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Preface and outline of this thesis

This thesis deals with a number of proteins from Archaea with unknown roles
in translation - the process in which the genetic information from nucleic
acids is converted into proteins. Archaea form the third domain of life next to
Bacteria and Eukaryotes. Many archaeal proteins that are part of the
translation apparatus show a high degree of conservation in all cellular life.
However, some translation-related proteins from Archaea only have
counterparts in Eukaryotes, not in Bacteria. For the proteins under
investigation in this thesis a function in the translation apparatus could only
be inferred from published data about their bacterial or eukaryotic orthologs,
but the high conservation of these proteins suggests that they play key roles in
the assembly and regulation of the translation machinery. Two of these
proteins - an HflX-type GTPase and MBF1 - have been characterized
biochemically in this thesis. For a third one an in silico analysis has revealed
that it is the archaeal ortholog of a eukaryotic protein involved in the
transcription of structural RNA components of the translation apparatus.

Translation factor related GTPases and the HfIX family

Chapter 1 reviews the knowledge about GTPases from the translation factor-
related class in Archaea. These proteins can be predicted to fulfill various
functions within the translation machinery. In all cellular life, a set of strictly
conserved GTPases functions as factors that regulate the initiation and
elongation steps of translation. In addition, other GTPases of this class
function in the assembly of the ribosome, the large molecular machine that is
the central component of the translation apparatus that catalyzes protein
synthesis. Chapter 2 describes the structural characterization of an archaeal
HfIX GTPase that belongs to the translation factor related GTPases. The
structure reveals how this GTPase could possibly interact with the ribosome
and highlights conserved features of HfIX GTPases that can also be found in
Eukaryotes and Bacteria. In Chapter 3 the interaction of the archaeal HflX
GTPase with the large ribosomal subunit is studied using biochemical
methods.

MBF1

In Crenarchaeota the HfIX GTPase is co-expressed with the helix-turn-helix
protein MBF1. MBF1 is highly conserved in Archaea and Eukaryotes, but



absent in Bacteria. In yeast, gene deletion of MBF1 leads to an increased rate of
errors during translation, indicating that the protein influences directly (by
binding to the ribosomes during translation) or indirectly (e.g. through a role
in ribosome assembly) translation fidelity. The archaeal MBF1 ortholog
remained uncharacterized so far. Chapter 4 reports on the effects of mbf1
gene deletion in Archaea. The mbf1 deletion strain is less robust under a
number of growth conditions when compared to the parental strain. In
Chapter 5 the MBF1 ortholog is shown to be a translational protein that binds
directly to the ribosome during translation.

An archaeal RPC34 ortholog

In Chapter 6 an archaeal gene is described that was found to be an ortholog of
eukaryotic RNA polymerase III subunit RPC34. RNA polymerase III is one of
the two RNA polymerases responsible for transcription of the structural RNA
components of the translation machinery, ribosomal RNA and transfer RNA.
The transcription of structural RNA differs from the transcription of
messenger RNA regarding the different post-transcriptional processes that in
turn can carry out feedback control functions for the transcription process.
Little is known how Archaea organize the transcription of structural RNA, and
it is not clear if there are differences between the transcription of messenger
RNA and structural RNA. The archaeal RPC34 ortholog might be a factor that is
specifically involved in the transcription of structural RNA, as its eukaryotic
ortholog.

Chapter 7 presents a summary of the results described in this thesis, with
some suggestions for future research.
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Roles for archaeal TRAFAC GTPases in ribosome assembly

CHAPTER 1 (INTRODUCTION)

Assembling the archaeal ribosome: potential
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Roles for archaeal TRAFAC GTPases in ribosome assembly

Introduction

Translation of the genetic information from nucleic acids into proteins is a
highly conserved process in all three domains of life - Eukaryotes, Bacteria,
and Archaea. The key player in this process is the ribosome, a large
ribonucleoprotein complex composed of 3-4 distinct ribosomal RNAs (rRNAs)
and 550-870 ribosomal proteins [1]. The ribosome catalyzes the formation of
peptide bonds during protein synthesis, a process that requires the assistance
of translation factors to achieve precision and efficiency during the initiation,
elongation, and termination steps of translation. Some translation factors are
universal, i.e. found in the three domains of life. Archaea employ translation
factors that are a subset of the characterized eukaryotic translation factors
whereas only the universally conserved factors are shared with Bacteria [2].

Several translation factors are GTPases, constituting the class of so
called translation factor related GTPases (TRAFAC)[3]. This tight functional
association of TRAFAC GTPases with the translation machinery suggests that
they have co-evolved with the translation machinery. In fact TRAFAC GTPases
are also involved in other translation-related processes such as tRNA
modification and ribosome assembly [3]. Apart from the above mentioned
translation factors, a few TRAFAC GTPase families are considered to be
universal, while several other GTPase families are widely distributed in two of
the three domains [4]. Little is known about the function of most of these
highly conserved GTPases [5]. Several proposals have been made concerning
the classification of the TRAFAC GTPase class, [3, 4, 6].

G-domain

The common denominator of GTPases is the highly conserved G-domain
responsible for binding and hydrolysis of guanine nucleotides. Structurally, the
G-domain of TRAFAC GTPases is characterized by a central -sheet with a
single B-strand in anti-parallel orientation. Conserved sequence motifs for the
binding of guanine nucleotides and magnesium ions mainly reside on the
loops and a-helices connecting the (3-strand [3, 7, 8]. GTPases are considered
to work as “molecular switches”: they undergo conformational changes when
switching between the GTP- and the GDP-bound form, corresponding to the
“ON”- and “OFF”-state of the GTPase, respectively [9]. Several factors take part
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Roles for archaeal TRAFAC GTPases in ribosome assembly

Ribosome assembly in Archaea: prokaryotic and

eukaryotic features

Ribosomes are ribozymes: it is essentially the rRNA that catalyzes peptidyl
transfer. In addition, rRNA provides major elements of the kinetic proof
reading mechanism [21]. The positively charged ribosomal proteins neutralize
the negative charges of the phosphate backbone of rRNA, and as such
contribute to compaction of the ribosome structure. Beyond their structural
role, ribosomal proteins also have additional functions for example in tRNA
and mRNA binding and translation factor recruitment [22].

The high number of ribosomal proteins that need to be incorporated
into the ribosome requires the assembly process to be organized in a stepwise
manner. Both in Bacteria and Eukaryotes, GTPases function in the organization
of a stepwise assembly by serving as checkpoints that regulate the recruitment
of additional ribosome assembly factors or ribosomal proteins to ribosome
precursors [13]. Ribosome assembly is greatly facilitated by usage of the
“assembly gradient”, at least in case of the large ribosomal subunit. In this
process, the first ribosomal proteins bind already during transcription to the
5’-end of the growing precursor rRNA transcript that later becomes processed
to the 23S rRNA in Prokaryotes and the 28S rRNA in Eukaryotes [23]. Thereby,
a 5’ to 3’ order is established for the incorporation of ribosomal proteins into
the large ribosomal subunit.

In Eukaryotes the nucleolus is the location where ribosome biogenesis
starts with the transcription of rRNA genes by RNA polymerases I (18S, 5.8S
and 28S rRNA) and III (5S rRNA) that are dedicated to the transcription of
non-coding RNAs. The evolution of dedicated RNA polymerases for non-coding
RNAs might have its origin in the “archaeal parent” of Eukaryotes, as an
archaeal ortholog of the RNA polymerase III subunit RPC34 that was assumed
to be unique for this RNA polymerase, has been recently identified in Cren-
and Thaumarchaeota [24] (Chapter 6). Genome context analysis further
suggests that the archaeal RPC34 ortholog might be involved in the
transcription of non-coding RNAs. The compartmentalization of the eukaryotic
cell with separate locations for the transcription of rRNA and the translation of
ribosomal proteins poses a problem for ribosome assembly. Ribosomal
proteins have to be imported to the nucleolus in order to make use of the
“assembly gradient”. Subsequently, the ribosomal subunit precursors
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If2 (B)

EF-Tu (B) Figure 2: Schematic phylogenetic
alF2/5B (A) Ef1-o (AE) relationship between the universal GTPases
elFSB (E) from the translation factor family. Archaeal,
bacterial, and eukaryotic occurrence is
EF-G (B) SelB (ABE) indicated by A,B, and E, respectively.
EF-2 (AE) ﬁlzelyFé)v (A)

Archaea [2]. In its GTP-bound state, a/elF2-y recruits the initiator-tRNA to the
30S ribosomal subunit during translation initiation [34, 35]. Sulfolobus
solfataricus a/elF2-y might have an additional function in RNA stability. It
binds to the triphosphorylated 5’ end of mRNA and protects it against 5'—3’
degradation [36].

alF2 /5B is the archaeal ortholog of the eukaryotic translation factor
elF5B and bacterial IF2. In Bacteria, IF2 binds the initiator-tRNA to the 30S
similar to the archaeal and eukaryotic heterotrimeric a/elF2 described above.
The archaeal IF2 ortholog alF2 /5B
stimulates the binding of initiator-tRNA to the 30S ribosomal subunit as well,
but at least in S. solfataricus this does not involve a direct interaction with the
initiator-tRNA [15]. The Ribosome might play a GAP-like function for the
GTPase activity of S. solfataricus alF2 /5B [15].

Translation elongation factor EF1-o from Archaea and Eukaryotes
binds as its bacterial ortholog EF-Tu aminoacyl-tRNAs in its GTP-bound state
and delivers them to the ribosome during translation elongation. Recognition
of proper base-pairing between the mRNA codon and the tRNA anticodon by
the ribosome triggers GTP hydrolysis and release of EF1-o/EF-Tu. In all
cellular life, EF-1a/EF-Tu depends on the GEF EF-13/EF-Ts. However, the
structure S. solfataricus EF-1a in a GDP-bound magnesium-free form pointed
to possible differences in the mechanism of EF1-3- assisted guanine nucleotide
exchange between Archaea and Eukarotes [37]. Data on the function of
archaeal EF-la in translation elongation are limited but overall confirm
functional conservation across the domains of life. Interestingly, Archaea might
use substrate channeling during translation elongation as mammalia do.
Methanothermobacter thermoautotrophicus EF1-a forms complexes with
aminoacyl-tRNA synthetases and in such way the unstable aminoacyl-tRNA
synthesized by the aminoacyl-tRNA synthetase can be delivered directly to the
ribosome [38].
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Archaeal orthologs of the universal selenocysteine-specific translation
elongation factor SelB are widely distributed in Cren-, Thaum-, and
Euryarchaeota, but not strictly conserved (Table 1). Both thaumarchaeal
genomes encode SelB orthologs, but they are missing in Korarchaeum
cryptofilum. It functions analogous to EF1-a/EF-Tu by delivering during
translation elongation a selenocysteine-charged tRNA to internal UGA codons
present in certain mRNAs. UGA normally serves as one of the three stop
codons. SelB orthologs from the Methanococcales have been studied in more
detail. Gene disruption confirmed their involvement in selenoprotein
synthesis [43]. The structure of the SelB ortholog from Methanococcus
maripaludis confirmed structural homology of domains I to IIl of its four
domains with EFlo/EF-Tu and IF2/elF5B [44]. Structural homology between
SelB and IF2 is extended to domain IV that might be involved in the binding to
the mRNA to receive the recoding signal [44]. Interestingly, domain IV is
conserved only in few SelB orthologs from methanogenic Archaea, but it is
generally absent in other archaeal SelB orthologs. In addition, there is no strict
co-occurrence of other components such as the selenocysteine-specific tRNA
with SelB orthologs implicating that there is some variation in the mechanism
of selenocysteine incorporation in the different organsims or alternatively that
some SelB might have a different function.

Predicted ribosome assembly GTPases

The YlgF-related GTPase family and its archaeal member MJ1464

Various members of the different subfamilies of YlgF-related GTPases (YRG)
family have been shown to participate in bacterial and eukaryotic ribosome
assembly [19, 45-50]. A remarkable feature of the YRG family is the circular
permutation of the G-domain. Bacteria and Eukaryotes possess several
paralogous members of the YRG family. The M]J1464 subfamily is found only in
Archaea where they are present in all Crenarchaeota and Korarchaeum, in
some Euryarchaeota and (at present) in none of the Thaumarchaeota (Table
1). MJ1464 is the only archaeal representative within the family of YlgF-
related GTPases (YRG) [3, 51].

Bacillus subtilis YIqF /RbgA loads the ribosomal protein L16 onto a 45S
precursor of the large ribosomal subunit [50]. Similarly, the cytoplasmic
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Roles for archaeal TRAFAC GTPases in ribosome assembly

NOG1

NOG1 GTPases are part of the Obg family of GTPases [3] and are highly
conserved in Eukaryotes and Archaea except for Thaumarchaeota (Table 1).
Eukaryotic NOG1 is a nucleolar GTPase involved in assembly of the large
ribosomal subunit [46, 55]. Yeast NOG1 directly interacts with the ribosome
assembly protein Rlp24, a eukaryotic paralog of the ribosomal protein L24e
[56]. Archaea have only a single L24e ortholog that is part of mature large
ribosomal subunits in Haloarcula marismortui [57]. Interestingly, the archaeal
L24e ortholog shares features with Rlp24 such as two pairs of cysteines [56].
Thus, it seems possible that the archaeal L24e has a function in ribosome
assembly as well including interaction with the archaeal NOG1 orhtolog. This
would be similar to ribosomal protein L7ae that has a double life as structural
component of the ribosome as well as ribosome assembly factor in the RNA-
guided rRNA modification machinery [58].

