experimental replicates.

(C) Relationship between the spectral count and the index of unique cross-linked peptides. (D) Charge distribution of unique cross-linked peptide
The charge range for identtion ranged from +3 to +8. (E) Percentages of abundant proteins in the leaf pratebidepsand cross-linked

proteins from the cross-linked peptides wignelit identication times. (F) Comparison of the GO analysis results between the cross-linked proteins
and the leaf proteomeffbidopsiBrotein categories of the highest and lowest three log-ratios are shown. (G) MS/MS spectra of interprotein cross-
linked peptide AKFIVEK-AVEQKQVAQQEAER between PHB3 (Prohibitin 3, AT5G40770) and PHB6 (AT2G20530) proteins. (H) 3D structure

of the proteiBprotein interaction between PHB3 and PHB6. (I) Magniiew of the cross-linked sites between PHB3-K191 and PHB6-K204.
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mixings< 3 CsCl protein fractiorsigure A andFigure S6A A

This batch eect adjustment aims tae-tune the correspond- BEY :

ing technical and experimental errors resulting from treatment, 2 60 of

the CDG centrifugation fractionation of proteins, and the pep- % 40 :

tide digestion as well as the chemical labeling/rixing. § 20 O e %)g PSS

According to the criteria mentioned inExperimental Sectjon

86 L- and H-labeled cross-linked peptide pairs were selected for
guanti cation (Table S}t The criteria for selecting the cross-
linked peptides for quantitation analysis areedes follows:

[fold chande 1.5 (or|log-ratip 0.58) and multiple-testing-
corrected FDR (BH-FDR  0.1. Nine and three cross-linked s T 5 3 =
peptides were found to be hormone-enhanced and -suppressed, Log, (treatment / control)
respectively Higure A and Table S}t For_example, the B oo KPEVEEK - ,,sKGETPETAVVEEK
intraprotein cross-linked peptigg<PEVEEIS,;KGETPE- (PCAP1, AT4G20260)
TAVVEEK derived from the plasma-membrane-associated 100 Forward —~—
cation-binding protein 1 (PCAP1, AT5G38410) changed

4.94-fold in response to ethylene hormone treatRignte B8 50
and Table S} while the intraprotein cross-linked peptide j
20VQTSSGEPVRS,; EL\MKDDAWLDGEFISTVQQR derived 0 ___Jl VI TN A 1922 53
from cytosolic-NAD-dependentatedehydrogenase 1 (C-NAD- w5 G %
MDH1, AT1G04410) had®$2.41-fold change (the negative sign 100 _ -
corresponds to down-regulation) due to the ethylene hormone Reciprocal
treatment Figure € andTable SY The ethylene production 50
rate of the ACC-treated plants is much higher than that of the

control Figure S8A We also found that ethylene treatment JL _l
induced a smaller rosette area and shorter root length in both the 0 I I R
wild-typeArabidopsis Cokfdein3/eilimutant Figure S8B)C Retention time (min) %23 %17 %005
These hormone-regulated cross-linked peptidesting C VQTSSGEKPVR - ...ELVKDDAWLDGEFISTVQQR
possible ethylene-regulated prSieiotein interactions and ! (C-NAD-MDH1, AT1G04410)

protein conformation changes, may participate in ethylene- 100" Forward ~—
regulated plant growth.

Con rmation and Validation of Interaction of PHB3 and 50 Mﬁ»

PHB6 with Alternative Method M]' 993 51
To con rm the proteiBprotein interaction and conformation ° ﬁ\_—_f_—%\—%i
12658 126.55 126»51

changes instantly captured in vivo, we have designed alternative
biochemical and microscopic methods. The cross-linked peptide
derived from the interaction of PHB6 and PHB3 was chosen for
this validation. To that end, anti-PHB3 and anti-PHB6 anti- 50
bodies were generated (seebkeerimental Sectjo o test JM
the specicities of anti-PHB3 and anti-PHBG6 antibodies, immu- 0 <——-M§~- i
noblotting was performed &@vl-Oand the loss-of-function Retention time (min)
Arabidopsisutantsphb3and phb6(Figures S5 and S9R,C
As compared witiol-0 thephb3mutant still retained a back- Figure 4. Quantitative interactomicsArabidopsigA) Circles in the
ground of weak immune-reactivity signal (i.e., 29.87% of the fullper panel designate the quedticross-linked peptides, while the
signal) using anti-PHB3 antibody because of the similarity of tied and yellow circles are hormone-enhanced and hormone-suppressed
primary amino acid sequences among PHB3, PHB4, and PHB?SS'f'inked Pepti]fitesy treSD?CtineWX?XF Shog;;hetzvemlge |0fg-

