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Abstract: Understanding the way how proteins interact with each other to form transient or stable

protein complexes is a key aspect in structural biology. In this study, we combined chemical cross-

linking with mass spectrometry to determine the binding stoichiometry and map the protein–protein

interaction network of a human SAGA HAT subcomplex. MALDI-MS equipped with high mass detec-

tion was used to follow the cross-linking reaction using bis[sulfosuccinimidyl] suberate (BS3) and

confirm the heterotetrameric stoichiometry of the specific stabilized subcomplex. Cross-linking with

isotopically labeled BS3 d0-d4 followed by trypsin digestion allowed the identification of intra- and

intercross-linked peptides using two dedicated search engines: pLink and xQuest. The identified

interlinked peptides suggest a strong network of interaction between GCN5, ADA2B and ADA3 subu-

nits; SGF29 is interacting with GCN5 and ADA3 but not with ADA2B. These restraint data were com-

Abbreviations: amu, atomic mass units; BSA, bovine serum albumin; CX, chemical cross-linking; DOPE, discrete optimized pro-

tein energy; EM, electron microscopy; ESI-MS, electrospray ionization mass spectrometry; H/D exchange, hydrogen/deuterium

exchange; HCD, higher-energy collisional dissociation; IM, ion mobility; IMAC, immobilized metal affinity chromatography; LC-

MS/MS, liquid chromatography coupled with mass spectrometry in tandem; MALDI-MS, matrix assisted laser desorption/ioniza-

tion mass spectrometry; MOI, multiplicity of infection; NMR, nuclear magnetic resonance; PBS, phosphate buffered saline;

SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEC, size exclusion chromatography; TFA, trifluoroacetic

acid; XRD, X-ray diffraction.
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bined to molecular modeling and a low-resolution interacting model for the human SAGA HAT sub-

complex could be proposed, illustrating the potential of an integrative strategy using cross-linking

and mass spectrometry for addressing the structural architecture of multiprotein complexes.

Keywords: cross-linking mass spectrometry; SAGA HAT subcomplex; proteomics; protein– protein

interaction

Introduction

Most if not all biological processes are catalyzed by

dedicated interaction networks. Proteins rarely exist

alone in the cell but are involved in macromolecular

complexes and elucidation of the assembling dynam-

ics of these multiprotein blocks is of major importance

to understand and modulate cellular dysfunction.

In the last few years, integrative approaches have

attracted considerable interest. This might be partly

because of the realization that, despite their own limi-

tations, traditional structural methods have comple-

mentary attributes, and combining respective

information would definitely help in exploring the

architecture, dynamics, and function of macromolecu-

lar complexes. Data arising from various biophysical

techniques may be gathered on the bound as well as on

the free states of the multiprotein system, and may

help generating testable structural models or under-

standing self-assembling of the protein building

blocks.1,2 Input of physical theories and statistical data

arising from sequence or structural databases homol-

ogy studies, might also be added to best refine the pro-

posed model.3 In this context, mass spectrometry (MS)

was shown as a high-potential technique for character-

izing intact multiproteins assemblies, especially for

determining the complex stoichiometry or monitoring

dynamic changes.4 More recently, MS-based technolo-

gies, such as IM,5 H/D exchange,6 chemical cross-

linking (CX),7 have emerged to assist these structural

building activities. In particular cross-linking, by pro-

viding important spatial restraint information, is

emerging as a promising approach for generating resi-

due level topological data.8 Revealing precisely which

residues are linked yields proximity information that

might increase the resolution of the proposed struc-

tural model. An increasing number of studies were

reported during the last decade,9–11 including very

large multiprotein complexes such as RNA polymerase

II12 and protein–drug interactions13 or illustrating the

integration of CX-MS to theoretical structural knowl-

edge arising from modeling,14,15 EM,16 or XRD.17 The

choice of cross-linkers is crucial because the success of

cross-linking reaction depends on their reactivity and

selectivity as well as their spacer-arm lengths which

rule the maximum distance between two cross-linked

residues.18,19 Identifying the cross-linked peptides is

also still very challenging since they often are present

at a small concentration in solution compared to

unmodified peptides. Indeed, multiple cross-linked

products may occur for one reactive residue or the

reaction may be incomplete. Therefore, several enrich-

ment methods that will improve MS detection have

been successfully developed including affinity selec-

tion,20 strong cation exchange (SCX) chromatogra-

phy,21 H/D labeling or exclusion list of low charge

states peptides. Using cross-link reagent bearing a

HCCA (a-cyano-4-hydroxycinnamic acid) moiety might

also be very efficient allowing specific MALDI signal

enhancement of such cross-linked peptides compared

to unmodified peptides.22,23 Furthermore, the CX-MS

workflow requires the use of search engines dedicated

to identification of cross-linked peptides. A large num-

ber of algorithms are available in the literature24–27

but the main challenge still resides in assigning the

confidence of a match.