The crystal structure of the NOG1 ortholog from P. horikoshii in GDP-bound
form has been solved by the RIKEN structural genomics initiative, but it has
not been published yet (PDP ID: 2E87). The N-terminal 160 amino acids
comprise a four-helical bundle that provides positively charged surface
patches that might be involved in ribosome binding (Fig. 4AB). The two mobile
elements switch I and switch II of the G-domain mediate contacts with the N-
terminal domain following a pattern commonly found in multi-domain
GTPases for the interaction of the G-domain with a ligand binding domain
[59-61](Chapter 2) [20]. Hence, conformational changes of the switch regions
in response to GTP-binding will most likely cause a repositioning of the N-
terminal domain.

Ribosome-binding GTPases of unknown function

Apart from the classical translation factors and GTPases where a role in
ribosome assembly has been demonstrated, several other TRAFAC GTPases
interact with ribosomal subunits, but their biological role remains to be
determined. For other TRAFAC GTPases no functional studies are available, but
based on their domain composition a translation-related function can be
predicted. Some of these poorly characterized GTPases are discussed below.

11



EPRedf@D

A

His117

EMAF fARIEEA) bE OA1EEGEZ1BRGE - BEtA) FRRFEE o B @A) @ER.BAUIEEAt) BREEREDI, rti@ml
VRIGBREERr - AEAtaRAGTERR pxx FItA) FRHRPE BRFGRFA R B E. BAu1ERAL) BEEEER | pk-- gkt . RE@EE Bth.
ratd ErtArA1dAl M EALEREA BEREFEG AZAtaRARTAurEbtAGA r @ EEEAGGEE I EtEE 1 'R ACQRUC
ORFRAG 13 MUENRREEFALrEttEEREr Quir BAt) QTE bAr@ tEGHRE TERRE Ut B EEAEGEN B EEr- ek vl
@ ERREERAtErbA1EQA TAEr Quir B EBREERIFFE BEFIGEIFEAt aRARTE Bl RAG 1EREENRE REZATEr ARQEER
tEATALrA BREDARZQAE OrQTEBREM nral & at uBautBw

G-domain

EITAF 2 EMEat uBautEEA BREERHTPR BT At aRAGTERE, vpx B\ BREFEEE, MERE B GREEEER|pEBSgE
VIgPGA.BA) D1@ttd TR) F1d8A @WAT, GERA @.40t) QBE.FA) BD1APN 4l BEE.&2t) QR @A) B1R
At) QTEREAut. RE@E FPulRCHTER1gRPRFPEG AR AR@ERRIA) AlarFA FRERR.FA) © 1E6RER G GRRAM
rG @ZREFEtATALr &8 PR ROROREZEARAEREEA FRRCEE tRr bERc tRCH\2IgPRREERCGRtArde FRrut
tEbtArE1dE A1PA1RBRERErAGER1ER FRrr @EERrut BRERE, vpx B, x ARPEBAR xELEFRIgREIREREI TutPRGE
TR1EEERRUr Q TERING B RFepfil REREFRIERERLE UR FRGE RrFRRARE Bu® AlGA ECGRCtArdd EREut
bAd1c@ rF6pfiv
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Obg family GTPases DRG and Ygr210

Next to Nogl, two more GTPases of the Obg family are present in Archaea: DRG
and Ygr210 (Table 1) [3]. In both DRG and Ygr210 the N-terminal G-domain is
followed by a C-terminal TGS domain [3]. This domain is also present in other
Obg family GTPases and has been structurally characterized B. subtilis Obg
[59] and Haemophilus influenza YchF [62]. Besides Obg family GTPases, TGS
domains have also been found in Threonyl-tRNA synthetases and guanosine
polyphosphatases (SpoT)[63].

Several bacterial Obg GTPases have been shown to associate with free
50S ribosomal subunits [64-66]. Obg GTPases control stringent response in
Bacteria, but in addition they might play a role in ribosome assembly [64, 65,
67]. A thorough characterization of YchF is still missing, but a recent study of
the Trypanosoma cruzi ortholog provides first evidence for interaction with
the translation machinery [68]. The structure of Haemophilus influenza YchF
further suggests binding of double-stranded nucleic acids [62]. Based on this
circumstantial evidence it is likely that DRG and Ygr210 GTPases have
translation-related functions as well. The G-domains of the Ygr210 family have
canonical G4 sequence motifs conferring specificity for guanine nucleotides, in
contrast to the closely related YchF subfamily in which mutated G4 motifs turn
them into ATPases [69].

HfIX

The HfIX GTPase family is related to Obg GTPases [3]. HfIX GTPases are
ubiquitous in all three domains of life, but several taxonomic groups do not
contain HfIX orthologs. In Archaea, HfIX GTPases are present in Crenarchaeota
and in the available thaumarchaeal genomes, but absent from some
euryarchaeal species (Table 1). The HfIX family is the only TRAFAC GTPase
family apart from the classical translation factors where experimental data
about ribosome interaction is available from an archaeal representative. The
structure of the HflX ortholog from S. solfataricus has been solved in apo- and
GDP-bound form revealing the presence of a novel putative RNA-binding
domain termed HflX-domain. This domain is sufficient to mediate the
interaction with the large ribosomal subunit [70] (Chapters 2 and 3). Similar
to the bacterial HfIX orthologs from Escherichia coli and Chlamydophila
pneumoniae [71, 72] the archaeal HfIX ortholog binds to the large ribosomal
subunit both in the GTP- and GDP-bound form and its GTPase activity is
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and to prevent subunit association [84] similar to its yeast ortholog [85]. Elf1
is absent in Archaea and the release of Tif6 from the large ribosomal subunit
must thus be regulated in a different manner.

Conclusions

Archaeal genomes encode a number of TRAFAC GTPases with translation-
related functions. The absence of NOG1, GP-1, and YRG family GTPases in
Thaumarchaeota further corroborates the recent re-classification of these
"marine Crenarchaeota” as a separate phylum next to Euryarchaeota and
Crenarchaeota [86]. The number of TRAFAC GTPases encoded in
thaumarchaeal genomes is surprisingly small with only three TRAFAC-
GTPases (Ygr210, HflX, and DRG) serving as candidates for ribosome assembly
GTPases.

The use of GTPases in ribosome assembly might allow the cells to gain
control over the process of ribosome assembly [13]. Decreasing GTP levels
during cellular stringent response to stress conditions would couple ribosome
assembly directly to the energy state level of the cell. Interestingly, stringent
response in Sulfolobus species appears not to correlate with decreasing GTP
levels [87] suggesting that at least in the Sulfolobus genus ribosome assembly
might not be regulated in this way.

Both in Eukaryotes and Bacteria, ribosome assembly GTPases
predominantly act on the large ribosomal subunit [28]. The reason might be
the considerably more complicated structure of the 23S rRNA. Similarly, two
AAA ATPases (Rix7p and Realp) have been proposed to assist in large
ribosomal subunit assembly in Eukaryotes [28]. So far no AAA ATPases have
been identified that are involved in small ribosomal subunit assembly. Rix7p
and Realp work as chaperones and a chaperone-like function has recently
been proposed for the bacterial small subunit interacting GTPase Era [88],
although direct evidence for such an activity has not been provided for any of
the ribosome assembly GTPases [13].

Gene deletion or conditional gene knockdown in the case of essential
genes have greatly contributed in the identification of ribosome assembly
factors based on the accumulation of rRNA precursors as well as ribosomal
subunit precursors that are unable to join translation. The conditional gene
knockdown of ribosome assembly factors in combination with tap-tag
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Structure of an HfIX GTPase

Introduction

P-loop guanosine triphosphatases (GTPases) control a multitude of biological
processes, ranging from cell division, cell cycling, and signal transduction, to
ribosome assembly and protein synthesis [1-5]. GTPases exert their control by
interchanging between an inactive GDP-bound state and an active GTP-bound
state, thereby acting as molecular switches [6].

Within the Translation factor (TRAFAC) related class of P-loop
GTPases, the HflX-type is a relatively unexplored family [3]. The broad
phylogenetic distribution pattern of HfIX GTPases in Bacteria, Archaea, and
Eukaryotes (including human [7]) suggests a basic cellular function for this
protein family [5]. The archetype hfIX gene was originally found in Escherichia
coli operon hflA (high frequency of lysogenization), and thought to be
associated with the lytic-lysogenic decision of bacteriophage Lambda [8].
However, such a role for HfIX was recently dismissed [9]. E. coli HfIX as well as
its homologue from Chlamydophila pneumoniae were shown to associate with
large ribosomal subunits [10, 11]. A model was proposed in which HfIX
recruits other factors to the large ribosomal subunit that play a direct role in
ribosome assembly [10]. This model remains to be experimentally verified.
Association with ribosomal subunits has been observed for many other
GTPases such as Era [12, 13], Obg [14, 15], YIqF [16], and YsxC [17, 18], which
are thought to play a role in ribosome assembly. While the aforementioned
GTPases are indispensable for cell growth in Bacillus subtilis, the HfIX homolog
YnbA is not [19]. The hfIX gene is non-essential in E. coli [9] and
Corynebacterium glutamicum [20] as well, and no phenotype of the knockout
mutants has been described thus far.

To gain insight into the function of the HfIX GTPase family, we have
determined the crystal structures of the GTPase from the hyperthermophilic
archaeon Sulfolobus solfataricus (SsGBP) in the apo- and the GDP-bound forms.
SsGBP appears to be a slow GTPase that contains a novel N-terminal domain
termed HfIX domain and a canonical G-domain at the C-terminus. The HfIX
domain influences GTP hydrolysis at the G-domain.
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Structure of an HfIX GTPase

guanine-nucleotide binding site into which a GDP molecule was manually
docked. The model was refined to a final Rwork = 22.7% and Reree = 26.2%.

Both the final models consist of 311 residues, with residues 123-143,
166-178, and 203-213 having no interpretable density. The stereochemistry
of the structure was analyzed with the program PROCHECK [28]. Both models
have 94.3% of their residues in the most favored regions. In both models, Y42
is located in the disallowed region of the Ramachandran plot. Statistics of the
data collection and refinement are summarized in Table 1.

Structural homology searches

Structural homology searches for SsGBP as well as for the separate domains
were carried out with DaliLite v.3. Significant similarities were defined as
recommended [29].

Native Electrospray ionization mass spectrometry

The SsGBP buffer was exchanged sequentially to 50 mM ammonium acetate
(pH 6.8) using centrifugal filter units with a cut-off of 5 kDa (Millipore). The
final protein concentration was 10 pM. Samples were analyzed on an LCT
electrospray time-of-flight mass-spectrometer. (Waters, Manchester, UK).
Nanospray glass capillaries were used to introduce the samples into the Z-
spray source. Source pressure was increased to 10 mbar to create increased
collisional cooling [30, 31]. Source temperature was set at 80°C and sample

cone voltage was varied from 80 V to 125 V. Needle voltage was around
1300 V.

Thin Layer Chromatography

For Thin layer chromatography, SsGBP (8 uM), SsGBP-H (8.6 uM), and SsGBP-G
(9.9 uM) were incubated with 4.5 uM of [a-3?P]-GTP (400 Ci/mmol,
Amersham) in 50 mM HEPES/KOH (pH 7.7); 200 mM KCI; 10 mM MgClz) at
50°C for 20 min. Reactions were quenched with 1 vol stop buffer (2% SDS, 5
mM EDTA). 1 pl of the reaction mixture was spotted onto 20 x 20 cm PEI
cellulose F plates (Merck). The plate was developed in 1 M acetic acid, 0.8 M
LiCl. Calf Intestinal Alkaline Phosphatase (New England Biolabs) was used to
produce inorganic phosphate as standard.
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Structure of an HfIX GTPase

for 45 min and 15 min, respectively, to compensate for the lower activity of
full-length SsGBP. Phosphate release was linear during these time intervals.
The concentration of SsGBP-G was 0.28 pM (0-100 pM GTP) or 1.38 uM
(100-1000 uM GTP), and the concentration of SsGBP was 1.41 uM.
Measurements were performed at least in triplicates. Values were corrected
for background determined from controls without protein and controls
without GTP. Inorganic phosphate concentrations were calculated using a
phosphate standard in assay buffer ranging from 0-50 uM phosphate.

RESULTS

Overall structure

The SsGBP monomer comprises 356 amino acids, and the structure displays a
two domain architecture. The protein consists of a prototypical N-terminal
domain (denoted HfIX domain, residues 1-178) and a canonical C-terminal
GTPase domain (G-domain, residues 179-356) (Fig. 1AB). The structures of
apo-SsGBP and SsGBP-GDP are identical within experimental error (RMSD 0.3
A for all 311 Ca atoms). In contrast to most other HfIX GTPases, such as the E.
coli HfIX and the human homolog PGPL, SsGBP lacks the relatively poorly
conserved fifty amino acid extension at the C-terminus, and therefore
represents a minimal size variant within the HfIX family (Fig. 2). Native mass
spectrometry revealed that SsGBP is a monomer in solution with a mass of
416049 + 1 Da (theoretical mass 41603 Da), which corresponds to the
monomer observed in the crystallography asymmetric unit. SSGBP remained
in the monomeric state after incubation with different nucleotides (GMP, GDP,
GTP, GppNHp).

HfIX domain

The HfIX domain can be subdivided into two parts. Residues 1-99 (subdomain
[) form a four-stranded parallel B-sheet (HB1-4) flanked by two a-helices on
either side (Hal-4). Residues 100-178 (subdomain II) make up an anti-
parallel coiled coil of two long a-helices (Ha5-6) that connect the HflIX domain
to the G-domain (Fig. 1A). The connecting stretch of amino acids (residues
166-178) that links the domains was disordered in both the apo and GDP-
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Structure of an HfIX GTPase

A Subdomain |

G domain

Switch | ___ P-loop
/

Switch Il

Figure 1: Overall structure of SsGBP. (A) Ribbon representation of the SsGBP structure. Three
domains are distinguished: HfIX subdomain | (residues 1-99, green), HfIX subdomain Il (residues
100-165, yellow), and G-domain (residues 179-356, blue). The latter contains the P-loop region
(magenta) and the switch Il region (red). (B) Topology diagram of SsGBP showing the connectivity of
secondary structure elements and domain organization.