H H ratios rrom pairs ot treatment and control ion IS the value O
\(/\'/:alguer'tehy?gri Y]V(?rn:zlrj]g(-jssg?)tretsl’]seedpli’gt?f;g ;e(;/ﬁ (l)t)oq];dg)%?3 S10times tﬁe log-transfornmdilueBHS FDRsyo.l was used as the

. . . signi cance cutothreshold. The correspondimgalue threshold is
ein3/eil andphb6(Figure S9B)) whereas the background [ A o by the horizontal dashed e The goundaﬂm}m’tiq)

signal generated by the anti-PHB3 antibody phiigenutant 0.58 (i.e Jfold change 1.5) are shown by two vertical dashed lines.
was not ethylene-regulat€dg(re S9B Similarly, when the A histogram (green) and #ed Gaussian distribution (red) of all
anti-PHB6 antibody was eoy®d, immunoblotting was quantied cross-linked peptides are shown in the lower pangl. The
performed on both th€ol-Oandphbémutant. These results axis shows the average log-ratio, aydttie indicates the number of
show that the PHB6 protein missed the immunoreactivity signetboss-linked peptides in the corresponding histogram bin. The
in the phb6mutant backgroundFigure S9Y; suggesting the ~ boundaries dfog-ratip  0.58 (i.e.[fold chande 1.5) are shown
specicity of the anti-PHB6 antibody, and, interestingly, thé’y two vertical dashed lines. (B) Mass spectra of the light- and heavy-

: ) : tope-labeled hormone-enhanaad intraprotein cross-linked
protein level of PHB6 was ethylene hormone-enhanced in bdggptide KPEVEEK-KGETPETAVVEEK from plasma.membrane-

theC.:O|'Oandem3lglllgenet'c ba_ckgroundégfgure _SQC)E . associated cation-binding protein 1 (PCAP1, AT5G38410). (C) Mass

Given the spedity of the anti-PHB3 and anti-PHBG6 anti- gpecira of the light- and heavy-isotope-labeled hormone-suppressed and
bodies, we adopted the coimmunoprecipitation approach tgiraprotein cross-linked peptide VQTSSGEKPVR-ELVKDDAWL-
conrm the results of IPQGMS. The corresponding DGEFISTVQQR from cytosolic-NAD-dependent malate dehydrogen-
preserums of the anti-PHB3 antibody and anti-PHB6 antibodyse 1 (C-NAD-MDH1, AT1G04410).

# Peptide
[6,]

Relative ion intensity (%)

922.48
~-930.53

Reciprocal

Relative ion intensity (%)

993.51
~-996.53
—Imy,

2669 12645 126,44
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were applied as a negative control. To ensure that the sapuars (i.e., 0.14 and 0.31 colocalizationaercy, respectively,

amount of IgG was used for the antibodies and the preserurigjure B). The larger colocalization caéency means the

calibration was performed according to immunoblot analydiggher possibility of colocalization of the two proteins. Taken

(Figure S10A)BThe anti-PHB3 antibody was able to pull downtogether, these alternative molecular and microscopic data con-

both PHB3 and PHB6, whereas the anti-PHB6 antibody was abkened the interaction of PHBBHB6 protein initially iden-

to pull down both PHB6 and PHB3 reciprocallyi(re 3). ti ed via the IPQC3MS approach.

