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Abstract: Ribosome biogenesis in eukaryotic cells is a highly dynamic and complex process

innately linked to cell proliferation. The assembly of ribosomes is driven by a myriad of biogenesis
factors that shape pre-ribosomal particles by processing and folding the ribosomal RNA and incor-

porating ribosomal proteins. Biochemical approaches allowed the isolation and characterization of

pre-ribosomal particles from Saccharomyces cerevisiae, which lead to a spatiotemporal map of
biogenesis intermediates along the path from the nucleolus to the cytoplasm. Here, we cloned

almost the entire set (~180) of ribosome biogenesis factors from the thermophilic fungus Chaeto-

mium thermophilum in order to perform an in-depth analysis of their protein–protein interaction
network as well as exploring the suitability of these thermostable proteins for structural studies.

First, we performed a systematic screen, testing about 80 factors for crystallization and structure

determination. Next, we performed a yeast 2-hybrid analysis and tested about 32,000 binary combi-
nations, which identified more than 1000 protein–protein contacts between the thermophilic ribo-

some assembly factors. To exemplary verify several of these interactions, we performed biochemical

reconstitution with the focus on the interaction network between 90S pre-ribosome factors forming
the ctUTP-A and ctUTP-B modules, and the Brix-domain containing assembly factors of the pre-60S

subunit. Our work provides a rich resource for biochemical reconstitution and structural analyses of

the conserved ribosome assembly machinery from a eukaryotic thermophile.

Keywords: Chaetomium thermophilum; ribosome biogenesis; interaction map; UTP-A; UTP-B; Brix

proteins

Introduction

Ribosome biogenesis in eukaryotes is a highly

dynamic process that includes the coordinated

assembly of four ribosomal RNAs (rRNA) and about

80 ribosomal proteins (r-proteins). This process

starts with the RNA polymerase I mediated tran-

scription of a large precursor rRNA (pre-rRNA).

This 35S pre-rRNA is co-transcriptionally modified

by snoRNPs and subsequently assembles with r-

proteins and biogenesis factors to form the early 90S

pre-ribosomal particles. During subsequent rRNA

processing events, among them several endo- and
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exonucleolytic cleavages, the 35S rRNA gets cleaved

at position A2, which separates the pathway of the

small and large subunit. Within the pre-40S and

pre-60S particles, the rRNA is further matured and

additional r-proteins are recruited. During these mat-

uration events the associated biogenesis factors

change dynamically. The pre-ribosomes are then

eventually exported through the nuclear pore com-

plex (NPC) into the cytoplasm, where the final bio-

genesis steps yield the mature subunits (for review of

ribosome biogenesis see1–7). Recently, there is increas-

ing evidence that ribosome biogenesis is a promising

target for cancer therapy,8,9 as many chemotherapeu-

tic drugs also target ribosome biogenesis.10 Therefore,

the functional and structural understanding of ribo-

some assembly is expected to also facilitate the devel-

opment of new small molecule inhibitors.

Most of the current knowledge about ribosome

assembly has been obtained using the model organ-

ism Saccharomyces cerevisiae or human cells lines,

using a broad range of established genetic and proteo-

mic tools. In particular, the tandem-affinity-purification

(TAP) method coupled with mass spectroscopy, Western

blot analysis and Northern blot analysis were success-

fully used to analyse the protein and RNA composition

of pre-ribosomal complexes. Such a characterization of

a large number of pre-ribosomal particles uncovered a

road map of the ribosome assembly pathway.11–16 For a

few of these particles a cryo-EM structure has been

determined.17–24

Recently, an increasing number of studies utilized

thermophilic proteins derived from the eukaryote

Chaetomium thermophilum to achieve structural and

mechanistic insights into various cellular process-

es.25–32 Here, we exploited the biochemical properties

of ribosome biogenesis factors from C. thermophilum to

extend their structural and functional characterization.

First, we annotated and cloned >180 ribosome biogene-

sis factors and performed a systematic analysis of

expression, purification and crystallization of about 80

of these proteins. In parallel, we used the complete col-

lection to perform a large-scale Y2H screen. This

approach analysed more than 32.000 individual protein

pairs and revealed more than 1000 protein–protein

interactions, including multiple interactions, which

were not known so far. Based on these findings, we

have selected a subset of proteins and validated the

identified interactions in vitro, by reconstituting the

direct protein-protein interactions within the ctUTP-A

and ctUTP-B complexes. Further, we were able to iden-

tify the binding partners of the Brix domain proteins

and reconstitute these dimeric complexes in vitro.

Thus, our work provides a solid basis and rich source

for an indepth characterization of individual proteins

and complexes involved in ribosome biogenesis.

Results and Discussion

Creating a resource of thermophilic ribosome

biogenesis factors

In order to exploit the proteome of a thermophilic

eukaryote to study ribosome assembly, we sought to

clone all ribosome biogenesis factors from Chaetomium

thermophilum (ct) [Fig. 1(A)]. The ribosome assembly

Figure 1. From gene identification to structure determination

of ribosome biogenesis factors. (A) Scheme depicts the

workflow from in silico ORF annotation to cloning, expres-

sion, determination of the interactome, biochemical charac-

terization and structural analysis by cryo EM or

crystallography. (B) Statistics of the structural approach.

From 90 targets that were tested for expression in E. coli

(column A), 77 were well expressed (column B) and 52 were

soluble (column C), which went into large-scale purification.

Subsequently, 40 proteins were suitable for crystallization tri-

als (column D), of which 24 yielded crystals (column E), and

finally allowed determination of 14 structures (column F).