Four Cd?* ions were found in the asymmetric unit of the apo and the GDP-
bound SsGBP crystals, one of which was found in the nucleotide-binding
pocket (Fig. 4A). In the GDP-bound structure, the Cd?* ion in the nucleotide-
binding pocket is located at a distance of 4.5 A from the Mg?* ion. The Cd?* ion
is coordinated by H97 from Hoa4, D232 from switch II, and four water
molecules (Fig. 4). The Cd?* ion originates from the crystallization buffer and
is unlikely to be biologically significant. Strong electron density was also
observed at the position corresponding to the 3-phosphate group of GDP in
the apo SsGBP structure. This density was interpreted as a sulfate ion from the
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Structure of an HfIX GTPase

I region of the G-domain (Fig. 5). Hal interacts with the P-loop and switch 11
by a hydrogen bond (E14-N189) and a salt bridge (E15-R238), respectively
(Fig. 5B). Ha4 and Ha5 form a three a-helix bundle with Ga2 of switch II (Fig.
5C). Furthermore D232 in the switch II region forms a hydrogen bond with
H97 in Ha4 (Fig. 5D). Some of the residues involved in the domain interaction
are completely conserved within the HfIX family, such as E15, L91, F94, A98,
A110, and N189 (Fig. 2) indicating that the inter-domain contact is a
conserved feature of HfIX GTPases.

Interactions between HfIX and G-domain reduce GTPase activity
Intrinsic GTPase activity has previously been reported for E. coli HfIX [9] and
its homolog in C. pneumoniae [11]. GTP hydrolysis was detected for SsGBP as
well as an N-terminal deletion mutant (SsGBP-G), but not a G-domain deletion
mutant (SsGBP-H), confirming that the detected GTPase activity for SSGBP and
SsGBP-G was not due to phosphatase contamination (Fig. 6A). A wide range of
GTP concentrations was further tested in Phosphate-release assays. The kcat
value for full-length SsGBP was 0.063 + 0.002 min! and the Kn, value 14.1 + 2.0
uM, showing that SsGBP is a slow GTPase with relatively low affinity for GTP.
SsGBP-G displayed a similar Kn value (12.9 + 0.8 uM), whereas the substrate
turnover rate ke: was 24-fold increased (1.54 * 0.01 min?) (Fig. 6B),
indicating a reduction of activity of the G-domain by the HfIX domain in the
full-length SsGBP.

DISCUSSION

HfIX GTPases belong to the TRAFAC class of GTPases, and are widely
distributed in the three domains of life [3, 5]. Despite their ubiquitous
occurrence, the physiological function of this class of proteins is relatively
poorly understood. SsGBP is a monomeric protein like its E. coli homologue
HfIX [9] and its structure displays two domains as has been predicted [3]. The
structure of the C-terminal G-domain closely resembles that of many well-
characterized GTPases such as GDP-bound human Ras (PDB:ID 4Q21, RMSD
2.8 A) (Milburn et al,, 1990). Structural homology searches for the N-terminal
HfIX domain on the other hand revealed only weak similarity to structures in
the protein databank. The positively charged patch at the surface of the HfIX
domain suggests that HfIX GTPases interact with nucleic acids. The strict
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Structure of an HfIX GTPase

conservation of several residues that make up the positive patch (K104, K147,
K150 and R152) shows that this is an important structural feature of the HfIX
family. Recent studies have shown that the E. coli and C. pneumoniae HfIX
associate with the 50S ribosomal subunit [10, 11]. We therefore hypothesize
that the HfIX domain interacts with ribosomal RNA via the positive patch. In
contrast to the majority of TRAFAC GTPases that interact with the ribosome,
the binding of E. coli HfIX to the large ribosomal subunit is not restricted to the
active state [10]. This is consistent with the observation that the archaeal
homolog SsGBP exposes the positively charged patch in the inactive state.
Similar to E. coli HflX, SsGBP binds to the 50S ribosomal subunit independent
of the bound nucleotide (Blombach, unpublished results). In line with our
hypothesis the HflX-domain is required for ribosome binding by E. coli HfIX
[10]. RNA-binding domains are a common feature of many TRAFAC GTPases
involved in ribosome assembly or biogenesis, but unlike the G-domain, the
RNA-binding domains generally belong to a variety of protein families. The
Obg family for instance contains two types of RNA-binding domains: TGS in H.
influenza YchF [37] and OCT in Thermus thermophilus Obg [38]. Our structural
data suggest that the HflX-domain likely constitutes a new type of RNA-
binding domain.

The switch I region of SsGBP is disordered in both the nucleotide-free
and the GDP-bound forms. Similar structural flexibility is observed in many
other GTPase structures such as T. thermophilus elongation factor G [39, 40].
Together with switch II, the switch I region of the G-domain is known to
change conformation upon binding GTP, exerting the “molecular switch”
function of the G-domain and setting it in the active state. In some multi-
domain GTPases, this conformational change is thought to trigger further
protein rearrangements driving a biological process. Structures of several
other GTPases such as Obg [41], Era [42] and EngA [34] have revealed that
switch I- and II-mediated interdomain interactions are a common theme. For
instance, EngA is thought to undergo conformational changes upon GTP-
binding, affecting the relative position of the domains, thereby controlling its
interaction with RNA [34]. The switch II region of the N-terminal G-domain of
EngA appears to play a central role in this transition. Although we did not
obtain the SsGBP crystal structure in its GTP bound state, we speculate that
rearrangements of both switch I and II could reposition the HfIX domain.
While the switch regions can adopt various conformations in the GDP-bound
state, their position in the GTP-bound state is usually very similar [2]. Given
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Figure 6: GTP hydrolysis. (A) GTPase activity of full-length SsGBP, the G-domain deletion mutant
(SsGBP-H), and the N-terminal deletion mutant (SsGBP-G) as detected by thin layer chromatography
using [a-32P]-GTP. (B) Substrate dependent activity at 50°C of SsGBP and SsGBP-G measured by
phosphate release assays. Error bars represent 1x standard deviation.

SsGBP, the domain interface includes switch Il and the P-loop. Binding of the
ribosome or a ribonucleoprotein complex to SSGBP might similarly lead to
structural rearrangements in SsGBP favoring GTP hydrolysis. Interestingly, the
interdomain interactions of SsGBP reduce GTP hydrolysis at the G-domain and
may provide control mechanism, possibly by holding switch II in a
conformation that is unfavorable for GTP-hydrolysis.
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Ribosome binding of an archaeal HfIX GTPase
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Ribosome binding of an archaeal HfIX GTPase

Introduction

GTPases of the translation factor-related (TRAFAC) class drive a broad range of
processes related to the ribosome, from the assembly of ribosomal subunits to
the control of the mature ribosome during all phases of translation [1-3].
GTPases are generally considered to work as “molecular switches” changing
between an “active” (GTP-bound) and an “inactive” (GDP-bound)
conformation. The nucleotide-bound state thereby governs interactions with
effector molecules, while this state itself is governed by factors influencing
hydrolysis and exchange of guanine nucleotides [4].

Several TRAFAC GTPases have recently been shown to interact with
mature ribosomal subunits or their precursors. For example, binding of GTP to
the C-terminal GTPase domain of Escherichia coli EngA is a prerequirement for
the interaction of EngA with ribosomal subunits, while a second, N-terminal
GTPase domain of EngA regulates the specificity for 30S and 50S ribosomal
subunits and 70S ribosomes [5]. In the case of Bacillus subtilis YIqF /RbgA and
E. coli YjeQ/RsgA binding to 50S and 30S ribosomal subunits, respectively,
appears to stimulate the GTPase activity that hence might trigger its release
from the ribosomal subunit [6-8].

Interactions of TRAFAC GTPases with ribosomal subunis might thus
play different roles in the “molecular switch”-function of these GTPases. The
GTPase activity of E. coli HfIX is also stimulated by its interaction with the 50S
ribosomal subunit, but this interaction takes place both in the GDP-bound and
GTP-bound form of the GTPase [9], leaving it unclear what triggers the release
of HfIX from the 50S ribosomal subunit and what is the function of GTP
hydrolysis. The structure of an archaeal HflIX ortholog termed SsGBP from
Sulfolobus solfataricus revealed a prototypic N-terminal “HflX-domain”, that
was predicted to function as RNA-binding domain (Wu et al,, 2009), analogous
to the RNA binding domains present in other multi-domain GTPases [10, 11].
The two flexible “switches” of the C-terminal G-domain are positioned at the
domain interface suggesting that conformational changes of the “switches” in
response to exchange of the bound guanine nucleotide will result in greater
structural rearrangements. This is likely to include a repositioning of the N-
terminal HfIX domain [12], similar to what has been observed for other
TRAFAC GTPases [13]. Additional evidence for such a structural
rearrangement in HfIX GTPases comes from the different binding kinetics of E.
coli HfIX for GTP and GDP [14].
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KCL. Protein concentrations were determined using the Protein assay (BioRad)
based on the method by Bradford.

Fractionation of cell lysates on sucrose density gradients and in vitro
translation

S. solfataricus strain P2 cells were grown on modified Brock medium
supplemented with 0.1% (w/v) tryptone and 0.4% (w/v) sucrose as
described [15]. Cell lysates were prepared as described previously [16]. 70S
ribosomes were obtained by chemical crosslinking of cell lysates
programmed for translation as described previously [16] with the following
modifications: 100 pl in vitro translation assays contained 480 pug cell lysate
(referring to the protein concentration measured by Bradford assay), 4 ug
orf104 mRNA, 0.24 A260 units bulk Sulfolobus tRNA, 1.8 mM ATP, 0.9 mM GTP,
4 pl 1 mM amino acids mixture without methionine (Promega) in 20 mM
TEA/KOH, pH 7.4, 20 mM MgOAc, 10 mM KCl. Samples were incubated at
73°C for 30 min and placed one ice. 70S ribosomes were stabilized by
addition of 1% (v/v) formaldehyde and further incubation for 30 min on ice.
The samples were then loaded on 10.5 ml linear 10% to 30% sucrose
gradients in 20 mM Tris-HCl pH 7.4, 40 mM NH4Cl, 10 mM MgClz, 1 mM DTT
and centrifuged for 4 hrs at 36,000 RPM in a TST41.14 rotor (Kontron
instruments). Gradients were fractionated and proteins were concentrated by
TCA-DOC precipitation. Pellets were dissolved in 25 pl 2x SDS-PAGE loading
buffer.

Isolation of ribosomal subunits

Ribosomal subunits from S. solfataricus were isolated as described previously
[16]. After separation on 10% to 30% sucrose density gradients, the isolated
subunits were concentrated and purified from sucrose by ultrafiltration
(Vivaspin, MWC030000). The concentration was determined based on the
absorption at 260 nm using conversion factors of 60 pmol 50S ribosomal
subunit per A260 unit and 70 pmol 30S ribosomal subunit per A260 unit.

Ribosome binding assays

Assays of 80 ul contained 80 pmol SsGBP, 80 pmol of purified LSU, and 100
uM of the respective nucleotide in 20 mM Tris/HCI pH 7.4, 40 mM NH4Cl, 10
mM MgOAc, 1 mM DTT, 5% glycerol. Samples were incubated at 50 °C for 15
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proton spectra were recording on an 18 pM 50S sample, with varying
concentrations of SsGBP. The water suppression was done via an excitation
sculpting on water. Processing was performed using Topsin 2.4 and nmrpipe
[19]. Proton transverse relaxation was measured via the oneone spin echo T2
experiment [20].

Nucleotidase activity assays

20 pl assays contained the indicated amounts of GTP or ATP supplemented
with a trace amount (8.25 nM) of [a-3?P]-GTP or [y-32P]-ATP in 20 mM Tris/
HCl pH 7.4, 50 mM NH4Cl, 10 mM MgOAc, 8 % glycerol, 1 mM DTT. The amount
of SsGBP was adjusted in such way that approximately 10% of the nucleotides
were hydrolyzed in the individual assays to ensure reliable quantification and
minimize inhibition by GDP. Samples were incubated at 50 °C for 20 min, after
which 4 pl was withdrawn and added to 10 pl ice-cold stop solution (20 mM
EDTA) and 1 pl of this mixture was spotted onto PEl-cellulose thin layer
chromatography plates, resolved and detected as described previously [21].
Signals were detected on phosphor storage screens (Kodak) and the Quantity
One software package (BioRad) was used for the quantification of the spots.
For each individual lane the amount of nucleotide hydrolysis was calculated
and average values were calculated from at least two parallel experiments.
Values were corrected for the amount of nucleotide hydrolysed in samples of
identical composition with buffer replacing SsGBP.