A smaller protein band could be visualized in the input when e asyrement of Morphologies of phb3 and phb6 Mutants

was set against the anti-PHB3 antibody, which may represent a ) ) . )

segment of the PHB3 proteffiqure B). This possible partial | © con rm thatthe in planta cross-linked PHBBIB6 protein

PHB3 protein did not come from in vitro aitil proteolytic ~ COMPIex plays a biological rolénabidopsisve measured the

degradation because it could be detected in both the input afgfette area and root length of 38 day old wildagpeand
ow-through of similar percentagésyre S10 It is likely phb6and phb3mutant plants. In the case of thg rosette area,

that the segment of PHB3 protein was more easily enriched BjP6showed a 25.7% increase as compared with the wild type,

coimmunoprecipitation using the PHB6 antibbiyute 3\). ereaphb3showed a 24.5% reduction as comparegalith

The coimmunoprecipitation experiment strongly suggests tHat9U"e ). In contrast, the root ghb3exhibited a 65.5%

the PHB3 protein interacts with PHB6 in plant cells, as shown [§duction in length, wherepkb6remained unchanged as

the IPQCXSMS analysis. compared witlol-O(Figure ).
The interaction between PHB3 and PHB6 protein was also
examined by mass shift assay. To do this, the plants were sepaPISCUSSION

rated into two groups: One wasltiated with 1% form-  The IPQC)SMS has facilitated the identition of hundreds
aldehyde in the cross-linking éay while the other group had  of unique in planta cross-linked peptidesle S3pfrom

the cross-linking bar only as a control. After the cross-linking Arabidopsighe identied cross-linked peptides provide new
reaction, both PHB3 and PHB6 proteins were shifted tensights into in vivo protein conformation changes and frotein

63 kDa on SDS-PAGE according to the protein size markgggotein interaction dynamics simultaneously. In addition to size
(Figure B). Because the size of PHB3 and PHB6 was detegxclusion chromatography (SEC) and SCX-based chromatog-
mined to be 30.4 and 31.6 kDa, respectively, according t@phy’"**a biotirSstreptavidin anity enrichment was applied
bioinformatics, the 63 kDa size of the PHB3 and PHB6 proteif the experiment to highly enrich the cross-linked péﬁ 8s.
detected on SDS-PAGE suggested that they were successffiythe basis of our multistep wank, 0.13 to 0.22% cross-
cross-linked under formaldehyde treatnieptie B). linked peptides were yielded from the total cellular peptides.

To further validate the interaction between PHB3 and PHB§CEP was found to be eient in eluting the cross-linked
proteins, the super-resolution imaging technique was algeptides o biotinSstreptavidin resin. The removal of biotin
applied. To do this, 750 nm dye was conjugated to the anti-PHE3m the cross-linker is believed to facilitate MS/MS afalysis.
antibody, while 647 nm dye was conjugated to goat antirabbitThe identication of 354 unique cross-linked peptides by a
lgG antibody, which was used as a secondary antibody to receégmbination of both AMDSP-based cross-linking and ECL2 is
nize the primary anti-PHB6 antibody. Because theiané®-  comparable to thending of 240 cross-linked peptides by the
cence of plant cells could be observed in both channels BBSO-based cross-linking in HEK 293°€elign though it
conventional uorescence imaging (or called wélé-micro-  seems smaller than the 3323 cross-linked peptidegitlenti
graphsFigures S11A and S)2énly dSTORM micrographs the PIR-containing cross-linker in HeLa e possible
were used to verify the colocalization of PHB3 and PHBE@xplanation for the dirence is the multiple cellular structures
protein. The titration experiment&gures S11C and S)2C  and the more than 100 drent amine-contained secondary
andphb3andphbéloss-of-function mutant (lack of PHB3 or metabolites present in platftswhich may titrate the penetrated
PHB6 protein) immunohistological experiméngsi(es S11D  AMDSP, impeding the in vivo cross-linking of proteins in higher
and S12p using the anti-PHB3 and anti-PHB6 antibodiesplants. Another possible explanation may be énemtilengths
revealed the specities of these two antibodies in recogniz-of cross-linker spacers. AMDSP-, DSBSO-, and PIR-containing
ing the target PHB3 and PHB6 proteifigiure € and  cross-linker spacers are 918,°°and 43 A*long, respectively.
Figure S13A,C ghow the overlapping localization (yellow) of The application of various arm lengths of cross-linkers together
PHB3 (green) and PHB6 (red) inside cells. The colocalizatioin a single experiment was considered. However, because this
results between PHB3 and plasma membrane intrinsic protéipbrid cross-linker approach may raise the risk of computational
2A (PIP2A, AT3G53420kF(gure S14A,C) Bs well as between  analysis and divide the ion intensity of one cross-linked peptide
PHB6 and PIP2AHgure S15A,C)Bvere used as negative into several, we therefore abandoned it. Moreover, the working
controls. These two controls showed that both PHB3 and PHBfoncentrations of AMDSP-, DSBSO-, and PIR-containing cross-
were located far from the membrane-localized water channeliskers applied in various experiments wefédna 10 m\?