The multisubunit Spt-Ada-Gcn5 Acetyltransfer-

ase (SAGA) complex investigated here is a para-

mount example of a transcriptional coactivator.28

Transcription of protein coding genes by the RNA

polymerase II (RNAPII) enzyme is a tightly regu-

lated process that requires the assembly of a Pre-

Initiation Complex (PIC) at the promoter of tran-

scribed genes. Sequence-specific transcriptional acti-

vators and post-translational modifications of

nucleosomal histones contribute to the recruitment

of multisubunit coactivator complexes acting as

bridging factors between the activators and the

PIC.29,30 In humans, the 1.8 MDa SAGA coactivator

complex is composed of 18 distinct subunits31,32 and

adopts a modular organization as evidenced by

genetic complementation studies,33 and by electron

microscopy models.34,35 More recently, quantitative

proteomics established a subunit interaction net-

work and segmented SAGA into four stable mod-

ules.36 SAGA harbors a Histone Acetyl Transferase

(HAT) activity carried by the Gcn5 subunit and

modulated by the Ada2 and Ada3 subunits. Together

with Sgf29, these subunits form the HAT module

which is a major regulator of histone H3 acetylation

in yeast cells.37,38 Gcn5 contains a bromodomain

which binds acetylated lysines in histone tails,39

while Sgf29 contains a Tudor domain capable of

binding H3K4me2/3, another hall mark of actively

transcribed chromatin.40

In this paper, we describe how CX-MS has been

successfully used to determine the binding stoichi-

ometry and topology of the human SAGA HAT sub-

complex. We integrated these data with molecular

modeling in order to determine the molecular inter-

actions between the four subunits.
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Results

Production of the human SAGA HAT module

The sequence analysis of the SAGA HAT subunits

revealed conserved homology domains and for some of

them an atomic model has been determined by X-ray

crystallography [Fig. 1(A)]. To analyze the SAGA HAT

subcomplex, we produced recombinant hGCN5,

hADA2B, mADA3, and hSGF29 from a single virus in

insect cells using the Multibac technology.41 The

mouse ADA3 sequence is 99.3% identical to its human

homologue with the exception of three mutations

(T110A, V126L, and I226M). The complex was

histidine-tagged on GCN5 and purified over a metal

chelating affinity column followed by size exclusion

chromatography (SEC). SEC of the HAT complex

showed a single peak consistent with an homogeneous

protein assembly and the SDS-PAGE analysis indi-

cated that all four polypeptides co-elute in the same

fractions [Fig. 1(B)]. Because of their close molecular

weight ADA2B and ADA3 co-migrate on a 10% acryl-

amide gel.

Co-expression experiments

In order to investigate the interactions between the

catalytic subunit GCN5 and the other subunits of the

SAGA HAT module, the histidine-tagged GCN5 was

co-expressed in isolation or with different combina-

tions of the ADA3, ADA2B, or SGF29 subunits. The

resulting complex was purified and analyzed as

described above. The ADA2B and ADA3 subunits

interact poorly in isolation with GCN5 [lanes 2 and 3

in Fig. 1(C)] but form a heterotrimeric complex when

expressed together [lane 6 in Fig. 1(C)]. SGF29 incor-

porates only in a complex formed by GCN5, ADA2B,

and ADA3 [lane 7 in Fig. 1(C)] and does not bind sta-

bly to GCN5 alone [lane 1 in Fig. 1(C)].

Figure 1. Purification and biochemical characterization of the SAGA HAT subcomplex. (A) Maps of the conserved structural

domains within the SAGA HAT subunits. The domains are identified as follows: ZZ—type zinc finger domain; SANT—histone bind-

ing domain found in Swi3, ADA2, N-Cor and TFIIIB; SWIRM—eukaryotic domain found in proteins implicated in chromatin remod-

eling and gene expression; CC—coiled-coil domain; TUDOR—structural motif involved in binding methylated arginine or lysine

residues; PCAF—P300/CBP-associated factor homology domain; AT—acetyltransferase domain; BR—bromodomain. The known

atomic structures of the conserved domains are shown (SANT—PDB 1X41, TUDOR—PDB 3MEA, AT—PDB 1Z4R, BR—PDB

3D7C). (B) SDS-PAGE analysis of the purified SAGA HAT module. MWmolecular weight marker, lane 1 purified SAGA HAT after

the metal chelating affinity column, lanes 2–7—peak fractions of the size exclusion chromatography. (C) Co-expression of

histidine-tagged GCN5 with different combinations of the other SAGA HAT subunits followed by pull down experiments.
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Characterization of the cross-linking reaction by

MALDI-MS

The cross-linking reaction was performed with

bis[sulfosuccinimidyl] suberate (BS3). The reaction

conditions (cross-linker to protein ratios, times, and

temperatures) were optimized so that cross-linker

reacts on the whole sample, but at a quite low cross-

linker concentration to avoid perturbation on struc-

ture which can lead to aggregation or nonspecific

interactions42 (see Materials and Methods, Support-

ing Information Fig. 1). The complex stoichiometry

as well as the cross-linking kinetics were followed

by MALDI-MS analysis using high mass detection.43

Before cross-linking, ions at 33,197, 48,773, and

97,197610 Da were detected, which corresponds to

the theoretical masses of the four subunits (ADA2B

and ADA3 are co-detected since their mass differ-

ence is too small to be distinguished by MALDI-MS)