Results

Localization of endogenous SsGBP

To get a first insight into the physiological function of SsGBP, we tested for co-
migration of endogenous SsGBP with 50S ribosomal subunits during cell lysate
fractionation on sucrose density gradient because such an association had
been observed previously for the E. coli HfIX ortholog [9]. Free 30S and 50S
ribosomal subunits can readily be obtained from S. solfataricus cell lysate by
sucrose density gradient centrifugation, whereas 70S ribosomes are not stable
and readily dissociate into 30S and 50 ribosomal subunits during sucrose
density gradient centrifugation [16]. S. solfataricus 70S ribosomes can be
obtained by programming the lysate for translation and subsequently

47



EARbeISEF

eef XHXP?h AG 13 pl f A - TERRGPREGA X2 MG BT eR@EZeRRIRR d
1 AXff B AG G kEZpA- e-1 ERRTETXAGPRXPRARNAGA X7 PEHE @
PeRREZ PleRpPRRIZZIGRL t p- SA DI BG P14 - eAA XA -e-1
a Pe MR ERE: - eGRRATXEZX AR p- XK RIPANRCD 0 A1 BERA PXGe M@
wk PIERIAZR Plgiivww il ABTEEZe(ef: RGTeRZEA A1 GRIER ZpGa @R A @ - fERTEpR)
a Gm 1 t s MZeAReMX B @prGA XA AG @ P kADE- e- 1 ABTETXAG

PIARpeL p- 1 XPEG RRff eREREE pApzXeflIGA XEAXER PRRPRAHEK ef2IGA X2
Peelf erfly - TX(A @perpA- e- 1 FRTRATXAeR@ Pe@G XEf MPATRRERXED - e(@
pi- e-1 EFRTEATXARE: pt - pAEEEXE KkeZpA- e- 1 RPeitRelR@@RF d
a 5 0BG PXAXPR BEERL kEEpA- e-1 RReTRATXAGREAT@®@X- GZa A BIG BRlj KER
pA- e-1 EeilPTpG - TIEAK- ERRERRERERREXS F- X PzpHERaG
t - eAA XEBEAIR Bgi

3mmegni 30 AMIRRuvSEEMi nh  PRhgRg3R® bRIrZm
d ApPGA X BEXE- PRX- TelRelRRRR A KERpAel- e- 1 EAPETRTXARIKE
eTEp- elPPPRKeAT ARpRAAK ePET PR Al BG 2 KRR
pAZ- e- 1 EFERTETX AwirEX- PG ArdAX DX MZeclf efh /G | EAPX(@
ReREBEXEE TpAARE k- e- 1 EFRTETXAR pl BB

2-1 t{CkPe XeGGTERRIAT k APRRX PERERReR PR Pe@Ek
@1 PBe@@Eul KEEE- e- 1 ERZeTETXARE 1 t fis BT elPREX e AT PEpRZAX (2
EPX AT ERIGA XiPReRIPIRIRA Fe ERIFRG PRIAXRRR(EETT B FG TpAZEE kEEp/AL- e- 1
eTATXARX PG BpRE plAG K- Xd f Blp- ff r PRIPREIR RdZX 2f-
[t t BEt REAIE PGt - MelPIPE Pe@RIFA: RARA: & PA kEEA- e-1 EIRTETXAER
Belh PAREAZIBAZIGIET X PRI e B(RIZPE PXX AR 1 t Ppli B PRA A P G
t peEX P77 - [ AT EX AP XTEFE GPeill MA  ATpl pReTfGed a -
EXE- PEX- TelZelRERa EXEpA- e- 1 RpEEAe- R |
XETERERRA A T Rizet PRGPRX TR GRIReRERER- (2 - a Xgil

X@ @G XPPRd2- 1 RXPRAIRK- (RE- fA @
CeRRRA: @ FA kEHA- e- 1 ERTETX ARKPARGK R PERN)A@- 1 X Red BpGa @R
[ kEpA2- e- 1 EBTETXATARA R @pZERE Al B 2REARM gi

Bl AR B ST STEREE 3RATESHISMI i DRgEg3R

X EXPReGERET: PA KEAT- - | BFETETX AR DA Fen IREK
| - pEERREARX TR EEX DGERpEe- XEXERRet PR eB t f BEst BpA EXGeE)
a PpPRREpp/eRE- TGEE PRIEATRTA X PEAVEX G-
.i. DR k¢ k@( Bkikl B k¢ k2] ved ipEl AR pplet - XEeAG REEt BpGeTfER- FIEE

(a
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hydrodynamic radius of 2 nm. The SsGBP protomer has a molecular weight of
41.6 kDa and we concluded SsGBP appears to be a monomer in solution as was
found also previously [12]. The observed relaxation of SsGBP corresponded to
a tumbling time of 30 ns. The expected tumbling time for a spheric particle of
the size of SsGBP is 15 ns. It is likely that large part of the relaxation resulted
from fast internal dynamic of the protein, exchanging between structural
states on a Ys timescale.

2D HSQC spectra of SsGBP alone were recorded at 25 °C and at 50 °C.
The spectrum at 25 °C was largely broadened but at 50 °C a large number of
disperse cross-peaks was obtained (Fig. 3A). The heterogeneity in cross-peaks
linewidth is very likely to occur from chemical exchange that the protein is
undergoing, as shown by the proton relaxation rate. Surprisingly, addition of
10mM GTP to the protein did not seem to cause any structural rearrangements
or stabilisation of SsSGBP. The GTP proton H8 could be detected in the NMR
spectra and it seemed to undergo a slow change at 50 °C as expected form the
slow GTP hydrolysis rate of SsGBP [12].

All binding experiments with 50S ribosomal subunits were performed
at 50 °C, and a mobile ribosomal protein gave rise visible peaks which are very
likely to come from the flexible L12 stalk as this is the only ribosomal protein
observable from E. coli 50S ribosomal subunits. In order to monitor the
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Figure 3: NMR spectra of SsGBP (A) °N-'H SOFAST-HMQC spectrum of SsGBP recorded at 50°C. The
relative broadening of the cross-peaks is discussed in the main text. (B) Proton 1D spectra of SsGBP
with 10mM GTP (top), SsGBP in the presence of 50S subunit and 10mM GTP (10-fold molar excess of
GTPase over the 50S ribosomal subunit, middle) and 50S subunit (bottom). The peaks labeled with a
plain circle and a triangle could be assigned to GTP (H1’ and HS8, respectively). The peak labeled with
a triangle is shifted to the peak labeled with a diamond upon GTP hydrolysis.

A 10-fold molar excess of SsGBP over 50S ribosomal subunits (in the
absence of GTP or non-hydrolyzable GTP analogs) did not allow detection of
the SsGBP signal, indicating that the interaction is weak with a Koff on the order
of several 100 s'1. Cross-peaks from the GTPase were also broadened beyond
detection in the presence of the non-hydrolyzable GTP-analog GppNHp with a
2:1 molar ratio of SsGBP over 50S ribosomal subunit.

Stimulation of GTPase activity by the large ribosomal subunit
Previously, the GTPase activity of SsGBP has been assessed by measuring P;
release by a malachite green assay [21]. Here we measured the GTPase activity
of SsGBP in a ribosome compatible buffer system and detected GTP hydrolysis
at 50 °C by thin layer chromatography. This method proofed to be more robust
concerning elevated level background GTP hydrolysis occurring in the
presence of ribosomal subunits of different purity.

The ke value for SsGBP in absence of ribosomes was 9.2*¥10* +

0.03*10* s! and the Ku value was determined to be 5.3 + 0.6 uM (Fig. 4A).
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Figure 4: GTPase activity of SsGBP and its stimulation by the 50S ribosomal subunit. Samples were
incubated at 50°C for 20 min with the indicated concentrations of GTP. For all samples GTP hydrolysis
was corrected for background occurring in absence of SsGBP under otherwise identical conditions.
(A) Substrate concentration dependent GTPase activity of SsGBP. (B) Time course experiment to test
for ATPase activity of SsGBP. Samples contained 7.5 UM SsGBP and 100 uM ATP or GTP. (C),(D), and
(E) Stimulation of the GTPase activity of SsGBP by ribosomal subunits with 250 UM GTP (C) Effect of
partially purified ribosomes on SsGBP GTPase activity. GTPase activity of SSGBP was measured in the
absence of ribosomes (1) and with 1 pM of ribosomes purified by 6 hrs sucrose cushion
centrifugation at 100 mM NHa4Cl (2) or 500 mM NHaCI (3). (D) Stimulation of GTPase activity of SsGBP
by isolated ribosomal subunit GTPase activity was measured in the absence of ribosomal subunits
(1), 1 uM 50S (2), 0.6 uM 30S (3), and a mixture of 50S and 30S ribosomal subunits. (E) Stimulation
of GTPase activity of SsGBP by increasing amounts of highly purified 50S ribosomal subunits after 13
hrs sucrose cushion centrifugation at 500 mM NHaCl.

stimulatory effect on the GTPase activity of SsGBP (Fig. 4E). This result
suggests that the stimulation of the GTPase activity of SsGBP might depend on
such an extrinsic factor that binds tightly to the 50S ribosomal subunit and is
only partially removed during the high salt washing steps. Although rather
unlikely, an alternative explanation would be that SsGBP itself stimulated the
GTPase activity of an extrinsic factor co-purified with the 50S ribosomal
subunit.
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Ribosome binding of an archaeal HfIX GTPase

subunits, but it cannot be ruled out that the observed association of archaeal
and bacterial HfIX orthologs with free 50S ribosomal subunits in cell lysate
does not completely reflect the in vivo situation.

Archaeal HfIX GTPases are two-domain proteins with an N-terminal
HfIX GTPase followed by a G-domain. Bacterial and eukaryotic HfIX GTPases
possess an additional C-terminal domain that is relatively poorly conserved
[21]. Both the N-terminal HfIX domain and the C-terminal domain of E. coli
HfIX are required for stable binding to the 50S ribosomal subunit [9]. Similarly,
the HfIX domain of Chlamydophila pneumoniae HfIX is required for stable 50S
ribosomal subunit binding but not sufficient on its own [27]. Because archaeal
HfIX GTPases only contain the HfIX domain as single putative ribosome-
binding domain, it most likely provides the major surface for interaction with
the 50S ribosomal subunit. This might explain why the HflIX domain of SsGBP
can bind to the 50S ribosomal subunit on its own.

The rate of GTP hydrolysis by SsGBP in the absence of ribosomes is
similar to that determined for E. coli HfIX (kcar = 8.4 x 10~* s71), but the extent of
the GTPase activity stimulation by ribosomes may differ, as the stimulation
observed for E. coli HfIX was in the range of 1000-fold [14]. Although the data
presented here might underestimate the extent of GTPase activity stimulation
for SsGBBP, it appears that the GTPase activation could be less pronounced for
SsGBP compared to E. coli HfIX.

HfIX GTPases possess a canonical G4-motif in the amino acid sequence
of the G-domain. The G4-motif normally provides binding specificity for
guanine nucleotides. C. pneumoniae HfIX possesses GTPase activity that is not
inhibited by ATP, indicating specificity for GTP [27]. In contrast, E. coli HfIX has
been shown to hydrolyse both GTP and ATP [9, 14, 24]. SsGBP possesses
specificity for GTP, suggesting that the ATPase activity of E. coli HfIX is not a
general feature of HfIX GTPases.

Two alternative mechanisms might explain the observed stimulation of
GTP hydrolysis by SsGBP after binding of the 50S ribosomal subunit. The
crystal structures of SsGBP revealed extensive interactions between the HfIX
and the G-domain including several key elements of the G-domain involved in
guanine nucleotide binding and hydrolysis. Deletion of the HflX-domain led to
a sharply increased rate of GTP hydrolysis (24-fold) [21]. It seems therefore
possible that binding of SsGBP to the 50S ribosomal subunit loaded with an
unidentified extrinsic factor causes alterations in the interdomain-interactions
and provides the G-domain thereby with greater structural flexibility required
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Phenotypic analysis of MBF1 from the archaeon
Sulfolobus solfataricus reveals a regulatory
function beyond the level of transcription

Bart de Koning?, Fabian Blombach?, Rie Matsumi®?, Sonja V. Albers3, Pawel
Sierocinskit, Olga Pougovkina?, Thijs J.G. Ettema?, Harryuki Atomi?, Martine
Roovers?, Stan J.J. Brouns?, and John van der Oost!

1 Laboratory of Microbiology, Wageningen University, Dreijenplein 10, 6703 HB Wageningen,
Netherlands

2 Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,
Kyoto University, Kyoto, Japan

3 Independent Junior Research Group Molecular Biology of Archaea, Max-Planck-Institute for
Terrestrial Microbiology, Marburg, Germany

4 Institut de Recherches Microbiologiques Jean-Marie Wiame, Brussels, Belgium

manuscript in preparation

59



BCE4dex>

PIRIsUNA u

h yiBlcc s PRyt B Pec@REe [ RIRZo adB AERo PR @tai ] A i Reo 22
@ o[h t o 2o BBclc h{li Bt a Phe hPlyit a2l o2t n y éZMec@ Pyt oc RlellR i
yit ERcc ol Ao Ph PRo @ in Za t oo @i PRIZEIZED [t oai Pcarlil o BIZL caZo @ o 1T
12021 ezt o MARAPCEE | t PZcclc i Py e PZh t orfdi Pocl yat oMo BE Pocezh t o-Ccda efl
o ac o o PBEIEE cPZba By RaPZla?Phlazizc PZh ZBRy i t RRccPcll oRRi
[t oai t eZIZIABM PZIEBH o clZl s PIAF i t alZl o culfl [zo 2 i@l eb
yitaZol@i AR oRARA i f EkE AEf - WezhE cBE PRSBER ocli s AR o RaEEz PR b
21 hEl Bt a Bl2e o PRI il Bt a PR 2R PIRIEC2RIERO P Ry t i aZiZiRbt PIERS RIREE t €22 o 2
aiPocl yatoA R €7t orfZBAcalZle c? o PR (2o (1 (i o alZhBy [ [ [
aPocll yatoldllEl ezt i cfoEAPREZIZELZt MA ol o ¥ it a2 oufl @A a t o2 oh
t @BERca® ARf @  aZZi Poce?a t o A PZe aBAAZCFIRR0 A Ry t i aZlZhiek Plos Pca
yt cc DA t e?A AR DIEf @ i alt e BcBo G Pocl yat ooz PoceZha t o
f APPIRRR PRo PR A cil yat ofn 1 aZoal?l o Paleze F Zo Bi PRIERE o 2 ZREREE
PRITRARIPE PARP Pocl yat n BRlyit 4 d2c PRHzCalo tf aPElt o at oc Bs Pk
todBm oti M @ik Po PR @z PlEoBl n RE Mo PzlacRr P Po alddtal [ oulllt f s Plidal
@1 o AZAZ Rz PRI n [P Prai B o PR @Ry it e o PRRREEE PRck yt ol
aloci @tn A PREtEh on 2 1 n 1fizo RRRYy B clit @R tiPRERoc a s izt 2
cala t ol By PIZcPtai Pt @] ePa®n ah t olXtai Peciifcd Pt Ee Btctn
al7i 7 oPAPba @ t a PRy Fi t n t n BA oWz cl o PH
n [Zamt afAPHERIPIRS Pl @i Pocll ya t orfffl aflPh?iRi MhERRReS Pdl @i PocdZa t ou




Phenotypic analysis of archaeal MBF1

Introduction

The evolution of life has resulted in numerous regulatory systems to
differentially gear cellular processes, in order to reach the highest possible
metabolic efficiency. In general such control mechanisms are important for
regulation and integration of the entire metabolic network, but in particular
this is true for the processing of genetic information: (i) replication to copy
parental genomic DNA for offspring cells, (ii) transcription to express genes
and generate corresponding messenger RNAs, and (iii) translation to convert
the RNA message into proteins. Major progress has been accomplished in
revealing the mechanistic details of these systems. Moreover, it became clear
that the degree of conservation of macromolecules (proteins, rRNA) that are
associated with information processing in the three domains of life - Bacteria,
Archaea and Eukaryotes - is higher between the archaeal and eukaryotic
domain than between the others [1-13].