Three 3D super-resolution images were obtained for each paspectively. The relatively lower concentration of cross-linker
of proteins. Every 3D image was divided into 10 layers, fronsed may result in fewer cross-linked peptides in our case.
S250to 250 nm, along tAelirection with a thickness of 50nm.  Biological process and cellular component enrichment anal-
Colocalization coeiencies of PHB3 versus PHB6, PHB3 ysis were performed on 386 cross-linked proteins (correspond-
versus PIP2a, and PHB6 versus PIP2a were calculated accorgigdo 354 cross-linked peptides) idextiby AMDSP-based
to a statistical method (ségperimental Sectidrigure D) cross-linking, 56 cross-linked proteins idgehtty DSBSO-
based on the protein pairs found in a total of 30 layers of tHeased cross-linkifigand 893 cross-linked proteins ideuti
super-resolution micrograptigg(res S13B,D,F, S14B,D,F, by PIR-containing cross-linké SMDSP-based interactorhics
and S15B,D)FThe average colocalization adency of the  results were concentrated in protein neddylation, the reduc-
PHB3 versus PHBG6 pair was 0.77, which wagaighyji larger  tive pentose-phosphate cycle, and carbon utilizatiration
than that of the PHB3 versus PIP2A and PHB6 versus PIP2A carbon dioxide, whereas DSBSO- and PIR-containing
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Figure 5Con rmation of in planta PHB3 and PHBG6 interaction and their functions during growth. (A) Coimmunoprecipitation of PHB3 and PHB6

in Arabidopstude extract. The crude extract (3%) was used as input. Precipitates of preserum (collected before immunoreaction) of each antiboc
were used as a hegative control. The left panel shows the precipitates of anti-PHB3 antibody, and the right panel shows the precipitates of anti-P!
antibody. The presence of PHB3 and PHBG6 were visualized by immunoblot analysis using antibodies against PHB3 and PHB6, respectively. (B) In
cross-linking (CX) of the PHBBHB6 complex by 1% formaldehyde. The left panel is against anti-PHB3 antibody, and the right panel is against anti-
PHB6 antibody. Proteins extracted from the plants that went thrdtngticn in cross-linking ber without cross-linker were used as a control.

(C) Super-resolution imaging of PHB3 and PHB6. The upper three photos sheldwideescence imaging, and the lower three photos show
dSTORM super-resolution imaging. The left two photos show labeling with anti-PHB3 antibody with 750 nm dye. The middle two photos are labele
with anti-PHB6 antibody with 647 nm dye. The right two photos are merged images. (D) Colocaliz#ius c6&€HB3 versus PHB6, PHB3

versus PIP2a (plasma membrane intrinsic protein 2a, AT3G53420), and PHB6 versus PIP2a. Three photos of 3D dSTORM super-resolution imag
were collected for each pair of proteins. Every photo is divided into 10 layg250ftor250 nm, along tBalirection with 50 nm thickness. There

were 30 layers in total for one pair of proteins. The colocalizatiorenbef each layer was calculated. Average values and etrSEb4ysie

shown. ANOVA antltest were used to evaluate saanit di erences. (E) Measurement of Amabidopsiosette area and root length. Three

biological replicates were assessed. Average values and ettS8EbBraré shown. The total plant numbers for every genotype to mea-