[Fig. 2(A)]. After cross-linking, molecular mass of

about 241,387 Da6 200 Da was measured. From

this mass, two possible stoichiometries could be for-

mally deduced, i.e. 1/1/1/1 (of each subunit) or 1/2/1

(GCN5/ADA3 or ADA2B/SGF29) [Fig. 2(B)]. A

bottom-up approach by LC-MS/MS (see further) will

definitively allow to conclude in favor of the first

hypothesis. The signal corresponding to the cross-

linked entire complex is quite broad, which results

in a quite low mass accuracy but sufficient to pro-

pose a tetrameric binding stoichiometry without

ambiguity. This may be because of the heterogeneity

of the cross-linked molecules but also to a certain

amount of salt adducts arising from the 100 mM

NaCl containing buffer. No signal corresponding to

other stoichiometries (homomers or high-order mul-

timers) neither to intermediates reflecting incom-

plete cross-linking reaction or assembly process was

observed. This suggests that there was no residual

aggregation and that the detected complex with the

expected stoichiometry is formed by specific

interactions.

Determination of the proximity map in SAGA

HAT by LC-MS/MS

In order to get insight into the “in-proximity areas”

(through identification of the spatially close lysines),

the cross-linked complex was digested with trypsin

and the resulting peptide mixture was then directly

analyzed by LC-MS/MS. As described by M€uller

et al.,44 a mixture of the light form (d0) and the iso-

topically labeled form (d4) of BS3 was used for the

cross-linking reaction in order to facilitate the detec-

tion of low abundant cross-linked products. In this

method, peptides containing the cross-linker will

appear as a doublet in the mass spectrum with a

mass shift of 4.025 amu.

Trypsin activity did not appear to be affected by

cross-linking as shown by the high sequence cover-

ages obtained after classical Mascot database search

(from 55% for SGF29 up to 91% for ADA3). Whereas

peptides that have been modified by a partially

hydrolyzed cross-linker (type 0 cross-link or dead-

end peptides18) are easily identified by performing

standard database search in Mascot, two open-

source algorithms, pLink26 and xQuest,27 were cho-

sen, for both intra- and interlinkages determination.

Whereas pLink is dedicated to the identification of

peptides modified with either light or heavy cross-

linker, xQuest is based on the determination of

Figure 2. (A) Chemical formula of two peptide chains connected through the BS3 cross-linker. (B,C) MALDI-MS spectra of the

complex before (B) and after (C) cross-linking with BS3. A unique stoichiometry at 241,387 Da is detected after cross-linking.
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peptides modified with both light and heavy cross-

linkers. The request was repeated using a database

containing random protein sequences (instead of the

sequences of four subunits of SAGA HAT) and false

cross-linker mass in order to evaluate false positive

matches as well as the associated scorings for both

algorithms. From such experiment, background

threshold scores were extracted, under which there

is a serious risk that a good fit with the MS/MS

data occurred by chance. Scores higher than 25 for

xQuest and E-06 for pLink were then chosen as

thresholds for positive identification. In addition,

manual validation was systematically performed to

further validate the identification (about 10% were

manually removed). Cross-linked peptides follow the

general rules of CID-peptide fragmentation45 and

thus, their fragmentation spectra should provide

fragment ions arising from both bridged peptides

upstream and downstream of the linkage. Two

examples of MS/MS spectrum assignment by pLink

are shown in Figure 3. In both cases, the corre-

sponding peptides were unambiguously identified as

reflected by the large series of consecutive y-ions

and b-ions. In some cases, ions containing the link-

age product will also be detected increasing the

identification relevance as shown in Figure 3(A) at

m/z5879.4828.

A total number of 97 unique inter-cross-links

(indicating the linkage of unique lysine–lysine

pairs) have been found with pLink and xQuest

(Table I). Among them, 23 were identified by

xQuest only and 43 by pLink only. These results

are the combination of three technical replicates

(displaying 80% overlap) and one biological repli-

cate (40% overlap). It should be noticed that the

proximity areas were strictly equivalent in all repli-

cates. The overlap discrepancy might come from: (i)

a lower MS/MS intensity spectrum that could not

be unambiguously assigned, (ii) a flexibility of the

complex structure that slightly modify the distance

between reactive lysines leading to different links,

or (iii) from a competitive reactivity of two neigh-

boring lysines, yielding cross-linked peptides with

different masses.

A linkage map has been produced from these

results to visualize intrasubunit links and inter-

subunit links (Fig. 4). This map clearly highlights

several discrete inter-linked areas with high

Figure 3. MS/MS spectra of two intercross-linked peptides as identified by pLink (score E-10). The K–K bridge may be (A) or

not (B) detected as an ion fragment.
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Table I. List of intermolecular cross-links between SAGA HAT subunits. No score means the cross-linked peptide
was not identified or not validated manually.