During the past decade, archaeal information processing systems have
been used as models to study the more complex eukaryotic counterparts [6, 8,
11]. In contrast to the increasing knowledge gathered about the basic archaeal
information processing machineries, the global regulation of these
machineries is relatively poorly understood. Apart from bioinformatical
evidence on global networks in Archaea [14-16], little experimental data is
available on how the different information processing systems are coordinated
and integrated. In order to understand global regulation in Archaea and to
identify the factors involved therein, it is of particular interest to study those
candidate regulators that show a high level of conservation across the archaeal
phyla. Given the extended homology between archaeal and eukaryotic
information processing machineries, it seems possible that regulators
mediating between the different information processing machineries might
have remained conserved in both Archaea and Eukaryotes.

The helix-turn-helix (HTH) motif is a ubiquitous motif found in many
proteins functioning as transcription regulators or basal transcription factors
[17]. In 1999 Aravind and Koonin described that the only classical HTH
protein that is conserved in all Archaea and Eukaryotes, based on complete
genome sequences available at that time, was a small protein called Multi-
protein Bridging Factor 1 (MBF1) [18]. A recent reanalysis of the phylogenetic
distribution of MBF1 confirmed its strict conservation in the archaeo-
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necessary for growth on lactose as carbon source [35], and S. solfataricus
Ambf1 (Ambf1).

Ambf1 was produced as follows. Flanking regions of mbf1 (SS00270)
and the lac§ gene including promotor and terminator regions were amplified
by PCR from genomic DNA using the following primers: for lacS amplification
BG2009 and BG2010, for the upstream flank BG2019 and BG2020, and for the
downstream flank BG2017 and BG2018 (Table 1). The suicide recombination
plasmid pWUR443 was made by introducing the lacS gene placed between the
upstream and downstream flanks of mbf1 into the multiple cloning site of
pUC29.

Electroporation of S. solfataricus was performed as described
previously [36]. Electrocompetent S. solfataricus PBL2025 cells were prepared
from cultures grown on Brock's medium with 0.1% tryptone and 0.4% sucrose
by washing the cells twice with 20 mM sucrose water. Plasmids were used to
transform 50 pl of the competent cells by electroporation (2 mm, 1.5 kV, 400
Q, and 25 pF). After electroporation, cells were immediately transferred to mQ
water and placed for 1 minute on ice, followed by an incubation step of 10
minutes at 75°C. Cells were transferred to prewarmed medium containing
0.4% lactose. After initial
growth cells were transferred to fresh 0.4% lactose containing medium, grown
again to an optical density at 600 nm (ODeoo) of approximately 1.0, and plated
on gelrite plates containing 0.1% tryptone. The presence of lacS was tested by
spraying the plates with X-gal solution (5 mg/ml in 20% DMF-water). Blue
colonies were picked, grown in tryptone containing medium, and analysed for
the presence of lacS and mbf1 by PCR. Genomic DNA was isolated using the
QuickPick SML gDNA Kit (Bionobile). Plating and culturing were repeated until
homogeneous cultures were obtained.

S. solfataricus growth

S. solfataricus strains were grown in modified Brock's medium at 75°C using
an incubator (New Brunswick) shaking at 120 rpm, or an oil bath (New
Brunswick) at 180 rpm [37]. 0.4% sucrose and 0.1% tryptone were used as
carbon source. To avoid evaporation Erlenmeyer flasks with elongated necks
were used. In addition S. solfataricus was grown in tubes (30 mm diameter)
containing 20 ml medium and closed with Silicosen T-32 plugs (Hirschmann
Laborgerdte) to reduce water evaporation. Growth was monitored by
measuring the ODeoo in a Hitachi U-1500 spectrophotometer.
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labelled using Alexa dyes 647 and 555 (Invitrogen), and hybridized to a 70-
mer oligonucleotide DNA microarray containing 8,860 spots, covering
approximately 3,500 S. solfataricus genes, in duplicate (Ocimum Biosolutions).
For mbf1 two different oligonucleotides were included. Arrays were scanned
using a GenePix Pro 4000B scanner (Axon), and data was analysed using
GenePixPro 6.0 (Axon), Midas software (TIGR), and Excel (Microsoft).

Southern blot hybridization

Southern blots were performed as has been described earlier [38]. Genomic
DNA was extracted from Sulfolobus strains by phenol extraction as described
elsewhere [37]. Genomic DNA was treated with RNase A (10 pg/ml) overnight
at 4°C. Extracted DNA was digested with AflIl (New England Biolabs) and with
HindIIl (New England Biolabs), and transferred to a nytran membrane (Perkin
Elmer) via capillary transfer. DNA was immobilized by incubating the
membranes for 2 hours at 90°C. PCR-generated probes against mbf1 and lacS
(Table 1) were labelled with Digoxigenin using DIG High Prime according to
the manufacturer’s protocol (Roche). Prehybridization of the membranes was
performed by incubating the membranes 4 hours in hybridization buffer (50%
freshly deionized formamide, 5xSSC, 2% blocking reagent (Roche), 0.1% Na-
lauroylsarcosine, 0.02% SDS) at 60°C. Hybridization with the probes was done
overnight at 60°C in fresh hybridization buffer. Membranes were washed twice
in 2xSSC, 0.1% SDS, twice in 0.2xSSC, 0.1% SDS at 60°C, once in maleic acid
buffer (0.1 M maleic acid, pH 7.5, 0.15 M NaCl) with 0.3% TweenZ20, incubated
for 30 minutes in maleic acid buffer with 2% blocking reagent followed by an
incubation for 30 minutes in the same solution with Anti-Digoxigenin-AP
(Roche). Then they were washed again twice in maleic acid buffer with 0.3%
Tween20. After two final washes and in Assay buffer (100 mM
diethanolamine, pH 10, 1 mM MgCl;, 100 mM NaCl), membranes were
incubated with 1:100 diluted CDP-star in the supplied buffer (New England
Biolabs). Signals were captured on BioMax light films (Kodak) and films were
scanned with a GS800 densitometer (BioRad).

Immunodetection of S. solfataricus MBF1

Rabbit Antiserum against the C-terminal helix-turn-helix domain of S.
solfataricus MBF1 (residues 57-165) was generated at Eurogentec. To purify
the antibodies the final bleed was filtered through a 0.2 uM filter, purified over
Protein A-agarose (Sigma), and eluted at low pH according to standard
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Results

Disruption mutagenesis

The mbf1 gene has been reported to be the first gene of a larger operon in S.
solfataricus [19, 42] that also contains genes coding for an HflX-type GTPase
[43], the general transcription factor TFE [44], a DNA methyltransferase, and a
hypothetical protein. The expression of these genes could potentially have
been affected by the mbfl disruption as well. To avoid accidental
overexpression of these genes lacS and its promotor and terminator were
inserted in reverse orientation (Fig. 1A). Disruption mutagenesis of the mbf1
gene was successfully accomplished. The selection marker lacS was present,
while the mbf1 gene could not be detected by PCR after mutagenesis (Fig. 1B),
and Southern blot hybridization (data not shown). Immunodetection of MBF1
proteins also revealed loss of protein in case of the Ambf1 strain (Fig. 1C).

Growth characteristics

The conservation of mbf1 in all Eukaryotes and almost all Archaea suggests a
crucial function for this gene in the regulation of cellular metabolism.
However, growth of Ambf1 was not significantly different from the parental
strain PBL2025 under standard laboratory growth conditions (Fig. 2ZABC).
Comparison of PBL2025 with Ambf1 revealed similar growth characteristics
on media supplemented with different sugars or peptide mixtures as growth
substrates in presence or absence of additional vitamins (Fig. 2D).
Furthermore, Ambfl was able to grow on media containing lactose unlike
PBL2025 due the introduction of lacS as a selection marker during the
disruption process.

To test the survival of Ambfl during the stationary growth phase,
aliquots of a culture growing on 0.4% sucrose were transferred at different
time points to new medium (of similar composition) in duplicate and growth
was monitored. When the parental cultures entered the stationary growth
phase, this led to a significant increase in the lag phase of the newly
transferred offspring cultures, while this effect was less pronounced for
PBL2025 (Fig. 3).

A distinct phenotype for Ambfl was found in response to nutrient
stress. Transfer of Ambf1 and PBL2025 from medium containing tryptone and
sucrose to medium containing only sucrose as carbon source caused a
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Figure 2: Growth characteristics of PBL2025 and Ambf1 on different carbon sources. (A) and (B)
Growth of PBL2025 (black squares) and Ambf1 (grey triangles) on medium supplemented with 0.4%
tryptone and 0.1% sucrose (A) or 0.1% sucrose only (B). Average ODgoo readings are depicted (N=2).
(C) Average doubling times calculated from the growth curves shown in panels (A) and (B). (D)
Typical ODesgo reached after on day of growth on different carbon sources and partly supplemented
with Wollin vitamin stock. (N = 2).

literature. In order to test a role of archaeal MBF1 in transcriptional control,
we conducted a transcriptome analysis that could potentially reveal specific
transcription regulation patterns for MBF1. Transcriptome profiles were
compared between PBL2025 and AmbfI in mid-exponential growth phase.
Surprisingly, only few genes were differentially expressed apart from the
disrupted mbf1 gene and the introduced lacS selection marker gene (Table 2).
Down regulated genes include: two genes encoding hypothetical proteins, one
restricted to the Sulfolobales, the other more commonly found in

= 5 r10 Figure 3: Relationship between the age of the
% g parental culture and the lag phase of newly
T2 F1 e o transferred cultures (offspring). Lines depict
82525 ) g the growth of the parental cultures of
s 0,1 2 =4 PBL2025 (black line) and Ambf1 (grey line).
%) o g. Black squares and grey triangles depict the
L 0 . 0,01 % lag phase observed for the newly transferred
0 5 10 PBL2025 and Ambf1 cultures, respectively.

Age parental strains (days)
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Phenotypic analysis of archaeal MBF1

Table 2: Significantly upregulated and downregulated genes in Ambf1 in comparison to

PBL2025*
ID Annotation Log; ratio StDev

Upregulated

SS03019 Beta-glycosidase (lacS) 6.33 1.17
5502621 Hypothetical protein 1.40 0.51
Downregulated

SS02146 Conserved hypothetical protein -1.25 0.14
SS02693 Acylaminoacyl-peptidase, putative (apeH-3) -1.25 0.25
$S00270 Multiprotein Bridging Factor 1 -3.20™ 1.04
SS00284 Hypothetical protein conserved within Sulfolobales -3.43 0.50
SS02527 Prolidase (Xaa-Pro dipeptidase) (pepQ-like3) -4.18 0.41
SS02514 3-hydroxyacyl-CoA dehydrogenase/enoyl CoA hydratase -4.60 0.57
SS00872 Hypothetical two-domain protein conserved in Archaea -4.74 0.76

*Only spots that are considered significant (p < 0.01) and that are measured in more than 66% of the arrays
(minimum 8 out of 12) were taken into account.
“*Two different probes for mbf1 (Ss00270) were present on the array.

45, 46]. It has remained unclear how this phenotype is linked to the role of
MBF1 as transcription co-activator. In contrast, these results suggest a role of
MBF1 in translation fidelity, albeit by a so far unknown molecular mechanism.
In order to investigate whether the archaeal MBF1 affects translation fidelity
in a similar way, we tested the Ambf1 and PBL2025 strains for their sensitivity
to several ribosome-targeting antibiotics. Although the archaeal translation
machinery appeared to be rather insensitive to many antibiotics, a limited
number of antibiotics have been shown to inhibit translation or interfere with
tRNA selection in vitro [47, 48]. Neomycin, sisomycin, puromycin, and
tetracycline cause modest inhibition of translation [47], whereas
paromomycin causes misreading, but no inhibition of translation [48]. No
effect on translation was found for kanamycin.