(C,D) Crystal structure of the phosphatase domain (PD) of

ctTif6 (C, pdb: 5M3Q) and ctYvh1 (D, pdb: 5M43) both col-

ored from N- to C-terminus (blue to red). The overall structure

of ctTif6 is highly similar to that of scTif6 (RMSD 0.67 Å over

216 residues), with an internal fivefold symmetry. The phos-

phatase domain of ctYvh1 belongs to the family of dual-

specificity phosphatases, able to hydrolyze phosphate from

phosphorylated serine/threonine as well as tyrosine residues.
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factors of C. thermophilum were identified by blast

searches (NCBI BLAST1) using the annotated yeast

S. cerevisiae assembly factors (SGD annotation, GO

term) against the translated genome of C. thermophi-

lum.25,33 We identified in total 181 putative ortho-

logues (see Supporting Information Table S1) and

validated them by multiple sequence alignment. For a

few yeast ribosome biogenesis factors, including Fyv7,

Lrp1, Nop19, YBL028c, Rlp7, and Alb1, no clear ortho-

logue could be found by simple blast searches. Howev-

er, most of these missing factors except Rlp7 and

Nop19 are nonessential in yeast. Moreover, in yeast

some biogenesis factors are paralogous, including Fpr3

and Fpr4, Ssf1 and Ssf2, Npa1 and Npa2. However,

only one orthologue appears to be present in the ther-

mophilic genome. Consistent with this observation,

Ssf1 and Ssf2 are redundant for ribosome assembly in

yeast.14,34

Multisequence alignments35 of these 181 orthol-

ogous ribosome assembly factors from C. thermophi-

lum confirmed >85% of the computer based gene

predictions,25,33 but also revealed some erroneous

annotations, such as incorrect prediction of the start

codon (e.g., Nmd3, Rsa4, Cbf5, Rei1) [Supporting

Information Fig. S1(A)], or inaccurate prediction of

intron boundaries (e.g., Sda1, Rli1, Noc1) [Support-

ing Information Fig. S1(B)]. In this way, 25 genes

encoding these biogenesis factors, including ctCBF5,

ctCMS1, ctDBP2, ctDIM1, ctDIM2, ctENP2, ctFPR4,

ctFUN12, ctMRT4, ctMTR4, ctNMD3, ctNOC1,

ctNOG1, ctNOP12, ctNSR1, ctREI1, ctRLI1, ctRRP8,

ctRSA3, ctRSA4, ctRSP5, ctSDA1, ctUTP11, and

ctXRN1 could be corrected and updated in the Uni-

prot database and the C. thermophilum genome

resource.

Based on these annotations, we prepared cDNA

and genomic DNA from C. thermophilum,25 PCR-

amplified the corresponding ORFs, cloned 181 fac-

tors into Y2H plasmids using NdeI and BamHI

restriction sites and sequenced them (see “Materials

and Methods”). The standardized cloning procedure

allowed an easy and rapid transfer of the thermo-

philic ORFs into various plasmids for expression in

E. coli or yeast, which carried different affinity tags

and selection markers (see below). Together, this

provides an exhaustive collection of thermophilic

ribosome assembly factors involved in various stages

of ribosome formation that could serve as a versatile

source for biochemical and structural studies.

Systematic screen for protein expression,

purification, and crystallization

From our previous experience with C. thermophilum

proteins used in biochemical reconstitutions such as

subcomplexes of the nuclear pore complex,36,37 the

analysis of the guided entry of tail-anchored proteins

to the ER (GET pathway30) or the analysis of ribo-

some associated factors,31 we also expected that

thermophilic ribosome assembly factors have superi-

or properties for biochemical, enzymatic and struc-

tural studies. After the identification of approx. 180

targets within the C. thermophilum genome, we

aimed to design a general protocol for the expression

and purification of many of them in parallel [Fig.

1(A)]. Therefore, we started a systematic analysis in

a small scale volume (mini-screening) with 44 initial

targets using two different E. coli strains [Rosetta2

and BL21(DE3)] for protein expression and standard

buffers for a mini-scale in batch purification step

[Supporting Information Figs. S2(A) and S2(B)]. As

Rosetta2 was superior to BL21 (DE3) [Supporting

Information Fig. S2(C)], we continued our analysis

with 35 further factors using only Rosetta2. Beside

this systematic screen, additional factors were pur-

sued individually or with their binding partner (e.g.

ctMrt4, ctArx1, ctErb1-ctYtm1). In total, we could

overexpress 77 out of 90 targets, 52 were soluble

and suitable for further purification and crystalliza-

tion trials [Fig. 1(B)]. Overall, we could determine

the structures of 14 different targets [Fig. 1(B)]

including 12 published (e.g., ctAcl4, ctSyo1, ctArx1,

ctSqt1, ctYtm1, ctErb1, ctMrt4, ctRio2, ctCrm1,

ctMtr2, ctMex67, and ctRsa419,32,38–45) as well as

ctTif6, and ctYvh1 [Fig. 1(C); Supporting Informa-

tion Fig. S2(D), S2(E)]. For additional factors we are

currently optimizing crystallization conditions. To

further improve the rate of success, construct opti-

mization, adaptation of expression and purification

protocols up to using special crystallization strate-

gies, such as carrier driven crystallization38 will be

performed.

In the past, structural genomics approaches

have been applied to cytosolic bacterial proteins,

thermophilic bacteria and archaea,46,47 whereas

structural genomics approaches on eukaryotic targets

focussed on specific protein families with a conserved

core structure, such as kinases48 and phosphatases.49

In contrast, ribosome biogenesis factors in our screen

belong to different protein families with a variety

of folds including b-propeller, a-solenoid proteins,

GTPases, helicases, aminopeptidases, and others. In

addition, the majority of ribosome biogenesis factors

are RNA binding proteins, which are often difficult to

handle due to unstructured or highly charged regions.

Nevertheless, the crystal structures of 14 out of 90

expressed factors were determined, proving that the

use of thermophilic ribosome biogenesis factors is a

powerful tool for structure determination.