GCN5-ADA3

Linked K

in GCN5

Linked K

in ADA3

Score in

pLink

Score in

xQuest Mass (Da)

Mass precision

(ppm)

314 85 5.26E-14 55 2614.3754 20.4

314 147 3.65E-12 2905.4569 1.1

314 221 45.71 2654.3527 20.9

314 354 1.56E-13 44.66 3218.6297 20.7

361 85 5.47E-10 1803.0770 0.8

366 78 4.89E-07 1229.6615 20.7

366 85 7.13E-07 1491.8961 0.7

366 421 5.47E-09 1400.7874 20.1

536 85 1.74E-06 2835.6122 0.2

561 78 2.27E-07 1622.8750 20.1

561 85 1.15E-08 50.64 1877.0595 20.1

561 109 1.15E-09 2560.3219 1.3

561 147 1.37E-13 2172.1661 20.6

580 85 1.28E-11 45.79 1856.1238 20.5

649 85 8.37E-10 51.03 1563.9136 20.7

649 124 2.08E-10 45.04 1630.9042 20.3

649 304 36.54 2227.1581 27.6

657 405 27.06 1937.1456 27.9

660 85 1.29E-06 1455.8925 20.8

707 85 1.03E-08 1617.0026 20.3

713 364 35.84 2059.1279 20.5

748 418 32.19 1957.0869 20.8

750 418 44.43 1957.0843 22.1

784 78 9.97E-07 2081.0428 2.5

816 85 35.8 1959.1605 23.3

GCN5-ADA2B

Linked K

in GCN5

Linked K

in ADA2B

Score in

pLink

Score in

xQuest Mass (Da)

Mass precision

(ppm)

314 328 44.78 2626.3341 20.4

314 331 5.50E-07 57.22 2514.2217 20.8

314 378 7.20E-09 42.5 3089.6396 23.3

314 390 40.44 2753.3972 20.5

361 390 4.30E-06 1942.0999 22.7

536 214 2.43E-06 2651.5058 20.7

572 214 2.85E-08 1664.9613 21.1

572 220 7.75E-13 1720.9987 20.8

580 250 38.81 2154.2570 27.7

580 250 35.23 1870.0746 21.6

702 250 29.07 2645.4865 23.5

GCN5-SGF29

Linked K

in GCN5

Linked K

in SFG29

Score in

pLink

Score in

xQuest Mass (Da)

Mass precision

(ppm)

314 40 4.31E-11 3585.7811 21.3

314 50 2.09E-08 38.84 3410.6459 0.2

561 40 2.71E-16 2852.4903 1.1

561 50 5.72E-12 44.79 2673.3288 20.2

580 40 5.47E-09 2827.5303 1.9

580 50 5.78E-10 51.09 2652.3947 0.1

649 40 1.06E-16 34.72 2539.3443 20.2

649 50 4.39E-10 43.37 2360.1818 20.7

649 79 1.49E-09 1404.7976 20.5

649 112 6.92E-08 1365.7438 1.2

816 40 4.67E-07 2934.5975 26.7
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Table I. Continued

GCN5-SGF29

Linked K

in GCN5

Linked K

in SFG29

Score in

pLink

Score in

xQuest Mass (Da)

Mass precision

(ppm)

816 50 1.39E-14 2755.4366 0.5

855 50 1.85E-06 2638.3675 20.3

ADA3-ADA2B

Linked K in ADA3 Linked K in ADA2B Score in pLink Score in xQuest Mass (Da) Mass precision (ppm)

147 235 7.92E-13 45.89 2644.4160 0.4

147 390 42.1 2033.1002 20.8

194 331 3.05E-09 41.76 2069.1205 20.1

194 378 7.49E-06 2640.5114 0.0

194 390 35.29 2304.2634 23.0

210 319 3.62E-06 2446.2276 0.6

210 319 3.33E-08 30.06 3172.6412 26.4

210 322 1.63E-10 39.13 2884.4199 20.1

210 322 2.88E-12 40.76 3016.5401 20.1

210 328 4.43E-06 56.43 2673.3658 0.2

210 331 7.99E-08 50.25 2557.2294 20.1

210 378 8.13E-06 3132.6454 20.6

210 390 33.39 2796.4038 20.2

221 319 4.79E-07 1431.8233 1.6

221 322 9.36E-09 297.22 1874.0409 1.1

221 322 6.31E-15 45.29 1998.1108 20.4

221 328 3.39E-14 42.52 1654.9365 0.5

221 331 1.54E-09 44.44 1542.8210 22.8

221 373 1.63E-08 2087.2605 0.8

221 378 30.64 2118.2407 20.3

221 390 41.6 1781.9974 21.4

223 328 3.72E-07 2270.3145 0.1

223 378 2.86E-06 2729.5941 0.0

242 328 1.06E-06 1783.0202 20.8

242 378 2.96E-11 45.58 2246.3254 0.2

242 390 9.38E-06 44.71 1910.0836 0.5

304 378 4.59E-06 2741.5227 22.4

304 390 42.97 2405.2822 0.3

312 390 26.06 2977.5704 21.0

354 390 40.72 2346.2754 20.6

364 282 3.79E-07 1597.9274 0.2

372 390 2.14E-07 41.31 1940.0690 0.1

397 403 29.07 2645.4865 1.0

ADA3-SGF29

Linked K in ADA3 Linked K in SGF29 Score in pLink Score in xQuest Mass (Da) Mass precision (ppm)