Growth rates of Ambf1 and PBL2025 were compared in the presence of
varying concentrations of several different antibiotics. Neomycin, kanamycin,
and sisomycin did not appear to inhibit growth of PBL2025 even at high
concentrations (data not shown). Tetracycline and puromycin were found to
inhibit the growth of PBL2025 and Ambf1 equally (Fig. 6AB). Stock solutions of
tetracycline were prepared in ethanol. Control experiments showed that the
final ethanol concentrations in the medium did not result in growth inhibition.
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unpublished results). These results are in agreement with the fact that mbf1
mutants are also viable in a diverse range of eukaryotic species (yeast, fungi,
fruit-flies, and plants) [24, 32, 34, 52-54]. Hence, mbf1 appears to be a non-
essential gene.

The disruption of mbf1 in S. solfataricus leads to a prolonged lag phase
after exposing the cells to a diverse range of stresses. Generally, this could be
due to an increased rate of cell death during the exposure to stress conditions,
or to a slow adaptation of cell metabolism to a change in growth conditions.
The latter assumption is supported by the finding that in one case also the
growth rate of Ambf1 on standard medium was impaired, i.e. after washing of
the cells in sulfate deprived medium. Apparently the Ambf1 cells that survived
the treatment were still in the process of adaptation, while the PBL2025 cells
grew at a normal pace. Thus, although archaeal MBF1 is not directly involved
in carbon metabolism, it is involved in the rapid adaptation of cells to a change
in growth conditions. Notably, this matches observations made for several
eukaryotic mbf1 disruption strains that grow happily under standard growth
conditions but are more sensitive to different stress conditions. In yeast, a
Ambf1 is susceptible to histidine starvation and shows increased sensitivity to
antibiotics that target the ribosome. Under standard conditions, however,
normal growth is observed [32, 34]. In Drosophila melanogaster, a Ambf1
strain showed increased sensitivity to oxidative stress [24], while in
Arabidopsis thaliana deletion of the three mbfI paralogs results in reduced
thermotolerance and high stress susceptibility during germination and early
growth [52, 54].

Transcriptome analysis revealed that only a very limited number of
genes is significantly up or down regulated in S. solfataricus Ambf1. Moreover,
the regulated genes do not give a coherent picture concerning their
physiological function and they do not seem to be highly conserved as some
occur only in the Sulfolobales. Thus, they are unlikely to represent a regulon of
S. solfataricus MBF1. These results are therefore in marked contrast to the
prediction for MBF1 being a transcription regulator in Archaea, although it
cannot be ruled out that the role of the archaeal MBF1 in transcription
regulation is limited only to stress conditions. Moreover, transcriptome
profiles obtained from a Thermococcus kodakaraensis mbf1 disruption mutant
did not reveal any significant differences to the parental strain, with the sole
exception of mbf1 and the selection marker gene encoding a Anthranilate
synthase (Matsumi, Atomi, de Koning, and Van der Oost, unpublished results),
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An archaeal MBF1 ortholog binding to the ribosome

Introduction

Archaea and Eukaryotes share a common set of proteins involved in genetic
information processing (transcription, translation, and replication) including
several helix-turn-helix (HTH) proteins [1-3]. Most of these HTH proteins
carry out functions within the core transcription machinery in both Archaea
and Eukaryotes, with the archaeal orthologs revealing some features so far
unknown for their eukaryotic counterparts [4, 5]. The eukaryotic HTH protein
MBF1 (Multi-protein bridging factor 1) acts as transcription co-activator. It
transmits the signal from eukaryote-specific transcription factors to the
general transcription machinery by physically bridging them with the TATA-
box binding protein (TBP) [6-9]. Disruption of mbf1 in yeast leads to an
interesting phenotype: the sensitivity to ribosome-targeting aminoglycoside
antibiotics is altered and the rate of ribosomal frameshifting increases. The
molecular basis for this phenomenon is unknown [10-12].

The archaeal MBF1 ortholog has not been characterized

experimentally so far, but based on the evolutionary conservation of TBP and
MBF1 it was proposed that the two proteins interact in Archaea as well and
that the archaeal MBF1 ortholog functions in transcription regulation [7].
Eukaryotic MBF1 and its archaeal ortholog have different domain
compositions. The C-terminal HTH domain is flanked by an N-terminal MBF1-
specific domain in eukaryotic MBF1 or by an N-terminal Zn-ribbon domain in
archaeal MBF1 orthologs. The different domain composition might reflect
fundamental differences in transcription regulation between Archaea and
Eukaryotes [13]. Hence, some functional divergence between eukaryotic MBF1
and its archaeal ortholog may be expected.
In an attempt to get insight into the molecular function of the archaeal MBF1
ortholog, affinity purifications of interacting proteins were conducted for
MBF1 from Sulfolobus solfataricus. The result implied a direct interaction
between MBF1 and the 30S ribosomal subunit that was further studied in
some detail corroborating its physiological relevance. In contrast, no
interaction with TBP or other proteins of the transcription machinery could be
detected. Our findings implicate that the archaeal MBF1 ortholog has a so far
unknown role in translation.
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An archaeal MBF1 ortholog binding to the ribosome

with buffer A containing 250 mM imidazole. The elution fraction was
concentrated by ultrafiltration (MWCO 5000) and loaded on a HiLoad 16/60
Superdex 75 column (GE Healthcare) equilibrated in buffer A for size exclusion
chromatography. Elution fractions containing MBF1 were combined and the
buffer was exchanged by ultrafiltration to buffer B (20 mM Tris-HCl, pH 7.2, 50
mM NH4Cl, 10 mM MgOAc, 10% glycerol). Aliquots of the proteins were snap
frozen in liquid nitrogen and stored at -80 °C. MBF1-N and MBF1-C were
produced likewise.

For isotope labeling of recombinant proteins with >N for NMR studies,
the heterologous expression was carried out in M9 medium containing
I5SNH4Cl (Cambridge Isotope laboratories) as sole nitrogen source and 0.4%
glucose as carbon source. The purified proteins were finally transferred to 10
mM HEPES-KOH, pH 7.5, 40 mM NH4Cl, 10 mM MgCl;, 1 mM DTT for NMR
spectroscopy.

Purity of the recombinant proteins was verified by bis-Tris SDS-PAGE
and all proteins were quantified based on their absorption at 280 nm.
Extinction coefficients for the respective proteins were calculated according to
literature [19].

Generation of Anti-MBF1-C antiserum and labeling of antibodies
Rabbit antiserum against recombinant MBF1-C was produced at Eurogentec.
Antiserum from the final bleed was purified over Protein A-agarose (Sigma-
Aldrich), and antibodies were reacted with Digoxigenin-3-0-methylcarbonyl-e-
aminocaproic acid-N-hydroxysuccinimide ester (Roche) in a molar 1:10 ratio
according to manufacturer’s protocol.

Immunodetection of MBF1, MBF1-C, and MBF1-N

Proteins were separated by bis-Tris SDS-PAGE and transferred overnight to
Nitrocellulose membranes (0.2 um pore size, BioRad) in 10 mM CAPS, pH 11.0,
10% methanol at 10 V using a tank transfer system. Efficient transfer was
verified by staining of the filters with Ponceau S. Filters were washed twice in
TBS (20mM Tris-HC], pH 7.9, 150 mM NaCl) and incubated for 1hr in blocking
solution (0.2% i-block (Applied Biosystems), 0.1% Tween-20 in TBS). For
immunodetection of MBF1 and MBF1-C, filters were then incubated with anti-
MBF1 antibody diluted 1:500 in blocking solution for 1 hr. After three 15 min
washes in 50-100 ml TTBS (TBS, 0.2% Tween-20), filters were incubated with
anti-Digoxigenin-AP, Fab fragments (Roche) diluted 1:1500 in blocking
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coupled beads were added to 2 ml of further diluted cell lysate (0.5 to 4 mg
protein/ml) and incubated for 2 hrs at 4 °C in an end-over-end rotator. The cell
lysates were then transferred to a spin column and beads were washed
extensively with four times 500 pl buffer Y (20 mM Tris-HCl, pH 7.4; 105 mM
KCl; 20% glycerol; 0.1% Nonidet P40). Proteins were eluted with 100 pl of 2x
SDS-PAGE sample buffer. Equal volumes of N and '°N labeled elution
fractions were mixed and resolved by SDS-PAGE. Gels were stained with
SYPRO Ruby protein stain (BioRad) and lanes were cut into eight blocks for
mass spectrometry analysis. Gel blocks were destained for 30 minutes in 200
mM ammonium bicarbonate in 40% acetonitrile. Next, 15 ng of trypsin was
added to the desolvated bands and the samples were incubated overnight at
37 °C. The next day peptides were extracted using 100% acetonitrile and
extracts were dried down to completeness in a vacuum centrifuge. Peptides
were then redissolved in 0.1% trifluoroacetic acid and subjected to LC-MS/MS
analysis using a split-system Ultimate 3000 HPLC and a MaXis ultra high
resolution Quadrupole time-of-flight tandem mass spectrometer (MaXis UHR-
Q-TOF). Peptides were eluted from the PepMapTM column (C18, 75 um i.d. x
15 cm, Dionex) in a 20 minute gradient directly onto the mass spectrometer.
All data was acquired in profile mode. Bruker .baf files were converted to
mzXML files by CompassExport. Mascot Distiller then used mzXML files for
peak detection and quantification. Peak lists were searched against a database
containing the S. solfataricus P2 proteome sequences in fasta format
concatenated with a randomised version of the same database. A mass error
tolerance of 0.2 Da was used for both MS and MS/MS scans. The precursor
quantification protocol was performed using a >N metabolic incorporation
percentage of 98%.

In vitro transcription

Plasmid pWUR560 was linearized by digestion with Sacl and purified on
QiaQuick spin columns (Qiagen). In vitro transcription with the Megascript T7
kit (Ambion) and purification of transcripts on RNeasy spin columns (Qiagen)
were performed according to manufacturers’ protocols.

In vitro translation and formaldehyde crosslinking of 70S ribosomes

Cell lysates and in vitro translation reactions were prepared as described
previously [16] with following modifications: 100 pl assays contained 480 pg
of cell lysate (referring to the concentration measured by Bradford assay), 10
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Isolation of ribosomes and ribosomal subunits

Ribosomes were purified in buffer R as previously described and quantified
based on A260 absorption (1 A260 unit corresponds to 40 pmol) [16]. Isolated
30S ribosomal subunits were recovered from sucrose gradients by
ultrafiltration. 1 A260 unit was considered to correspond to 70 pmol 30S
ribosomal subunit based on a concentration of 70 pg per A260 unit and a
calculated molecular weight of about 1 MDa based on the genome sequence.

Ribosome binding assays

100 pmol recombinant MBF1 or MBF1-C was incubated with 100 pmol
ribosomes in 100 pl buffer A (20 mM Tris-HCI pH 7.4, 40 mM NH4Cl, 10 mM
MgOAc, 1 mM DTT) for 30 min. on ice. Samples were loaded on 10.5 ml 10% -
30% sucrose gradients in buffer A and further processed as described above.
Ribosome pelleting assays for the determination of the dissociation constant
for the MBF1-30S ribosomal subunit complex were carried out as described
previously [25] with 20 pmol MBF1 incubated with varying amounts of 30S
ribosomal subunit that was purified through a 500 mM NH4Cl sucrose cushion.
The amount of non-bound MBF1 was determined by immunodetection. The
linearity of signal with increasing amounts of protein was verified using
known concentrations of purified MBF1.

Nuclear magnetic resonance spectroscopy

All MBF1 and ribosome preparations were buffer changed to 10 mM HEPES-
KOH pH 7.3, 40 mM NH4Cl, 10 mM MgClz, 1 mM DTT. A 190 uM solution of >N-
labeled MBF1 was supplemented with 10% D20 and 0.033% DSS. NMR spectra
were recorded on a Bruker 700 MHz with an advance III console and a cryo-
probe. The fast HSQC pulse sequence was used, with a watergate 3919
sequence to suppress water. A spectral width of 30 ppm was used in the
indirect dimension, with 128 complex points acquired. The direct dimension
was recorded with 2048 complex points and a spectra width of 12 ppm. All
spectra were recorded at 25 °C. Pulse field gradient diffusion experiments
were carried out as described in Chapter 3.

Polyuridylic acid-directed translation assays
Poly(U)-directed translation assays were carried out as described above with
following modifications: mRNA was replaced by 20 ug poly(U) per 25 pl assay.
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Figure 1: Heterologous expression of S. solfataricus MBF1. (A) Coomassie stained Tris-Tricine SDS-
PAGE gel with 3.4 pg purified recombinant MBF1 and the isolated N-terminal and C-terminal
domains. (B) Size exclusion chromatography of purified recombinant MBF1 suggests that MBF1 forms
multimers.

Affinity purification of interacting proteins

To get some first insight into the physiological function of the archaeal MBF1
ortholog, we screened for possible protein interactors. High-throughput
screens for protein complexes by tandem-affinity purification did not identify
any complex that included MBF1 in yeast [29]. This suggests that MBF1 might
only form transient protein-protein interactions, but no stable complexes. In
order to identify also transient protein-protein interactions in our screen, we
combined a single-affinity chromatography step procedure with quantitative
mass spectrometry that allows to discriminate between specific interactors of
MBF1 and proteins binding to the column material only [30]. *N- or '>N-
labeled S. solfataricus cell lysates were incubated with recombinant MBF1
immobilized on NHS-activated sepharose beads or control beads, respectively.
After several washing steps the bound proteins were eluted from the beads
and equal volumes of N- and '®N-labeled proteins were combined. The
affinity-purified proteins were analyzed by mass spectrometry and those that
were enriched at least 10-fold when compared to the control beads, were
considered as possible interactors of MBF1. The vast majority of interactors
were proteins from the 30S ribosomal subunit, in addition a single protein
from the 50S ribosomal subunit could be confirmed to bind to MBF1 (Table 1).
Several other ribosomal proteins were identified, but it was not possible to
quantify the enrichment. Comparison between affinity purifications carried
out with #N- and '>N-labeled cell lysate confirmed reasonable reproducibility
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Figure 2: Relative enrichment of individual ribosomal proteins in the MBF1-affinity purification
experiment from S. solfataricus strain P2 cell lysate. 50% of the >N-labeled eluate from an MBF1-
affinity purification experiment was mixed with 4 pmol of purified 1*N-labeled ribosomes. Proteins of
the 30S and 50S ribosomal subunits are represented by closed and open circles, respectively.

of the experiment with a standard deviation of + 0.10 for the normalized
ratios.