Interaction network of thermophilic ribosome

biogenesis factors
To gain a first insight into the network of interac-

tions between the thermophilic ribosome assembly

factors, we sought to use the collection of C. thermo-

philum factors in a large-scale yeast 2-hybrid (Y2H)

analysis (see “Materials and Methods”). It is
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considered that a Y2H interaction represents pre-

dominantly direct protein-protein interactions.50

Thus, Y2H information could be complementary to

data obtained from biochemical isolation of pre-

ribosomal particles, which cannot reveal whether or

not two ribosome biogenesis factors directly contact

each other. Since previous studies revealed that

some ribosome biogenesis factors (e.g., Rrp5, Has1)

are involved in the assembly of both the small and

large subunit, we took an unbiased Y2H approach

and tested all possible protein combinations

(>32,000) of 60S and 40S assembly factors. In this

way our screen comprised 181 proteins, which have

been used as both bait and prey proteins. The Y2H

screening approach was based on a mating proce-

dure to combine bait and prey plasmids in diploid

yeast cells [Fig. 2(A)], which were subsequently ana-

lyzed for growth on SDC–His (medium interaction)

and SDC–Ade plates [strong interaction, see

“Materials and Methods”, Fig. 2(B,C)]. For an initial

validation of the Y2H results, we repeated the

screen, using a different set of yeast transformants

(see “Materials and Methods”).

In order to visualize this interactome of thermo-

phile ribosome assembly factors and display it in an

accessible way, we utilized the xiNET software.51

This software provides an interface through which

the interaction network of a particular protein of

interest can be viewed. In this 2-hybrid network, the

strength of the interactions was ranked based on

colony size and numbers of colonies with a maximal

score of 20 (Supporting Information Tables S3 and

S4). A slide bar within the software allows a thresh-

old to be set, which will hide all interactions with a

score below that value. Finally, the software allows

the separation of the interactome into SSU and LSU

interaction maps. The software including the prima-

ry dataset can be accessed at http://y2h.embl.de.

From the approximately 32,000 combinations

tested, we found a total of 1049 interactions (Sup-

porting Information Table S3), of which 270 of them

were very robust (Score � 10, Supporting Informa-

tion Table S4). No interactions were observed for the

bait and the prey plasmid of 17 genes. Since several

of these biogenesis factors are known to be stably

associated with pre-ribosomal particles (Arx1, Lsg1,

Sof1, Enp2, and Mrt4), it is possible that they inter-

act predominantly with rRNA or ribosomal proteins

that were not included in the screen.

Among the identified Y2H pairs, we found sev-

eral that were previously identified in other organ-

isms (Supporting Information Table S4), including

interactions between various 90S factors (ctMpp10–

ctImp3 and ctMpp10–ctImp4,52,53 ctRcl1–ctBms1,54

ctKrr1–ctFaf1,55,56 ctNhp2–ctNop1057), late 40S fac-

tors (ctNob1–ctDim2, ctHrr25–ctLtv1), 60S factors

(ctRrp5–ctNoc1,58 ctLas1–ctGrc359,60), or the exo-

some (ctRrp46–ctRrp43, ctRrp45–ctRrp40, ctMtr3–

ctRrp42, ctMtr3–ctRrp43, ctRrp45–ctRrp4, ctRrp45–

ctRrp461). In addition, our screen revealed many

interactions that have not been identified in related

screens based on mesophilic ribosome assembly fac-

tors (Supporting Information Table S4). These novel

interactions are found in the context of pre-40S

assembly (ctEsf1–ctRrp3, ctUtp2–ctEnp1, ctUtp6–

ctFcf2, ctUtp18–ctMtr4,62 ctEfg1–ctDbp4) and pre-

60S assembly (ctNop53–ctMtr4,62 ctNpa1–ctRsa3,

ctNog1–ctMak16). The fact that our screen detects

interactions previously identified for mesophilic pro-

teins supports the hypothesis that the novel interac-

tions detected are also conserved in evolution. Thus,

our thermophilic interaction map contributes to a

better understanding of ribosome formation in

eukaryotic cells.

Biochemical reconstitution of the thermophilic

UTP-A and UTP-B complex

To confirm that the identified Y2H interactions rep-

resent direct protein–protein interactions, we

focused on reconstituting the interactions within the

ctUTP-A and ctUTP-B subcomplexes. First, we

reproduced the results obtained from the Y2H

screen [based on a mating procedure, Fig. 3(A)] by

co-transformation of all combinations of Y2H plas-

mids coding for members of the ctUTP-A or the

ctUTP-B complex, respectively [Fig. 3(B)]. This

approach largely confirmed all the interactions with-

in the ctUTP-A and ctUTP-B complex revealed by

the screen. However the co-transformation proce-

dure revealed additional interactions within the

ctUTP-A complex (ctUtp5–ctUtp10 and ctUtp15–

ctUtp17) and the ctUTP-B complex (ctUtp13–

ctUtp12), but missed the interaction between

ctUtp21–ctUtp18. These minor differences might be

due to ineffective mating or differences in the rela-

tive expression levels in diploid and haploid yeast

cells. Taken together, the co-transformation method

essentially matched the results from our large-scale

approach.

To biochemically verify the observed Y2H inter-

actions, we expressed the proteins in E. coli or S.

cerevisiae and used these thermophilic recombinant

proteins to test for a direct protein–protein interac-

tions (see “Materials and Methods”). First, we

focussed on the binary interactions within the

ctUTP-A complex [Fig. 4(A)]. Accordingly, ctUtp5–

ctUtp8 and ctUtp4–ctUtp8 were shown to form stoi-

chiometric complexes that remained stable during

size exclusion chromatography (data not shown).