77 50 6.23E-14 33.99 3586.8165 0.2

78 50 4.17E-07 2141.0575 1.3

85 40 2.34E-08 2574.4029 20.1

85 50 1.70E-09 47.29 2399.2672 0.0

85 50 39.28 2555.3450 29.1

97 50 34.14 3176.6059 20.6

109 40 4.30E-08 3257.6652 20.3

147 40 1.57E-11 2869.5094 0.4

147 50 4.08E-10 45.14 2690.3476 20.4

372 40 1.38E-11 30.73 2772.4517 21.3

372 50 1.06E-06 2597.3158 20.6

397 50 4.09E-07 2355.2078 20.1

421 40 6.71E-06 2487.3193 0.3

421 50 7.04E-07 2312.1834 0.4

421 99 2.34E-07 2501.3789 0.6
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significance as shown by many contacts that have

been detected for each of them. In particular, exten-

sive cross-linking was observed between ADA3 and

ADA2B suggesting a strong network of connections

between these two subunits while no cross-links

were detected between SGF29 and ADA2B. Remark-

ably, among the 22 lysines equally distributed on

the SGF29 sequence, two lysines (K40 and K50)

appeared to be mostly involved in inter-cross-linked

products, suggesting that the bridging reaction

occurred in a very specific way. On the other hand,

no cross-links could be detected for the N-terminal

half of GCN5 containing most of the PCAF domain,

the Tudor domain of SGF29, and the ZZ-SANT

domains of ADA2B.

Molecular modeling

Atomic structures of several domains composing the

HAT subunits are available [SANT, Tudor, acetyl-

transferase, and bromo domains, Fig. 1(A)] or can be

predicted by homology modeling of closely related

sequences (PCAF, ZZ, SWIRM). Intrasubunit cross-

links were used as additional spatial restraints help-

ing to predict tertiary models of the SAGA HAT subu-

nits since the relative positions of their domains are

not known. For each subunit, domains with known or

modelled structure were positioned in a way that min-

imizes the distances between the cross-linked lysines.

That was achieved with a rigid body docking

approach where the domain structure was not

deformed.

For GCN5 the intricate interaction network has

allowed to position the PCAF, acetyltransferase and

bromo domains satisfying the maximum theoretical

distances between cross-linked lysines [Fig. 5(A)].

The only exception is the connection between lysines

K361 and K801 [Fig. 5(B)]. K361 residue is situated

within a disordered region between PCAF and ace-

tyltransferase domains, that region is flexible and

thus the lysine residue may occupy a different posi-

tion. The whole GCN5 subunit is heavily cross-

linked with the exception of N-terminus including

mostly PCAF domain. According to the secondary

structure prediction this part of the protein is

mostly helical. We note that about 40% of GCN5

sequence, comprising the gaps between three known

domains, is unstructured and we could not predict

tertiary structure of these areas. In case of ADA2B

protein most of the cross-links were detected in C-

terminal part. ZZ and SANT domains that are

known to stimulate nucleosome binding are not

involved in any interactions [Fig. 5(C,D)]. The mid-

dle part of ADA2B does not have a specific structure

and represent around 45% of total sequence. The

complete structure of ADA3 was predicted by com-

parative modeling and docking of four domains (see

Materials and Methods section) since no homologs

with known structures were found. Secondary struc-

ture prediction showed that this protein is mostly

helical with two short coiled-coil domains at the ter-

mini [Fig. 5(E,F)]. In the case of SGF29 we have

modelled the structure of the coiled coil domain (3–

88), but unfortunately this model is of low quality

since the protein does not display enough intralinks

that would allow more accurate structure modeling.

In order to obtain an initial low-resolution

model of SAGA HAT subcomplex, all four subunits

were positioned one with respect to the others by

minimizing the distances between inter-subunit

cross-linked lysines and by avoiding any steric

clashes between the atomic models [Fig. 6(A,B)].

This model of the SAGA HAT module is still missing

Figure 4. Inter- (green) and intra- (purple) molecular cross-linking map within the SAGA HAT subunits obtained with the BS3

d0-d4 cross-linking agent. The represented cross-links are deduced from both xQuest and pLink identification. Colors are con-

sistent with Figure 1(A).
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several unstructured parts of subunits and might be

further improved by molecular dynamics methods

since here only rigid-body docking was used.

Discussion

In this project, chemical cross-linking-mass spec-

trometry was used in combination with modeling in

order to build a low-resolution structural model of

the SAGA HAT subcomplex. Even with advances in

mass spectrometry technology or with cross-linking

reagents improvements, data interpretation is still

challenging and the problem of extracting effective

cross-linked peptide from random matching remains.

Strategy and validation of the identification of

cross-linked peptides

MALDI-TOF allowed a straightforward comparison

between control and cross-linked samples and thus a

direct determination of the binding stoichiometry.