sure the rosette area were 5€farQ 57 forphb3 and 55 fophb6 The total plant numbers for every genotype to measure root length were 55 for
Col-0 60 forphb3 and 60 fophb6 One-way ANOVA aridest were used to evaluate samit di erences.
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cross-linker-based interactosiesults were enriched in nucle- Arabidopsi§® In addition to being parts of a complex, both
osome assembly, chromatin assembly, and pBitin type-l and type-Il PHB proteins can also function independ-
complex assembly in addition to ribosomal large suburently?®'°*In Arabidopsi$HB3, PHB4, and PHB5 belong to
biogenesis, ribosomal small subunit biogenesis, and translatityyzg-| PHB, whereas PHB1, PHB2, PHB6, and PHB7 belong to
elongation Table Sk Furthermore, the cellular component type-Il PHB°>Our ndings suggest that type-I representative
enrichment analysis of three cross-linker-idénfiroteins ~ PHB3 and type-Il representative PHB6 interact with each other
indicated that AMDSP-dependent interactomics showed amder native conditionsifures H and5). Mutation ofphb3
enrichment in the light-harvesting complex, mitochondridéads to growth retardation of both the shoot andaich
envelope, and photosystem |, whereas DSBSO and PIR crassonsistent with our observatidrigre &). Double mutants
linkers were enriched in the nucleosome, @B@BIA com- phb2/phbéave a reduced rosette diameter.contrast with
plex, and chromatin in addition to the chaperonin-containingrevious ndings showing thgihb6 has a similar rosette
T-complex, proteasome core complex, alpha-subunit compleiemeter to the wild type(Figure S16 we found that the
and the eukaryotic translation initiation factor 3 complex elF3nosette area of 38 day plib6wvas larger than that@bl-Ovhen
(Table Sh These results suggest that the thresetit cross-  grown in MS medium~gure ), which suggests that the
linking strategies were enriched faréint biological processes mechanism underlying the role of PHB6 in plant development is
and cellular components. Thus they may be complementarydomplex. A previous report concluded that PHB3 is involved in
each other in the discovery of various interactomes of plantsthe ethylene signaling pathW&yUsing an immunoblot

As both the DSBSO cross-linkand PIR-linkefSused for  analysis, we found that the PHB3 protein level was ethylene-
in vivo cross-linking are MS-cleavable, this class of cross-linleenspressed-{gure S9) while the PHB6 protein level was
used in the identtation of cross-linked peptides relies on theethylene-enhanceeigure S9Hnstead in botiCol-Candein3/
MS® spectra. More cycling time must be used to generate M8il1 backgrounds. How PHB complexes regulate ethylene
spectra, which may reduce the number t§péStra and result  response remains to be elucidated.
in reduced identtation’”® As compared with the number  The in vitro isotopic dimethyl-labeling-based quantitation in
observed using the kKipectra-based idewmtition, there isan  combination with in vivo cross-linking is not only applicable in
overall 18% reduction in the number of total redundant peptidéise medium-grown model pldmabidopsighis approach can
and a 13% reduction in the number of nonredundant peptidedso be applied in varioedd-grown crops. MS/MS-based quan-
using M8 spectrd! In our case, we adopted an approach toti cation (e.g., iTRAQ and TMT labeling) and label-free-based
combine the in vivo chemical cross-linking with the identiguanti cation have the same application capability as dimethyl

cation of cross-linked peptides using syi&ctra assisted by labeling. The MS/MS mass-spectrogram-based qaitiori
ECL2 software. It is likely that the application of both MSmeasures a limited number of mass speatrd the label-free
cleavable and MS-noncleavable approaches in a single crgsanti cation depends on highly consistent sample preparation
linking experiment may help identify a greater number of crosmd analysiS.’® In contrast, the dimethyl labeling approach is
linked peptides. reliable, quick, and cosketive, with fewer side reactions and

In contrast with other cross-linked peptide idmtion  high labeling eciency’®*° Both ratio adjustment of light and
tools**>*3>3ECL2 searches all possible peppidptide pairs  heavy ion intensity and batchee adjustment reduce the
so that missechdings can be avoided. We have used varioustatistical bias introduced by multiple experimental‘steps.
data sets to demonstrate tH2% of thendings are missét The IPQCXSMS analysis revealed that all 12 ethylene-
Most importantly, this misseding issue is exacerbated for regulated cross-linked peptides resulted from intraprotein cross-
larger databases. ECL2 also performs exhaustive searching bifiaihg eventsTable S An ethylene-enhanced cross-linked
peptid&peptide pairs with a linear time complexity. With such @eptide 1 5/130/13KY YEAGAB5q/05,-GILAADESTGTIER,
strategy, it can identify cross-linked peptides by searching rathly be derived from a likely interprotein cross-linking event
possible pepti§peptide pairs from a larger database (e.g., 5538mong fructose-bisphosphate aldolase isoforms 4, 6, and 8 (or
proteins) within a few hours. called FBA4/6/8) Table SX This probable interaction