In order to investigate further if specific ribosomal proteins were
enriched during the MBF1-affinity purification, we compared the level of
individual ribosomal proteins in the MBF1-affinity purification to intact
purified S. solfataricus ribosomes. 50% of the affinity purification eluate was
mixed with 4 pmol of ribosomes and analyzed by mass spectrometry (Fig. 2).
Overall, the results suggested a clear preference for the 30S ribosomal subunit
over the 50S ribosomal subunit. The relative amounts of ribosomal proteins
for each individual ribosomal subunit were similar for the affinity-purified
material and the purified ribosomes with the three exceptions. S8e, L10p, and
L7ae were significantly more enriched during the affinity purification. L7ae is
not only a component of the large ribosomal subunit, but also part of the RNA-
guided rRNA modification machinery [31]. The data suggests that in the
experiment intact 30S ribosomal subunits directly interacted with the
immobilized MBF1. There was no evidence that additional extrinsic factor are
required to mediate this interaction. Intact 50S ribosomal subunits may have
also bound to the immobilized MBF1, but alternatively the 50S ribosomal
subunits may have been co-isolated with 30S ribosomal subunits in the form
of 70S ribosomes.
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Figure 3: Expression of endogenous MBF1 during different growth phases of S. solfataricus strain P2
and its localization in cell lysates after sucrose density gradient centrifugation. (A) Expression of
endogenous MBF1 during different growth phases as detected by immunodetection. The upper
panel shows the representative growth curve of a S. solfataricus culture. The lower pannel shows the
immunodetection of MBF1 and the abundant nucleic acid binding protein Alba as control. (B) and (C)
Localization of endogenous MBF1 in cell lysate after 70 °C incubation (B) and cell lysate programmed
for translation and stabilized by formaldehyde crosslinking (C). The upper panel shows the
absorption at 260nm of the fractions after sucrose density gradient centrifugation to identify the
position of the ribosomal subunits. The lower panel shows the immunodetection of MBF1

immunodetection and Coomassie-staining (Fig. 1A). Deletion of the N-terminal
Zn-ribbon domain of MBF1 (MBF1-C) did not affect the ribosome interaction
(Fig. 4B), suggesting that the conserved HTH-domain might be sufficient to
mediate the interaction with the 30S ribosomal subunit. In experiments
carried out under the same conditions with MBF1-N, the protein was not
detectable, probably due to degradation during the high temperature in vitro
translation reaction. No inhibitory effect on ORF104 synthesis in in vitro
translation assays was observed after supplementation of up to 300 nM
recombinant MBF1 to cell lysate, which corresponds to a more than three
times increase compared to the amounts of endogenous MBF1 being present
in the assay (Fig. 4C).

Reconstituted complexes

To determine whether MBF1 directly interacts with the small ribosomal
subunit, we purified ribosomes at different salt concentrations. Levels of
endogenous MBF1 were below the detection limit for ribosomes purified
under low salt (100 mM NH4Cl) and high salt (500 mM NH4Cl) conditions.
Reconstituted complexes consisting of purified 30S ribosomal subunit and
recombinant MBF1 could be established with both low salt and high salt
washed ribosomes (Fig. 5AB). There was no clear separation between bound
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Figure 5: Interaction of MBF1, MBF1-C, and MBF1-N with purified ribosomal subunits. (A) and (B)
100 pmol of ribosomes purified at low salt (A) or high salt (B) conditions were incubated with 100
pmol of recombinant MBF1 or mutant proteins. Upper panel (1) shows a representative A260 profile
with the position of the ribosomal subunits. Lower panels show the immunodetection of binding
assays for MBF1 (2), MBF1-C (3), and MBF1-N (4). (C) Ribosome pelleting assay to test for co-
pelleting of MBF1 with 30S ribosomal subunits. The amount of bound MBF1 was determined by
immunodetection of the supernatant. Data were plotted as Scatchard plot assuming stable
dimerization of MBF1 where r is the fraction of occupied binding sites on MBF1 dimers and c is the
concentration of free 30S ribosomal subunit.

NMR studies of MBF1-30S ribosomal subunit interaction

In order to study in more detail how the two domains of MBF1 contributed to
the interaction with the 30S ribosomal subunit, nuclear magnetic resonance
spectra were obtained. The protein gave rise to a well resolved 2D HSQC
spectra. The recombinant S. solfataricus MBF1 encompasses 173 amino acids
including 4 prolines and the C-terminal Hise tag. 161 cross-peaks were visible
in the 2D spectrum (Fig. 6A).

The oligomeric state of MBF1 was characterized by proton T2
relaxation and diffusion experiments. The proton T2 relaxation gave a
relaxation rate of 30.46 Hz corresponding to a tumbling time of 8.6 ns. Based
on a sphere model for the Stokes equation and a 2 A hydratation layer, this
corresponds to a 24 kDa protein. The diffusion experiment showed
homogeneity of the protein preparation and the predicted molecular weight
for the diffusion is 15-16 kDa (making the same assumption as for the
relaxation concerning the molecular weight). These values would be
consistent with a monomeric state of the protein and were in contrast to those
obtained from size exclusion chromatography (Fig. 1B).

Purified 30S ribosomal subunits gave rise to a signal that was mainly unfolded,
comparable with the signal of ribosomal protein S1 from the E. coli 30S
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Figure 6: 'H->N HSQC of MBF1 in absence and presence of 30S ribosomal subunits. (A) Full-length
MBF1. (B) Full-length MBF1 and 30S ribosomal subunits in a 1:1 molar ratio (8 uM). (C) & (D) MBF1-
C. The cross-peaks marked with open red circles were broadened in the presence of 30S ribosomal
subunits, they could all be assigned to the C -terminal domain of MBF1. The cross-peaks marked
with blue circles could be assigned to the C-terminal domain of MBF1 but were not broadened in the
presence of 30S ribosomal subunits. The cross-peaks from the C-terminal domain of the full-length
MBF1 protein and from the isolated C-terminal domain (MBF1-C) exactly overlay.

misreading (Fig. 7A). Both the Ambf1 strain and its parental strain PBL2025
exhibited misreading rates of approximately 0.020 incorporated leucine per
phenylalanine in absence of antibiotic. Paromomycin significantly increased
the rate of misreading in both strains, but no significant difference in
paromomycin induced misreading was found between the parental strain
PBL2025 and the Ambf1 strain (Fig. 7A). The about 5-times higher misreading
rates observed misreading rates in PBL2025 and the Ambf1 strain might be
due to the deletion of about 50 genes in the parental PBL2025 strain [21].
Alternatively, it could be a phenotype of the S. solfataricus 98/2 strain from
which PBL2025 was derived.
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Neither the presence of synthetic RNA poly(U) nor tRNA appeared to affect the
stability of reconstituted MBF1-30S ribosomal subunit complexes (data not
shown).

Although our data suggest a function for the archaeal MBF1 ortholog in
the translation process, its exact role therein remains unclear. No inhibitory
effect on in vitro translation was found for recombinant MBF1. This might
indicate that MBF1 does not inhibit translation initiation complex formation,
which is the rate-limiting step of translation under normal conditions. Either
because MBF1 binding to the 30S ribosomal subunit is compatible with the
translation initiation complex formation or MBF1 associates at a later stage
during the translation cycle with the 70S ribosomes and still remains bound to
the 30S ribosomal subunit after subunit dissociation.

Because MBF1 is present only in substoichiometric amounts compared
to the ribosome, it might be present only on a sub-fraction of the ribosomes
engaged in translation. However, the fraction of ribosomes interacting with
MBF1 during translation could be higher due to rapid association and
dissociation of MBF1. Indeed, the dissociation of MBF1-30S ribosomal subunit
complexes during sucrose density gradient centrifugation as well as the
dynamic of the interaction as detected by NMR suggests such a highly
transient interaction. This could explain why eukaryotic MBF1 has not been
found to be associated with the ribosome so far. While our experiments point
to highly dynamic MBF1-30S ribosomal subunit complexes, this is not
necessarily true for an MBF1-70S ribosome complex that the co-migration
patterns of MBF1 suggest to exist. Unfortunately, the instability of
crenarchaeal 70S ribosomes prevented the reconstitution of MBF1-70S
ribosome complexes and their characterization.

The MBF1-30S ribosomal subunit interaction is mainly mediated by
the HTH-domain of the archaeal MBF1 ortholog. Using GST-pulldown assays
with purified recombinant proteins, an interaction between the C-terminal
HTH of yeast MBF1 and the general transcription factor TBP could be
demonstrated [6, 7]. We have not been able to detect any interaction of S.
solfataricus MBF1 with TBP in the affinity purification experiment using either
cell lysates (Table 1) or purified, recombinant TBP (data not shown). The
interaction between TBP and MBF1 might therefore have evolved in the
eukaryotic domain only, although co-evolution of TBP and MBF1 in Archaea
has been suggested [7].
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Findings

All Eukaryotes possess 3 distinct, multi-subunit RNA polymerases (RNAPS): RNA
polymerase | (transcription of 16S and 23S rRNA), RNAP Il (transcription of
protein-coding mRNAs), and RNAP 111 (transcription of 5S rRNA, tRNA and some
other small non-coding RNAS). Plants have two additional RNAPs involved in the
transcription of small interfering RNA [1].

RNAP 111 has counterparts (either identical or paralogous) to all subunits of
RNAP | and RNAP Il [2]. In addition, RNAP Il possesses the loosely bound
RPC82/RPC34/RPC31 sub-complex. This sub-complex is present in all
Eukaryotes, although RPC31 is missing in two major eukaryotic lineages
(Alveolates and Excavates) [3]. Transcription initiation by RNAP Il requires,
among others, the TBP and TFIIIB70 proteins. TBP is shared with RNAP Il, and
the N-terminal region of TFIIIB70 is homologous to the RNAP Il factor TFIIB,
whereas the C-terminal region is specific for TFIIIB70. The archaeal RNAP
(aRNAP) resembles RNAP 11 in its subunit composition [2]. Furthermore, the
aRNAP machinery employs the transcription initiation factors TBP and TFB,
which are orthologs and functional counterparts to the eukaryotic TBP and TFIIB/
TFIIB70, respectively [4].

In the RNAP Il and aRNAP machineries, TFIIB and TFB are thought to
recruit the RNAP directly to the transcription pre-initiation complex. In contrast,
RNAP 111 requires the RPC34 subunit to mediate the interaction between TFI1IB70
and RNAP Il [5-7]. Both the conserved N-terminal region and the unique C-
terminal region of TFIIIB70 contribute to RPC34 binding [6, 8]. Given the
conservation of RPC34 in all eukaryotes and its central role in the recruitment of
RNAP IlI to the pre-initiation complex, it seems likely that RPC34 played an
important role in the evolution of the RNAP IlI transcription system. To address
this possibility, we set out to identify potential archaeal homologs of RPC34.

Identification of archaeal homologs of RPC34

Using PSI-BLAST search [9] (against the RefSeq database [10], with default
parameters) with human RPC34 as the query (Gl: 149640989), we detected a hit to
a Cenarchaeum symbiosum (strain A) protein [Gl: 118575757 with E-
value=5x10] after the first iteration. Reciprocal search starting from the
Cenarchaeum symbiosum sequence [GIl: 118575757; 244-362 aa] identified the
first eukaryotic RPC34 homolog [GI:157138209 with E-value=4x10-10] after the
first iteration. All archaeal orthologs can be retrieved after the first iteration in the
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course of the same search (the complete information is available at http://
www.biology-direct.com/content/4/1/39). We identified apparent orthologs of
RPC34 in all crenarchaeal and thaumarchaeal genomes as well as in several
lineages of Euryarchaeota but not in Candidatus Korarchaeum cryptofilum OPF8,
the only Korarchaeote sequenced so far. None of these archaeal sequences are
annotated as RPC34 homologs in the Refseq database. In agreement with the PSI-
BLAST results, a Conserved Domain Database search [11] with various
crenarchaeal and thaumoarchaeal sequences as queries identifies the statistically
significant similarity (E-value ~0.001) of their C-terminal domain to a profile
pfam05158, RNA polymerase RPC34 subunit. A similar result was obtained using
HHPRED search [12]. For the same Cenarchaeum symbiosum A query, pfam05158
(RNA polymerase Rpc34 subunit) was detected with E-value=6.6x10-2%; in the
same HHPRED search, the sequence corresponding to the structure of human
RPC34 winged helix-turn-helix (wHTH) domain [PDB:2dk5] was detected with E-
value=2x10-1%. The next most similar family of wHTH-domain-containing proteins
was the MarR family of transcriptional regulators (pfam010470, with E-
value=1.2x10%). The latter observation is also consistent with the PSI-BLAST
search results of the HTH region of archaeal RPC34 orthologs in which MarR
family sequences were identified as the closest hits. Most likely, this relationship
between RPC34 and MarR is the cause of the misannotation of some of the
apparent archaeal orthologs of RPC34 as MarR family transcriptional regulators
[e.g. GI:18313992]. Thus, the N-terminal region of archaeal RPC34 orthologs
contains a wHTH domain, whereas the C-terminal domain is a distinct Zn-finger
domain shared with most eukaryotic RPC34 sequences.