While ESI-MS is shown to be an appropriate method

to characterize noncovalent complexes in terms of

existence and stoichiometry,46 it could not be used in

this particular case, since the SAGA HAT subcom-

plex could not be transferred properly to a volatile

ammonium acetate buffer. Chemical cross-linking

appeared as a nice alternative by covalently stabiliz-

ing the complex before its characterization by mass

Figure 5. Tertiary subunit architecture modelled by intrasubunit cross-links. (A, C, E) Modeling of the conserved domains of

GCN5, ADA2B, and ADA3, respectively. Red spheres correspond to lysine residues involved in intrasubunit cross-links, grey

spheres show the nonmodified lysines and black lines represent the distance between the cross-linked residues. (B, D, F) Cal-

culated distances between all cross-linked residues of GCN5, ADA2B, and ADA3, respectively. The 30Å threshold is indicated

by a dotted line.
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spectrometry so that it could withstand denaturing

conditions and be analyzed by methods that usually

lead to complex dissociation. A bottom-up approach

was then used to look for the cross-linked peptides

and establish a linkage map. As already described in

the literature,47,48 mass spectrometer yielding high-

resolution measurement of peptide and fragment

masses but also able to precisely determine the

charged states, appeared to be essential for the suc-

cess of the database search. The large number of

bridged products that are arising from all possible

pair-wise combination of peptides containing a lysine

should be considered, which generates a very large

theoretical database and increases the risk of ran-

dom matches if mass accuracy is not sufficient. In

our case, the parameters of mass spectrometer

(mass range of 300–1200 m/z) allowed us to analyze

a large majority of digested peptides present in solu-

tion without compromising the high mass accuracy

and high resolution. All matched peptides displayed

a mass accuracy within 6 ppm from which 97% were

lower than 2 ppm.

Interestingly, the overall connectivity pattern of

the pLink- and xQuest-extracted maps is very con-

vergent (Supporting Information Fig. 4). Each of the

putative linked areas has been observed with both

algorithms and combining the results of both

searches yielded a more expressive network map.

Some limitations of one algorithm might be compen-

sated by the other (pLink requires generous frag-

mentation spectra of the cross-linked peptide,

whereas xQuest needs quality fragmentation spectra

for both d0 and d4 modified peptide).

Several observations strengthen the validation

of our putative linkage map. (i) Each linked area is

defined by multiple peptide pairs (for example, 6

Figure 6. Quaternary organization of the SAGA HAT module. (A) Schematic representation of the 3D organization of the con-

served SAGA HAT subunit domains obtained upon distance minimization of intersubunit cross-linked lysine residues. (B) Pro-

posed 3-D model of the SAGA HAT module in which the atomic models of the conserved domains are positioned and oriented

according to the cross-linking network and avoiding structural overlap. The model represents 63% of the SAGA HAT residues.
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and 7 links respectively are detected to propose a

connection between the N- and C-termini of ADA3

with the N-terminal domain of SGF29). (ii) Most of

the time, there is a correlation between inter and

intrasubunit linkages. For example, the lysine K40

of SGF29 is in the vicinity of the lysines K85 and

K421 of ADA3 whereas intrasubunit link between

K85 and K421 of ADA3 strongly suggests that these

two lysines are brought close to each other by the

tertiary fold of the subunit. (iii) The analysis of dele-

tion mutants have shown an interaction between

yAda2b residues 167–434 (including the SWIRM

domain) with C-terminus of Ada349 which is fully

consistent with our observations. (iv) Yeast two

hybrid approaches demonstrated an interaction

between the N-termini of SGF29 and of ADA350–53

which is also revealed by our experiments.

The absence of observed cross-linked peptides

might also be worth to exploit but it is not straightfor-

ward to unambiguously correlate no cross-linking

with distant lysines (i.e. higher than the known 30 Å

maximum distance of Ca–Ca atoms of peptides that

can be cross-linked by BS354,55). Indeed, various sit-

uations could prevent reaction with the cross-linker:

(i) there is no lysine in a particular domain (only four

lysines in the ADA2B N-terminus domain); (ii) the

lysines may not be accessible to the cross-linker (bur-

ied in the structure) or not reactive because of chemi-

cal environment. Looking at dead-end peptides could

likely help to address this purpose (see Supporting

Information Table 3). In our case, 53% of the lysines

in the GCN5 PCAF domain have been shown to possi-

bly react with BS3, meaning that they are accessible

to the solvent but without forming cross-links. On the

other hand, only two lysines among 12 in SGF29

Tudor domain have been detected as dead-end modi-

fied lysine, strongly suggesting that these lysines are

not available for cross-linking reaction. Interestingly

these noncross-linked domains are often involved in

interactions with modified histone tails and are likely

to be exposed to bind nucleosomes thus being less

prone to interactions with subunits of the HAT mod-

ule.37,56 In such situation, the use of cross-linkers con-

taining other types of reactive functions (photo-

reactive cross-linkers, sulfhydryl cross-linkers etc.) is

also conceivable. In these cases, it may be important

to adapt the cross-links identification software to be

used. (iii) The mass/charge of cross-linked peptides

may be higher than 1200 m/z to be selected by the MS

for fragmentation, or too short (less than three amino

acids) to give sufficient information for being recog-

nized during database search; (iv) the fragmentation

mass spectrum is of poor quality to be unambiguously

interpreted.