Moreover, we could reconstitute the ctUtp5–ctUtp15

dimer and the ctUtp10–ctUtp17–ctUtp5 heterotrimer

[Fig. 4(A)]. In a similar way, we biochemically recon-

stituted, based on our Y2H data, the interactions

between the members of the ctUTP-B complex,

which included binary interactions between

ctUtp21–ctUtp1, ctUtp12–ctUtp13, ctUtp18–ctUtp6,
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and ctUtp21–ctUtp18 [Fig. 4(B)]. Thus, all the iden-

tified interactions within the ctUTP-A and ctUTP-B

complex could be biochemically reconstituted.

Next, we tested, whether the thermostable pro-

teins are suitable to reconstitute the complete sub-

complexes. Here, we used a plasmid system that

Figure 2. Illustration of the screening procedure for Y2H interactions. (A) Scheme of the experimental setup of the Y2H screen.

Yeast strain PJ69-4 MATa was transformed with 181 different Prey plasmids pGADT7 and a mix of five transformants was

transferred to one position within two 96 deep well plates, representing the yeast-two-hybrid (Y2H) library. During the screening

procedure, a liquid culture of the yeast strain (PJ69-4 MATalpha) carrying the bait protein (pGBKT7) was mated against the

refreshed library in a 96 deep well plate in liquid YPD medium. The next day, YPD was replaced with SDC-Trp-Leu medium to

select for diploid cells carrying both plasmids. (B) After 2 day’s incubation (308C), the cells were spotted on SDC-Trp-Leu plates

to control the mating efficiency, and on SDC-Trp-Leu-His 1 1 mM 3-AT and SDC-Trp-Leu-Ade plates to screen for medium and

strong interactions. Plates were incubated at 308C and documented after four and 7 days. Examples are shown in B. Bait pro-

teins are listed on the left side and interacting prey proteins are indicated at the right side. (C) The strength of the Y2H interac-

tion was ranked based on size and numbers of colonies. The total score was calculated from the mean value of 2 repetitions

and the sum of the score derived from growth on SDC-Trp-Leu-His11 mM 3-AT and SDC-Trp-Leu-Ade plates. The detected

interactions are summarized in Supporting Information Tables S3 and S4 and can be viewed together with the primary data at

http://y2h.embl.de.
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allows GAL promotor driven expression of up to six

different recombinant C. thermophilum subunits in

yeast.36 For this purpose, two C. thermophilum

assembly factors were tagged for sequential Protein A

and Flag purification, whereas the other components

remained untagged (see “Materials and Methods”).

The reconstituted and purified ctUTP-A and ctUTP-B

complex consisted of six and five protein factors,

respectively, which were verified by mass spectroscopy

[Fig. 4(C)]. However, the ctUTP-B complex did not

incorporate ctUtp6, and shuffling of the tags within

the ctUTP-B complex did not improve the association

of ctUtp6 (data not shown). Thus, ctUtp6 may be only

weakly associated with the ctUTP-B complex. Our

Figure 3. Y2H interaction within the ctUTP-A and ctUTP-B complex. (A) The interaction network as derived from the large-

scale screen is depicted. An arrow from the prey protein (AD) towards the bait protein (BD) shows a positive interaction

between the connected proteins. The displayed network is derived from the interactive software tool that contains the complete

dataset that can be accessed at http://y2h.embl.de. (B) The Y2H interactions from the screen were confirmed by co-

transformation into yeast strain PJ69-4 (see “Materials and Methods”). The transformants were analyzed for growth on SDC-

Trp-Leu-His (SDC-HIS, weak interactions) and SDC-Trp-Leu-Ade (SDC-ADE, strong interactions) at 308C. The growth pheno-

type after 2 days is shown. The upper panels show the results of the ctUTP-A complex; the lower panels show the data for

ctUTP-B.
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Figure 4. Biochemical reconstitution of the ctUTP-A and ctUTP-B complex. Thermophilic proteins were recombinantly co-

expressed in E. coli or S. cerevisiae and co-purified (for details, see “Materials and Methods”). The dimeric and trimeric

reconstituted complexes of ctUTP-A (A) and ctUTP-B (B) were analyzed by SDS-PAGE and subsequent Coomassie blue

staining. The label at the right indicates the position of the protein with its tag. A protein A tagged protein, which gets

cleaved from its tag during purification is marked with an asterisk. (C) For the reconstitution of the complete ctUTP-A (left

panel) and ctUTP-B (right panel) complex, all members were recombinantly co-expressed in yeast and isolated using a split

tag approach.
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biochemical reconstitutions are consistent with recent

biochemical analyses of the mesophilic UTP-A and

UTP-B subcomplexes.63,64 However, the data from C.

thermophilum, including ours and recently published

work65 expands the protein-protein interaction net-

work within the UTP subcomplexes, by showing the

biochemical reconstitution of ctUtp6–Utp18, ctUtp21–

Utp18 and ctUtp8–ctUtp5 heterodimers. These addi-

tional direct interactions are consistent with recently

published crosslink data using the UTP-A and UTP-B

complexes from S. cerevisiae.66

Next, we used negative stain electron microsco-

py (nsEM) to structurally characterize the

reconstituted ctUTP-A and ctUTP-B complexes.

Since initial experiments indicated that the com-

plexes are rather flexible (data not shown), we

applied the GraFix method67 in order to stabilize the

reconstituted complexes (see “Materials and Meth-

ods”). After ultracentrifugation on a glycerol gradient

including a fixation reagent, the fraction containing

the ctUTP-A and ctUTP-B complex was analysed by

nsEM (Fig. 5). A 2D class averaging of the ctUTP-A

complex (based on 5942 particles) and the ctUTP-B

complex (based on 5000 particles) revealed slightly

elongated structures of approximately 20 nm length.