The previous transgenic plant approach amtyastag-based between FBA4 (AT5G03690) and FBA8 (AT3G52930) is
enrichment have demonstrated that PHB1/2/3/4/6 can besupported by the prot&protein interaction data deposited in
copuri ed with PHB% and PHBZ? In the present study, we the Arabidopsimteractions Viewer databd¥eWe are cur-
have corrmed the interaction of PHB3 and PHB6 by in vivo rently unable to derentiate whether it is the interprotein or the

chemical cross-linkingigble S3kand Figure 81), which is intraprotein cross-linking occurring among these FBA protein
considered to occur under native cytoplasmic conditions. Tlgoforms that shares homologous amino acid sequences.
unique interaction between PHB3 and PHB6 isroed using The ethylene hormone-regpeld isotopic cross-linked

alternative biochemical methods and super-resolution imagipgptides possibly result from one of two situations.r3the

We also provided structural information about the interactiopossibility is that ethylene alters the gene expression of ethylene-
because the arm length of the AMDSP cross-linker is we#lsponsive proteins, and the interaction of either increased or
known. It has been reported that prohibitin proteins are ubigdecreased ethylene-responsive proteins may contribute to the
uitous, highly conserved, and primarily located on the innehange of the cross-linked peptidegels. The second
mitochondrial membrane, although they have additional mitpossibility is that ethylene alters the protein conformation via
chondrial functions’ and they are involved in the biological ethylene-regulated post-translational watiins (PTMs),
processes oftAAA protease-associated protein degradatiomyhich further generate hormone-regulated intraprotein and
assembly of OXPHOS complexes, mitochondrial DNAnterprotein cross-linked peptides. Temintiate these two
organization, cristae morphogenesis, ROS formation, protgiassibilities, we have quaadi some of the total cellular pep-

and lipid sceolds, and cellular proliferation and tumor tides (non-cross-linked linear peptides) and found that some
repression~*°* The type-l PHBtype-Il PHB heterodimer ethylene-regulated linear peptides share the same protein origins
can assemble into a ring-shaped supercomplex’iffpedst as ethylene-regulated cross-linked pepflidése(S6g For
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example, the cross-linked peptigeY YEAGAR ,:GILAAD-
ESTGTIXR derived from FBA4/6/8 isoforms had a 1.63-fold
(>1.5-fold) increase, whereas the linear pept@GENEP-
SEHSIHENAYGLAR derived from the same protein group had
a 2.23-fold increase (>1.5-fold) upon ethylene treatment
(Table S6) which suggests that the up-regulation of this cross-
linked peptide probably resulted from an increase in protein level.
Moreover, both cross-linked peptidgAASFNIIPSSTG-
AAKAVGKS,VVISAPEDAPMFVVGVNEHEYK and
20sAASFNIIPSSTGARAVGKS ;,.VVISAPEDAPM-
(oxidation)FVVGVNEHEYK, derived from glyceraldehyde-3-
phosphate dehydrogenase C subunit 1 (GAPC1, AT3G04120)
were insigncantly altered t§1.23- andS1.22-fold, respec-
tively. However, their corresponding linear pepfid®aSs-
FNIIPSSTGAAK angGILGYTEDDVVSTDFVGDNR, were
ethylene-suppressed sigatly to S2.12- andS1.95-fold,
respectivelyT@ble S6)f suggesting that ethylene regulates
both the protein level and conformation of GAPC1. The
third example is that the cross-linked peptf&NVPI-
GVTAS,;,TQVAYGENEIIR derived from sedoheptulose-

bisphosphatase (SBPase, AT3G55800) had a 4.89-fold increase,

whereas the linear peptidey TGGMVPDVNQIIVKEK from

the same protein was insigantly altered upon ethylene
hormone treatmentT@ble S6jp Given that SBPase is an
enzyme involved in the Calvin cycle and photosynthetic carbon
xation:’® the breaking and forming of the didal bond

between the Cys165 and Cys170 of wheat SBPase resulted in its

structural changes, leading to activation and deactivation of this
enzyme?® These two Cys are conserved between wheat and