Biological relevance of our linkage map

We compared our results with the recently published

linkage map of the full yeast SAGA.57 The yeast and

human subunits show a large degree of sequence

conservation except for hGCN5 which contains an

additional PCAF domain at its N-terminus and the

yAda3 subunit which is twice as large as hADA3.

Despite a different lysine distribution in the sequen-

ces from two organisms, the network of domain

interactions is highly conserved with the notable

exception of ySgf29 which shows a large number of

intrasubunit links and only interacts with yAda3

while hSGF29 has a strong interaction network with

the most domains of hGCN5 (Fig. 4). The interaction

between yeast Sgf29 and Gcn5 was previously dem-

onstrated by systematic deletion analysis.58 The

same regions of hGCN5 make extensive cross-links

with hADA3 along its whole sequence while in yeast

the link between these two subunits is limited to a

single domain in the C-terminal part of yAda3.

Rather than reflecting the differences in primary

sequence between the two organisms, we suggest

that these differences in the cross-linking network

reflect a conformational change between the free

HAT module and when it is incorporated into the

complete SAGA complex. Interestingly, the domains

that show less cross-links within the HAT module in

the yeast complex are strongly involved in interac-

tions with other SAGA subunits. As shown by Han

et al.,57 in yeast Ada3 has few intra- and interlinks

with subunits of HAT module, at the same time

revealing numerous cross-links with other proteins

like Taf5, Taf6, Taf12, Spt7, Sgf73, and Ada1. We

show that in human ADA3 is extensively cross-

linked to the other HAT subunits: ADA2B, SGF29.

and GCN5. Altogether these results suggest that the

HAT module is reorganized upon integration in the

SAGA complex.

The histidine pull down assays [Fig. 1(C)] do

not completely recapitulate the cross-linking experi-

ments and it appears that proximity does not imply

interaction. Cross-linking results indicate that the

N-terminus of SGF29 is close to GCN5 but this prox-

imity is not enough to form a stable pair-wise inter-

action. SGF29 requires the presence of both ADA3

and ADA2B to establish a network of interactions

leading to a HAT subcomplex. Likewise the ADA2B

and ADA3 subunits incorporate significantly into

the subcomplex only when they are co-expressed

together with GCN5. The last observation is par-

tially supported by the fact that yAda2 plays a criti-

cal role in the formation of the HAT module and its

association with the overall SAGA complex.36

The interaction between CX-MS and molecular

modeling is very promising. The data generated by

CX-MS will provide associations and restraints

information that will help to eliminate inconsistent

theoretical models. In combination with complemen-

tary techniques, CX-MS is moving to integrate a

general pipeline that aim to iteratively improve the

accuracy of the proposed structural model with a
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final objective of determining the closest one to the

real state of the complex at a particular moment of

its life. Large, heterogeneous or dynamic complexes

would benefit from such an alternative approach

since traditional structural biology methods are

often difficult to carry through.

Materials and Methods

SAGA HAT expression and purification

The constructs for the expression of the HAT module

of SAGA (hGCN5, hADA2B, mADA3, hSGF29) were

generated using baculovirus Multibac system.41

Briefly, hGCN5 with TEV-cleavable 6xHis-tag on N-

terminus was cloned into pFL acceptor plasmid, the

other three genes encoding hADA2B, mADA3, and

hSGF29 were cloned into donor plasmids (pIDS,

pIDC and pIDK respectively), which were subse-

quently combined via Cre-Lox recombination. The

total construct was integrated via Tn7 transposition

into a bacmid with YFP at the backbone as an

expression level marker. The bacmid was isolated

and used for infection of 1 L Sf21 insect cells

(160 mL of virus for 1 L of SF21 insect cells in

Sf900II serum-free media, MOI 15–20). YFP fluores-

cence was used to monitor overall expression levels

after the day of infection. Cells were harvested in

ice cold PBS with 10% glycerol when YFP levels

reached a plateau (72 h). All further purification

steps were done at 4�C.

Cell pellet from 1 L of culture was dissolved in

40 mL of lysis buffer (20 mM HEPES-KOH pH 8.0,

500 mM NaCl, 10% glycerol, Protease Inhibitor

Cocktail (Roche)) and mildly sonicated on ice for 3

min. Cell extract was further cleared by ultracentri-

fugation for 1 h at 50,000 g, HAT subcomplexes were

purified by His-tag using HiTrap Chelating HP

5 mL column (GE Healthcare), previously loaded

with nickel. After washing steps with increasing

concentration of imidazole, HAT subcomplexes were

eluted at 250 mM imidazole as confirmed by 10%

SDS-PAGE. Peak elutions were pooled and further

purified on Superdex S200 16/60 GL (GE Health-

care) gel filtration column. Complexes were eluted

in a similar buffer (20 mM HEPES-KOH pH 8.0,

500 mM NaCl, 10% glycerol, 1 mM DTT, 0.1 mM

EDTA) and analyzed by 10% SDS-PAGE. Peak frac-

tions were pooled, concentrated on Amicon 30 kDa

column, then flash frozen in liquid nitrogen and

stored at 280�C.