The ctUTP-A complex was built up of globular and

Figure 5. Structural characterization of the reconstituted ctUTP-A and ctUTP-B complex. The reconstituted ctUTP-A and ctUTP-B

complexes [see Fig. 2(C)] were purified by the GraFix approach and subsequently analysed by negative stain electron microscopy.

Left panel shows a micrograph, the right panel shows a gallery of the representative class averages. Scale bar indicates 10 nm.

334 PROTEINSCIENCE.ORG Network of Thermophilic Ribosome Biogenesis Factors



Figure 6. Reconstitution of the Brix–BAP complexes involved in 60S biogenesis. (A) The structure of the Brix domain Rpf2

(blue) in complex with the BAP Rrs1 (red) is shown. The structure is taken from PDB entry 5BY8.69 (B–D) A Y2H analysis of the

C. thermophilum Brix proteins with their BAP is shown. The upper panel shows the ctBrix domain fused to the activation

domain (pGADT7) without terminal extensions [rpf1 (156–436 aa), brx1 (30–260 aa), and ssf1 (22–359 aa)] tested with the corre-

sponding BAP fused to DNA binding domain (pGBKT7), whereas the lower panel shows the fragment of the ctBAP (pGADT7)

(mak16 (134–336 aa), ebp2 (178–268 aa), and rrp15 (194–354 aa) tested with the full-length Brix protein (pGBKT7). SDC-Trp-

Leu-His plates are shown after 3 days incubation at 308C. (E–G) A binding assay (left panel) and size exclusion chromatography

(SEC, right panel) was performed to verify the Y2H interactions. For the binding assay, the indicated GST proteins were immo-

bilized on GSH beads, washed (lanes 3, 5), incubated with E. coli supernatant containing the His6 tagged partner (lane 2),

washed and eluted by GSH (lane 4). As a negative control the His6 tagged proteins were incubated with GST alone (lane 6).

Right panel shows SEC analysis of the affinity-purified complexes. SDS-PAGE shows protein composition of the peak fraction

(domain boundaries are identical as in B–D except for SEC analysis of ctBrx1 (34–259 aa)—ctEbp2 (175–282 aa), and ctSsf1

(34–478 aa)—ctRrp15 (173–354 aa) complexes.
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extended subdomains, whereas, the ctUTP-B complex

consisted of several globular subdomains. This is con-

sistent with the secondary structure predictions of the

individual components, indicating that the ctUTP-A

complex contains six WD40 domains and the large

ctUtp10 (>190 kDa) consisting of helical domains. In

contrast, the ctUTP-B complex without ctUtp6 consists

mainly of nine WD40 domains with helical extensions.

The arrangement of both complexes differs in the class

averages, indicating that they are flexible and may

adopt different conformations. A highly similar overall

structure and an inherent flexibility has recently been

reported for the yeast UTP-A and UTP-B com-

plexes.65,66 In contrast, our recently published cryo-

EM structure of the 90S particle revealed, that in the

context of the 90S particle, the UTP-A and UTP-B

complexes take a rigid conformation.24 Taken together,

the data presented here support the idea that the

direct protein–protein interactions and structural orga-

nisation of the UTP-A and UTP-B complexes are high-

ly conserved between C. thermophilum and S.

cerevisiae, which strongly supports the significance of

the Y2H interaction network presented here (Support-

ing Information Tables S3 and S4).

Reconstitution of brix proteins with their
associated proteins (BAP)

Another important discovery that came out from our

Y2H screen was the identification of interactions of

the Brix domain factors. The recent structural char-

acterization of Rpf2 in complex with Rrs1,68–70 and

the high sequence homology within the Brix proteins

(Supporting Information Fig. S3) indicated that all

Brix proteins require a corresponding Brix domain

associated protein (BAP)70 that contribute a long a-

helix and an adjacent b-hairpin to complete the Brix

fold [Fig. 6(A)]. Accordingly, our screen identified

strong interactions between ctImp4–ctMpp10,

ctRpf1–ctMak16, ctBrx1–ctEbp2, and ctSsf1–ctRrp15

(Supporting Information Tables S3 and S4), which

are in agreement with previous Y2H data.50,71,72

Previously, a fragment of Mpp10 had been shown to

biochemically interact with Imp4.52,73 In contrast,

the remaining Brix–BAP dimers, which are exclusive-

ly embedded into the eukaryotic pre-60S ribosome bio-

genesis pathway, had not been biochemically

reconstituted to date. In order to identify the minimal

interacting fragment of the BAP factors, we tested

various truncations in a Y2H approach [Fig. 6(B–D)],

which revealed that the minimal Brix–BAP complexes

are built up by ctRpf1 (156–436 aa) and ctMak16

(134–336 aa), ctBrx1 (30–260 aa) and ctEbp2 (178–

268 aa), and ctSsf1 (22–359) and ctRrp15 (194–354aa)

[Fig. 6(B–D)]. Next, we performed in vitro binding

assays to biochemically reconstitute the Brix–BAP

dimers, using minimal fragments expressed recombi-

nantly in E. coli (see “Materials and Methods”). These

binding assays demonstrated that the Brix domain of

Rpf1, Brx1, or Ssf1 alone is sufficient to biochemically

interact with a helical fragment of their corresponding

BAP binding partner [Fig. 6(E–G) left panel]. Consis-

tently, the thermophilic Brix–BAP complexes

remained stable on size exclusion chromatography

[Fig. 6(E–G) right panel, Supporting Information

Fig. S4]. Despite the fact that all the interacting BAP

fragments are predicted to contain similar structural

elements, no conserved amino acid motif could be

identified (data not shown), suggesting that complex

formation occurs only between the respective part-

ners. Taken together, the combination of the Y2H

screen and in vitro reconstitution allowed the identifi-

cation of the Brix-associated proteins and allowed for

the first time the biochemical verification of the miss-

ing Brix–BAP complexes that are active in pre-60S

biogenesis.