ArabidopsiSBPases. Ethylene has a crosstalk with hydrogen
peroxide (HO,),*%*'and HO, is involved in the homeostasis

of protein thiol redox iArabidopsis®we hereby hypothesize

that the ethylene-induced structural change in SBPase is caused

by a redox alteration of disig¢ bonds in this enzyme induced

by ethylene and J@, crosstalk. Of course, the alternative
possibility would be that ethylene regulates the post-transla-
tional modication on SBPase (e.g., acetylation on K368 of
SBPasé), which consequently altered the structure of SBPase.
Consistent with the previousdings that ethylene regulates
photosynthesis*** our quantitative interactomics study has
further conrmed that ethylene regulates the protein structures
of the light-harvesting complex of photosystem Il 5 (LHCBS5,
AT4G10340) and RuBisCO small subunit 1B/2B/3B (RBCS1B/
2B/3B, AT5G38430/AT5G38420/AT5G38410xble S6kin
addition to the novehding on SBPase. Itis therefore likely that
ethylene may alter the protein structure to either an active or

inactive state of these photosynthesis-related enzymes via

altering both thiol redox and post-translational iatdhn.

In conclusion, to identify in vivo protgjmotein interactions
and protein structure alteration Amabidopsiswe have
developed an IPQGMS work ow. Preliminary quantitative
analysis of cross-linked peptides provided a means to monitor a
limited change of interactomes in responding to a signal at the
organismal level. This MS-based quantitative interactomics may
be applied to the study of pro@motein interactions and

Figure S1. MS spectrum of cross-linker AMDPS. Figure S2.
MS spectrum of diswe-linked biotin and alkyne
(DLBA). Figure S3. MSpectra of intermediate products
(1), (2), (3), and the nal product of cross-linked syn-
thetic peptides EAKELIEGLPR and KELDDLR shownin
Figure C. Figure S4. Two Venn diagrams of idshti
PSMs frorpLink Kojakand ECL2. Figure S5. Vesition

of phb3T-DNA insertion line (SALK_020707) gottb6
T-DNA insertion line (CS858159) using PCR. Figure S6.
Work ow of wet lab. Figure S7. Comparison of the results
of Gene Ontology (GO) analysis between the cross-linked
proteins and the leaf proteomé\dbidopsi§igure S8.
Ethylene production rate of 38 day Atdbidopsiand
ethylene escts on the phenotypes of 38 day old wild-type
Arabidopsi€ol-0 and mutant ein3/eill. Figure S9.
Validation of anti-PHB6 and PHB3 antibodies on 21 day
old Col-0, phb3, phb6, and ein3/eill. Figure S10.
Calibration of the volumes of preserum used as negative
control for coimmunoprecipitation. Figure S11. Titration
and mutant experiments using anti-PHB3 antibody.
Figure S12. Titration and mutant experiments using
anti-PHB6 antibody. Figure S13. Super-resolution
imaging of PHB3 and PHB6. Figure S14. Super-
resolution imaging of PHB3 and PIP2a. Figure S15.
Super-resolution imaging of PHB6 and PIP2a. Figure S16.
Comparison of rosette diameters bet@eéfandphb6
mutants. PDF)

Table Sla. Published software used to identify the cross-
linked peptides that were generated by MS-noncleavable
cross-linkers. Table Si1b. Published software used to
identify cross-linked peptides that were generated by MS-
cleavable cross-linkerd.$X

Table S2a. All PSMs of AMDSP monolinked peptides
with FDR 0.01. Table S2b. Table containing all unique
AMDSP monolinked peptides from Table S2a. Table S2c.
Cellular components analysis of AMDSP monolinked
proteins. XLSX

Table S3a. All PSMs of cross-linked peptides with FDR
0.05. Table S3b. All unique cross-linked peptides from
Table S3a. Table S3c. All PSMs of cross-linked peptides
with FDR 0.01. KLSX

Table S4. Quanttation resultsX(LSX

Table S5. Biological processes and cellular components
enrichment analysis of cross-linked proteins using
AMDSP, DSBSO, or PIR containing cross-linker-based
cross-linking, respectivelL£X

Table S6a. Non-cross-linked (linear) peptides whose
proteins have been used to quantify the cross-linked
peptides in Table S4. Table S6b. Comparison of ethylene-
regulated fold change of non-cross-linked (linear) peptide
and cross-linked peptide from the same prot@iSX
Supplemental File. Parametes, log les, and results
frompLink Kojak and ECL2, respectivei{K)
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