During purification steps, protein concentrations

were controlled by Bradford assay,59 their quality by

SDS-PAGE60 and the identity of the subunits by

Western Blotting.61

Pull-down assays

Constructs for expression of different subunit combi-

nations were generated using Multibac system and

expressed in insect cells as described before. Small

scale purifications using histidine-tag on GCN5 were

performed in batch and eluates were analyzed on

10% SDS-PAGE.

Cross-linking and MALDI-MS data acquisition

Before cross-linking reaction, the complex was sub-

jected to buffer exchange to 20 mM HEPES,

100 mM NaCl in 4�C to eliminate glycerol (Micro

Bio-Spin chromatography column, exclusion limit 6

kDa). An equimolar mixture of the BS3 cross-linking

reagent (Thermo Scientific) in the normal form (d0)

and isotopically labeled form (d4) was prepared by

dissolving in water. Cross-linking reactions were

carried out on 30 mL of a 2 mg/mL protein complex

at various protein to cross-linker molar ratios

namely 1:50, 1:75, 1:200 at two incubation times (30

min, 2 h). From these assays, the optimal conditions

for cross-linking reaction were fixed at a ratio pro-

tein:cross-linker 1:75 (equivalent to a lysine:cros-

slinker molar ratio of 1:0.5 since SAGA HAT

subcomplex contains 164 lysine residues) for 30 min

at room temperature. The reaction was quenched

with Tris 25 mM final concentration at pH 7.5. The

intact and cross-linked complexes were analyzed by

MALDI-MS (Autoflex II TOF/TOF, Bruker) equipped

with a HM1 high mass detector (CovalX, Switzer-

land). Sinapinic acid (SA) matrix at 10 mg/mL in

H2O/ACN/TFA (50/50/0.3) and a dried drop spotting

method were chosen. The analyses were performed

in a linear acquisition mode and the MALDI calibra-

tion was achieved with a solution of BSA at 5 mM

using the monocharged ions of the monomer and

dimer of BSA (Sigma-Aldrich).

LC-MS/MS data acquisition

After cross-linking, the protein complex was digested

with trypsin (Sequencing Grade Modified, Promega)

at a 1:5 enzyme to substrate molar ratio and incu-

bated for 3 h at 37�C. The reaction was quenched

with addition of TFA at final concentration of 0.1%.

MALDI analysis was performed as a control after

digestion, in order to ensure that there was no more

signal corresponding to the entire complex. LC-MS/

MS data were acquired on an LTQ Orbitrap Elite

mass spectrometer (Thermo Scientific) equipped

with a nano electrospray ionization source in posi-

tive ion mode coupled with a Rapid Separation LC

system (nanoRSLC U3000, Thermo Scientific), using

HCD fragmentation mode. The isolation window of

precursor ion was fixed at 2 Da, and the HCD colli-

sion energy at 30% for the fragmentation. A full-

scan survey MS spectrum (300–1200 m/z) was car-

ried out with resolution of 240,000 at m/z 400, then

the fifteen most abundant ions detected were sub-

mitted to a MS/MS experiment in Orbitrap at reso-

lution 15,000.
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MS data analysis

Two search engines, dedicated to cross-linked pep-

tides xQuest (v2.1.1, http://proteomics.ethz.ch/cgi-

bin/xquest2_cgi/index.cgi) and pLink (v1.15, http://

pfind.ict.ac.cn/software/pLink), were used. In the

xQuest searches, the precursor mass tolerance was

set at 10 ppm as well as the fragment mass toler-

ance for common- and cross-linked ions. In pLink,

the tolerance for MS1 matching was fixed at 10 ppm

and the filter for peptide tolerance at 10 ppm. Each

data set was produced using a FPR of 5%. All spec-

tra of putative cross-linked peptides were manually

controlled before positive identification. The bridged

peptides were confidently identified when the major-

ity of the observed fragment ions were assigned and

when more than three consecutive fragment ions

were matching for both linked peptides. The interac-

tion maps between subunits were drawn via xiNET-

Crosslink Viewer (http://crosslinkviewer.org), devel-

oped in Rappsilber laboratory.

SAGA HAT sequence analysis and structural

modeling

Multisequence alignment of SAGA HAT subunits

from different species allowed to identify the con-

served structural domains. Homology modeling for

the domains without known structure was used to

predict the atomic models, otherwise the available

crystal structures were found in PDB database.

Intramolecular cross-linking data provided the dis-

tance restraints for further improving the homology

models of each domain. Complete models of GCN5,

ADA2B, and ADA3 were generated using rigid-

body fitting with imposed cross-linking restraints

(maximum distance between cross-linked lysines

was set to 30 Å). The quality of the final models

was verified using several bioinformatics algo-

rithms, all models received good to fair scores

(Supporting Information Table 4). The best pre-

dicted atomic models of all subunits were posi-

tioned and oriented according to the intersubunit

cross-linking network and avoiding structural over-

lap, thus resulting into the 3-D model of the SAGA

HAT module.
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