Conclusion

The use of thermophilic proteins in a Y2H screen

and in biochemical reconstitutions assays enabled us

to identify and prove direct protein–protein interac-

tions between ribosome biogenesis factors from C.

thermophilum. Moreover, their suitability for struc-

tural studies is highlighted by structure determina-

tion of numerous proteins and complexes. In order

to further exploit the thermophilic properties to

study ribosome assembly, or other eukaryotic pro-

cesses in vivo, additional genetic tools are required.

Recently, a transformation protocol for C. thermophi-

lum was established, that allowed the transforma-

tion of a plasmid encoding an epitope tagged

protein.74 The expression of these tagged proteins

also enabled to determine the cellular localization of

the tagged proteins. Moreover, in vivo expression of

the tagged proteins facilitated the efficient purifica-

tion of native complexes directly from C. thermophi-

lum. Remarkably, this approach allowed the

isolation of higher order subcomplexes, which could

not be isolated from mesophilic organisms.74 We

expect that such in vivo purifications will allow the

identification of novel subcomplexes involved in ribo-

some biogenesis, and hence will complement the pre-

sented Y2H interaction network. Moreover, our

collection provides a resource to reconstitute protein

complexes from C. thermophilum in vitro. These

complementary techniques represent a major step

towards establishing C. thermophilum as a model

organism for biochemical and structural investiga-

tions of ribosome biogenesis.

Materials and Methods

Cultivation of Chaetomium thermophilum,

preparation of cDNA and genomic DNA

Cultivation of C. thermophilum was performed as

previously described.25,74 For the preparation of

cDNA, approximately 100 mg of mycelium was used
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to extract total RNA using the “SV total RNA Isola-

tion Kit” from Promega (Z3100). The cDNA was syn-

thesized by the reverse transcriptase “Superscript

III” (Invitrogen) according to the manufacturer’s

instructions. Finally, the cDNA was purified with

the PCR Purification Kit (Qiagen). Genomic DNA

was isolated as previously described.75

Search, annotation, and cloning of Chaetomium

thermophilum genes

The protein sequences of factors involved in ribo-

some biogenesis from S. cerevisiae were used for a

blastp search against the C. thermophilum genome

resource (http://ct.bork.embl.de). If no hit was

retrieved, homologues from a fungi closely related to

C. thermophilum were used (e.g., N. crassa, C. glo-

bosum). The predicted protein sequences from C.

thermophilum were blasted against the NCBI data-

base, aligned with various species to determine their

conservation and confirm the predicted introns (see

“Results”, Supporting Information Fig. S1). Subse-

quently, the ORFs were PCR amplified from cDNA.

However, for genes exceeding 2000 bp, fragments

were amplified and subsequently fused by PCR to

obtain the full ORF. If sequence analysis showed the

absence of introns, fragments were amplified using

genomic DNA as template. Almost all genes were

PCR amplified including terminal NdeI (50-end) and

BamHI (30-end) restriction sites. Internal NdeI or

BamHI sites were eliminated by introducing a silent

mutation. Finally, the genes were cloned into vectors

pGADT7 (AmpR, 2m, LEU2, PADH1 GAL4-AD, HA

tag, Insert, TADH1), and pGBKT7 (KanR, 2m, TRP1,

PADH1 GAL4-BD, myc tag, Insert, TADH1) and

sequenced (see Supporting Information Table S1).

The NdeI/BamHI restriction sites were used for sub-

cloning the ORF�s into various S. cerevisiae and E.

coli expression plasmids (see below).

Systematic protein expression and

crystallization approach
Full-length targets were cloned in modified

pET15b and pET24d vectors with a N or C-terminal

(His)6-tag (see Supporting Information Table S1),

including also a TEV-cleavage site for some of the

constructs. Initially, a miniscale screen was set up

for the preparation of 44 targets in parallel. Proteins

were immobilized to Ni21 NTA beads in a buffer con-

taining 250 mM NaCl, 20 mM HEPES, 10 mM KCl,

10 mM MgCl2, 40 mM imidazol, pH 8.0, and eluted

with 500 mM imidazol. Protein expression was test-

ed in two different E. coli strains [Rosetta2 (DE3)

and BL21 (DE3)] using an auto-induction protocol.76

Protein solubility analysis was performed by SDS-

PAGE as previously described,77,78 prior to affinity

purification in batch. Additional 35 targets were

included in our second screen using only the Roset-

ta2 (DE3) strain. Large-scale preparations of

promising targets comprised affinity purification fol-

lowed by size exclusion chromatography (150 mM

NaCl, 20 mM HEPES, 10 mM KCl, 10 mM MgCl2,

pH 7.5). Crystallization screens were performed at

291 K by the sitting-drop vapor-diffusion method

using two different protein concentrations (maxi-

mum protein concentration close to precipitation

and a twofold dilution) across three commercial

screens (JCSG1, Classics, and AmSO4). Different

strategies were employed for the preparation of the

most difficult targets, including construct optimiza-

tion after limited proteolysis experiments, use of dif-

ferent expression systems including yeast or insect

cells, co-expression with protein partners, and use of

carrier-driven crystallization strategies.79

Crystallization and structure determination of
ctYvh1 and ctTif6

The phosphatase domain (PD, aa1–218) of ctYvh1,

concentrated to 25 mg/mL was crystallized in 0.2M

LiNO3 and 20% PEG3350. ctTif6, was concentrated

to 11 mg/mL and crystals were obtained in a condi-

tion containing 0.1M Na–citrate pH 5.6, 0.5M

ammonium sulfate, and 1M lithium sulfate. For

data-collection single crystals were harvested into

reservoir solution supplemented with 20% glycerol

and directly transferred into a cold nitrogen stream

(Oxford Cryosystems) or liquid nitrogen. Diffraction

data was collected at 100 K at ESRF beamline ID23-

280 and processed with XDS81 and AIMLESS82 from

the CCP4 package.83 Both structures were solved by

molecular replacement with MOLREP.84 For ctTif6

the structure of Saccharomyces cerevisiae Tif6 (PDB-

ID: 1G6285) was used as search model. For ctYvh1-

PD the coordinates of the dual specificity phospha-

tase domain (PDB-ID: 1WRM86) of human JSP-1

was used. Both structures were manually rebuilt

with Coot.87 Refinement was carried out with

Refmac588 and PHENIX.89 Both structures contain

one molecule in the asymmetric unit. Data collection

and refinement statistics are summarized in Sup-

porting Information Table S2.

Comprehensive Y2H screen
For the analysis of a Y2H interaction, the two pro-

teins of interest were N-terminally fused to the

“DNA-Binding Domain” (BD) or the “Transcription

Activation Domain” (AD) of the Gal4 transcription

factor from S. cerevisiae. When two proteins of inter-

est interact, the AD fusion protein will be recruited

to the promoter bound BD fusion protein and conse-

quently will activate the transcription of the report-

er gene [Fig. 2(A)]. The Y2H yeast reporter strain

PJ69-4 (trp1–901, leu2–3,112, ura3-52, his3-200,

gal4D, gal80D, LYS2::GAL1–HIS3, GAL2–ADE2,

met2::GAL7-lacZ90 has the HIS3, and the ADE2

reporter genes under the control of the GAL1 and

GAL2 promotor, respectively, which allows the read
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out for medium (HIS3 reporter) and strong interac-

tions (ADE2 reporter). For the large-scale screen S.

cerevisiae strain PJ69-4 MATalpha was transformed

with pGBKT7 plasmids. A mix of five transformants

was cultivated and stored in 50% glycerol at 2808C.

Similarly, the Y2H strain PJ69-4 MATa (trp1-901,

leu2-3,112, ura3-52, his3-200, gal4D, gal80D, LYS2::

GAL1–HIS3, GAL2–ADE2, met2::GAL7–lacZ90) was

transformed with various pGADT7 plasmids and a

mix of five transformants was stored in one distinct

slot within a 96 well deep well plate at 2808C. The

resulting library consists of two deep well plates

(Block I, III) with yeast strain PJ69-a MATa carry-

ing the different pGADT7 plasmids, including a slot

with the control plasmid pTD1-1 (pGADT7–SV40)

and empty slots as controls [Fig. 2(A)]. In addition, a

second set of the library (Block II, IV) was prepared

analogously with a mix of five different transform-

ants to obtain a second dataset for validation of the

interactome. The prey library was used to inoculate

a deep well plate containing 963 1 mL SDC–Leu

(308C), whereas the bait stocks were used to inocu-

late 20 mL SDC–Trp cultures (308C). The stationary

cultures were mated by mixing 50 mL library, 50 mL

bait culture and 200 mL YPD in a sterile deep well

plate. After 1 day of incubation at 308C, the YPD

was pipetted off and 1 mL SDC-Trp-Leu was added

to select for diploid cells containing both plasmids

for 2 days at 308C. After removal of 600 mL of the

supernatant medium, the cells were resuspended in

the remaining medium and 10 mL were spotted on

SDC-Leu-Trp, SDC-Trp-Leu-His 1 1 mM 3AT, and

SDC-Trp-Leu-Ade plates (Onewell plate, Greiner

Germany). 3-Amino-1,2,4-triazole (3AT), an inhibitor

of the imidazoleglycerol-phosphate dehydratase, the

product of the HIS3 gene, was added to a final con-

centration of 1 mM to avoid unspecific growth on

SDC–His plates. After incubation at 308C pictures

were taken after 4 and 7 days. Pipetting steps were

done using a Liquidator with a volume range 5–

200 mL (Mettler-Toledo). For bait proteins that had a

low mating efficiency, after 2 days selection of dip-

loid cells, the medium was pipetted off and replaced

by fresh SDC-Trp-Leu and incubated for additional

4 days at 308C, before spotting cells on plates. All

pictures of the dataset can be accessed under http://

y2h.embl.de. Pictures from long selection procedure

are marked by a red box.

Biochemical verification of the Y2H interactions
In order to confirm several of the Y2H interactions,

ORFs were subcloned into expression plasmids for

S. cerevisiae pMT_LEU2_pA-TEV (PGAL1-10, 2m,

LEU2) and pMT_TRP1_3xFlag (PGAL1-10, 2m, TRP1)

using NdeI/BamHI restriction sites (see Supporting

Information Table S1). These plasmids [as described

in Ref. (36)] allow galactose induced expression of N-

terminal tagged proteins in the S. cerevisae strain

W303 (MATalpha, ura3-1, trp1-1, his3-11,15, leu2-

3,112, ade2-1, can1-100, GAL1). Yeast strain W303,

carrying both plasmids was cultured in 30 mL SDC-

Trp-Leu at 308C overnight, before inoculating a 1 L

YPG culture (o/n, 308C). After harvesting and cell

lysis, the supernatant was used for a split purifica-

tion procedure via IgG beads (GE Healthcare), and

anti-Flag beads (Sigma) according to the TAP-

protocol described previously.18 For co-expression of

the ctUTP-A and ctUTP-B complex, we exploited

that the PGAL1-10 promotor induces transcription in

up- and downstream directions, thus each plasmid

can be used to express two proteins simultaneously.

Thus, using a third plasmid pMT_URA (PGAL1-10, 2m,

URA3), allows the co-expression of six proteins. Spe-

cifically, we used pMT-TRP1_Flag-ctUTP15_ctUTP17,

pMT_LEU2_pA-TEV-ctUTP10_ctUTP5 and pMT_UR-

A3_ctUTP4_ctUTP8 for expression of the ctUTP-A

complex and pMT-TRP1_Flag-ctUTP13_ctUTP12,

pMT_LEU2_pA-TEV-ctUTP21_ctUTP1 and pMT_UR-

A3_ctUTP18_ctUTP6 for expression of the ctUTP-B.

For further information, see Ref. (36). Proteins of the

ctUTP-A complex were purified in a buffer containing

150 mM NaCl, 50 mM TRIS pH7.4, 1.5 mM MgCl2,

5% glycerol, and additional 0.1% IGEPAL for the

lysis steps. Members of the ctUTP-B complex were

purified in a buffer containing 150 mM NaCl, 50 mM

TRIS pH 7.5, 1.5 mM MgCl2, 0.075% IGEPAL, where-

as ctUtp18–ctUtp21 was isolated in a buffer contain-

ing 200 mM NaCl, 50 mM TRIS pH 7.5, 1.5 mM

MgCl2, 0.075% IGEPAL.

The recombinant proteins for the reconstitution

of ctUtp8–ctUtp5, ctUtp8–ctUtp4, and the Brix–BAF

complexes (ctRpf1–ctMak16, ctSsf1–ctRrp15, and

ctBrx1–ctEbp2) were expressed in E. coli BL21

(DE3). The respective gene fragments were cloned

into plasmid pET24_GST-TEV (KanR) or pET15b_-

His6 (AmpR) (see Supporting Information Table S1).

Transformants were cultivated in LB medium and

expression was induced by adding IPTG (0.2 mM).

The ctUtp8–ctUtp5, and ctUtp8–ctUtp4 pairs were

coexpressed and purified using GSH beads

(Macherey-Nagel, Germany). For the reconstitution

of the dimeric Brix–BAP complexes, the GST tagged

protein and a GST control was bound to GSH beads,

washed and then incubated for 1 h with the super-

natant of the E. coli lysate containing the His6

tagged binding partner. Following a washing step,

the proteins were eluted using 20 mM GSH and

analyzed by SDS-PAGE and Coomassie blue stain-

ing. In detail, GST-ctUtp5-His6-ctUtp8, and GST-

ctUtp4-His6-ctUtp8 were induced at 238C for 2 h

using 0.2 mM IPTG. The purification was performed

in a buffer containing 150 mM NaCl, 20 mM HEPES

pH 7.5, 5% glycerol, and 0.01% IGEPAL. His6-ctRpf1

(156–436 aa) and GST-ctMak16 (134–336 aa) were

induced o/n at 168C and purified using a buffer com-

posed of 100 mM NaCl, 50 mM KCl, 5 mM MgCl2,
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30 mM HEPES pH 7.5, 3% glycerol, 0.05% IGEPAL.

GST-ctBrx1 (30–260 aa), His6-ctEbp2 (178–268 aa)

were induced for 4.5 h at 168C and purified in a

buffer containing 650 mM NaCl, 350 mM KCl,

35 mM MgCl2, 30 mM HEPES pH 7.5, 5% glycerol,

0.05% IGEPAL. GST-ctSsf1 (22–359) and His6-

ctRrp15 (194–354 aa) were induced for 4 h at 188C

and purified in a buffer containing 225 mM NaCl,

75 mM KCl, 15 mM MgCl2, 30 mM HEPES pH 7.5,

5% glycerol, 0.05% IGEPAL.

SEC analysis of the Brix–BAF complexes was

performed in the following manner: The (His)6
tagged ctRpf1 (156–436 aa) and GST tagged

ctMak16 (134–336 aa) complex was purified by GST

affinity chromatography. The GST tag from ctMak16

was removed by the TEV protease and finally, the

complex was subjected to SEC on a S200 (16/60) col-

umn. The (His)6 tagged ctBrx1 (34–259 aa) and

ctEbp2 (175–282 aa) complex was purified by Ni21–

NTA chromatography followed by ion-exchange chro-

matography on a S column (GE healthcare) and

finally on a S75 (26/60). The ctSsf1 (34–478 aa) and

(His)6-ZZ tagged ctRrp15 (173–354 aa) complex was

purified by Ni21–NTA chromatography followed

TEV cleavage to remove ZZ tag from ctRrp15. The

ctSsf1–ctRrp15 complex was further purified on a

RESOURCE S column (GE Healthcare) and SEC on

a S200 (26/60) column.

2D EM sample preparation and image

processing

Affinity purified ctUTP-A and ctUTP-B complexes

were loaded on a glutaraldehyde containing glycerol

gradient GraFix, composed of a 200 mL cushion of

7.5% (v/v) glycerol in buffer, followed by a linear 10–

30% (v/v) glycerol and 0–0.15% glutaraldehyde gra-

dient.67 Samples were centrifuged (SW 60 Ti; Beck-

man Coulter) for 16 h at 33,000 rpm and 48C before

200 mL fractions were collected and analyzed. For

negative staining, 5 mL of the complex was placed on

a freshly glow-discharged, carbon-coated grid,

allowed to absorb to the carbon, washed three times

with water, stained with uranyl acetate (2% w/v),

and dried. Micrographs were recorded using an elec-

tron microscope (Tecnai F20; FEI) operating at

200 kV with a bottom-mounted 4 K, high sensitivity

charge-coupled device camera (Eagle; FEI) at a nom-

inal magnification of 29,000 for the ctUTP-A com-

plex (calibrated pixel size of 3.81 Å) and 50,000 for

the ctUTP-B complex (calibrated pixel size of

2.2688 Å), respectively. 5942 particles for the ctUTP-

A complex and 5000 particles for the ctUTP-B com-

plex were processed as described previously.91
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