The multiple alignment of the eukaryotic RPC34 sequences and their
archaeal orthologs reveals conservation of two regions (Figure 1a). In agreement
with the above observations, the first region corresponds to the N-terminal wHTH
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domain (with all structural elements of wWHTH, namely, three a-helices and two -
strands, preserved) whereas the second conserved region corresponds to the Zn-
finger domain with the unique CxXC-x(3-5)-C-x(4-10)-C signature. There are
substantial differences in the Zn-finger domain architectures of the euryarchaeal
domains, on the one hand, and the crenarchaeal, thaumarchaeal and eukaryotic
domains, on the other hand. In particular, the Zn-finger signature cysteines are not
conserved in all sequences from Halobacteriales. All eukaryotic sequences contain
a structured insert between the wHTH and the Zn-finger domains (according to
PSIPRED [13] secondary structure prediction) that probably represents a distinct
domain. Thaumoarchaeal proteins contain an extended region of low complexity
N-terminal of the wHTH domain.

ERaH ERIPEd PRI GHET CARRRIRRIu1FRA 3

We constructed a phylogenetic tree from the alignment of the wHTH and Zn-finger
domains of the eukaryotic and archaeal RPC34 orthologs, using the MarR family
WHTH domain as an outgroup (Figure 1b). Consistent with the apparent
synapomorphies in the Zn-finger domain architecture (see above), the phylogenetic
analysis shows that eukaryotic proteins group with crenarchaeal and
thaumarchaeal sequences with reliable bootstrap support, excluding all
euryarchaeal sequences (Figure 1b and Supplementary Figure 1). Moreover, the
eukaryotic lineage is rooted deeply within the crenarchaeal-thaumarchaeal subtree
(Figure 2), suggesting that eukaryotic RPC34 indeed originates from an ancestor
that belonged to this group of archaeal proteins.

B PRHGET EPRZRET RTTREER RPRERREIRRUIEA IRTHR6

To gain insight into possible functions of the archaeal RPC34 orthologs, we
analyzed the genomic context of the respective genes. In thaumarchaeal and
crenarchaeal genomes, the RPC34 genes co-localize and are predicted to be co-
transcribed with several genes for proteins involved in modification or processing
of tRNA and rRNA (Figure 1c). In the majority of crenarchaea, the RPC34 gene is
also potentially co-transcribed with a gene for a TFB paralog (COG1405).
Generally, archaeal genomes encode at least two TFB paralogs, so an intriguing
possibility is that the crenarchaeal RPC34 ortholog interacts with a specific TFB
paralog analogously to the interaction of eukaryotic RPC34 with the TFIIB paralog
TFIIB70. Genes encoding the euryarchaeal RPC34 orthologs, with the exception
of those from Halobacteriales, are predicted to be co-transcribed with genes for
Sm-like protein paralogs (COG1958). The Archaeoglobus fulgidus homolog Af-
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Sm2 has been shown to co-immunoprecipitate with RNase P RNA, and Sm-like
proteins are generally believed to form ribonucleoprotein complexes [14].

Possible role of the archaeal RPC34 ortholog in transcription

The genomic context of the archaeal RPC34 ortholog, as well as the analogy with
the eukaryotic RPC34, suggest that these archaeal proteins might be involved in
transcription of rRNA and tRNA genes. It has been shown that, in a reconstituted
in vitro transcription system from Sulfolobus shibatae transcription from rRNA and
tRNA promoters could be successfully initiated in the absence of the RPC34
ortholog [15]. Hence, there is no strict RPC34 requirement for recognition of these
promoters and recruitment of the aRNAP. Nevertheless, a regulatory role of this
protein in the transcription of structural RNAs by aRNAP appears likely. The
wHTH motif might mediate protein-DNA-interactions given that the eukaryotic
RPC34 was cross-linked to DNA in transcription initiation complexes [16] but, to
our knowledge, RPC34 has not been reported to contribute to promoter
recognition. Electron microscopy revealed the position of the RPC82/RPC34/
RPC31 sub-complex in the core RNAP Il close to the “clamp” formed by the N-
terminal part of the largest subunit, C1 [17]. The “clamp”-domain is conserved in
all multi-subunit RNAPs, but an RNAP Ill-specific region is thought to be
important for RPC34 binding specificity [3]. The archaeal RPC34 ortholog might
similarly recruit aRNAP to the transcription pre-initiation complex via the
“clamp”-domain and so enhance the transcription of structural RNAs.

On the origin of eukaryotic RNAP multiplicity
The detection of a RPC34 ortholog in Archaea suggests that the separation of RNA
polymerases into dedicated forms for the transcription of protein-coding genes and
genes for structural RNAs (eukaryotic RNAP 11 and RNAP 11, respectively) might
have evolved already in Archaea and was inherited by Eukaryotes from the
“archaeal parent”. In this scenario, the archaeal RPC34 ortholog would modulate
the specificity of the single aRNAP, whereas in Eukaryotes the specialization
deepened as a result of the duplication of the genes coding for other RNAP
subunits and general transcription factors. Experimental analysis of the functions of
the archaeal RPC34 ortholog will provide a direct test of this hypothesis.

The nature of the archaeal “parent” of eukaryotes is a wide open question
[18, 19]. Detailed comparison of individual functional systems allows partial
reconstruction of the gene repertoire of this elusive entity. With respect to the
transcription system, the present findings add to the other recent observations that
reveal the existence of RNAP subunits and transcription factors that are specifically
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shared between eukaryotes and Crenarchaeota, along with either Thaumarchaeota
or Korarchaeota [20-23].
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Methods

Sequence analysis
Refseq database at the NCBI [10] was used for PSI-BLAST searches. Database
searches were performed using PSI-BLAST [9] with default. We also used the
remote homology identification servers for CDD-search [11] and HH search
[12]. Multiple alignments of protein sequences were constructed by using
MUSCLE program [24], followed by a minimal manual correction on the basis
of local alignments obtained using PSI-BLAST [9]. Protein secondary structure
was predicted using the PSIPRED program [13].

Maximum likelihood (ML) phylogenetic trees were constructed from
the alignment of archaeal RPC34 orthologs (the position used for

Figure 3: Genome context analysis of archaeal RPC34 orthologs. Bold lines indicate possible co-
transcription (intergenic region < 100 bp). The genome of Sulfolobus solfataricus P2 contains a Garl
homolog (LocusTag Sso6830), which is not annotated as a gene, upstream of Sso0944.
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On the other hand, one cannot exclude the possibility that the archaeal RPC34 and related TBP are
not involved in transcription per se but play another fundamental role in archaeal RNA metabolism.
Interestingly, the archaeal RPC34 homologue is present in crenarchaea, thaumarchaea and
korarchaea but not in Euryarchaea, the latter containing a more distantly related homologue. This
indicates that the RPC34 was present in the last common archaeal ancestor and was later on lost in
euryarchaea. The authors suggest from their data that the specialization of RNA polymerase
between those transcribing coding and non-coding genes might have evolved already in Archaea and
was inherited by Eukaryotes from the “archaeal parents”. | previously criticized this notion of
archaeal parents, noticing that we don’t descend from Apes. Eugene Koonin correctly pointed out
that | was wrong since we are apes indeed! However, are Eukaryotes Archaea?? We don’t know. It
might be that Archaea are reduced proto-eukaryotes? In my opinion, it’s still a prejudice to consider
that Eukarya evolved from Archaea. | would say that the data presented in this nice paper indicate
that the RPC34 protein was present in the last common ancestor of Archaea and Eukarya. As an
alternative to the hypothesis proposed by the authors, it could be that this ancestor contained the
ancestor of RNA polymerase Ill and that this protein (but not RPC34) was lost in Archaea

(streamlining).

Authors’ response

We appreciate the constructive remarks and would like to briefly comment on only two aspects.
First, it is hard to agree that “one cannot exclude the possibility that the archaeal RPC34 and related
TBP are not involved in transcription per se but play another fundamental role in archaeal RNA
metabolism”. All we know about these proteins points to direct involvement in transcription, so this
seems to be a safe bet. Of course, our suggestion that they are involved specifically in structural RNA
synthesis is far more speculative. Second, about the “archaeal parent” of eukaryotes, very briefly,
because this issue is far beyond the scope of the paper. Although much of it is semantics, meaningful
distinctions can be made. Humans are indeed apes, the third species of chimpanzee by any
legitimate criterion used in evolutionary biology. By contrast, eukaryotes are not archaea for the
crucial reason that their genetic makeup is an archaeo-bacterial chimera. This is the reason why we
find it preferable to speak of the archaeal “parent” of eukaryotes rather than the archaeal ancestor.
This logic is not much affected by the exact nature of the archaeal parent — whether it was a typical
archaeon or a derived one with some evolved eukaryotic features.
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Summary and general discussion

factors and in Bacteria and Eukaryotes a major group of ribosome assembly
factors are GTPases of the translation-factor related class (TRAFAC). There are
only a few TRAFAC GTPases in Archaea that serve as candidates for a role in
ribosome assembly, as outlined in Chapter 1. In Chapter 2, one of those
archaeal TRAFAC GTPases, the HflIX ortholog SsGBP from S. solfataricus was
studied in structural detail. The crystal structure revealed a two-domain
arrangement including a prototypic HflX-domain that probably functions as a
nucleic acid binding domain. The presence of the HfIX-domain influences the
GTP-hydrolysing properties of the C-terminal G-domain. Overall, the enzyme
shows biochemical properties similar to other translational GTPases with slow
intrinsic GTPase activity and relatively low affinity for GTP.

Chapter 3 describes the interaction of SsGBP with the large ribosomal
subunit. Binding assays show that SsGBP similar to its bacterial orthologs
binds to the 50S ribosomal subunit both in GDP- and GTP-bound form. Apo-
SsGBP shows less stable binding. These results were somewhat unexpected as
no conformational changes were observed between the GDP-bound and apo-
SsGBP crystal structures whereas GTP-binding was predicted to drive major
conformational rearrangements (Chapter 2). In line with the prediction
derived from the SsGBP crystal structures, the HfIX domain provides a major
surface for the ribosome interaction of SsGBP.

In S. solfataricus the gene coding for SsGBP is co-transcribed with a
gene coding for an archaeal ortholog of the eukaryotic transcription co-
activator MBF1. Archaeal and eukaryotic MBF1 orthologs share a conserved
helix-turn-helix domain. Chapter 4 describes the results of a genetic approach
for the characterization of the mbf1 gene. It is shown that, at least under the
conditions tested, mbfI is not essential in the crenarchaeon Sulfolobus
solfataricus and gene deletion caused only a mild phenotype and little change
on transcriptome level. In Chapter 5 it is shown that the archaeal MBF1
shows properties that differ from the published data for its eukaryotic
ortholog. While no evidence was found for an interaction with the
transcription machinery, the archaeal MBF1 ortholog does bind to ribosomes
engaged in translation via the 30S ribosomal subunit. Intriguingly, the helix-
turn-helix domain of archaeal MBF1 provides the major binding surface for
the interaction with the 30S ribosomal subunit.

121



EREERWEA

(1 P12 Rlel] Elus nn 2

(21 Py @rReZPrEny dZgghl PRRdr s el PekERa ]l mEEdz: @igPnl Zh PEIZEEZE r m PgPEr m 2
[ SEdor Fowr a gl @Pkes
2P m 212 g AP el a PIdell 27 RPARIARERIER S Pidor eligir diPlz Del?t m B2
[ r Zefo 2R 1l [B22r agnl Fh ewlfR2IBEPgr B a PR
s DZeREdEelER Sar s al BdERZEEER y RloulZ well doEdEREEr el ezl
m PRI etk PIARr d2dZRIEr ePp@illy dPlgh effnr ary RlouZe@idr | y f2PeE
deleIZa efiIPh eREZeE a gt MPAPRREIRLR dellr ur Pigf@r @ SEdor el dr el g ru
eIPIy dr PZiggl 2 ik Pe@Pi @ dm e a M deZPd RRIZIEr RARAAEE ggl a fific Pimy 2R
m PdZRIPRIARR 2 2 @ y r Byr m PdZg PR B delir ur P GDigeRPIdZ PPRIZRIzL el
ed?h gPUF eff a @hr a P2 a Per AP [ delr ur P Dt d@2PERZRIZE @ delr ur P 1y [P
[ AR 2 AR r wm PdZgPRAR] [l a RENEARG" & delr ur PigHRrR AR PRIER R z [F AR m-2
eZARRAPEIEREh eRPRel a P EelZg kR RdRPIRREr der ur
(@ PRPPIARAZAE, [PH - A2l [ellzzly | @2l SEdor el
Plar e2Pd T eZdPigelz 27RE Pz m ZdPRREr eZ7]] gelgl SEdor eZgMir @r e
B a e2I% PRIPREy |2 PRZIPPZh PR P A d@E2IREA PdzzZge @ 2 AE r wm EdZgPRE] 2l a @2
s DEdPZEREIREEyY BT | a Efk full ePdTdzRPRZ Rz r m PO

FRERRR B m 2R R EIZS r d2AdRRIPR RERA r m 2l
(Org- PRurs glrr dzeRPRdzh PogBir ddzh PRI ERPIEPA PRIk Rz
PPz delr ur @I SEdor ey dr el2l? gff?] 21z PR a e elitlzh 21z eZdzigez P12
Rah (I P12 (R R PRl y Pid?h ewo B gl 22 PRIEIZL m ZdPRREr e22()
B P a gMEdRRRT MEEed e M a glidi P12 @l SPdor e fh AR dRRRREY) ) D7
Ph DITRE Pigfigr MPzh eRPT B2R® a wBSr d2d2ZIZRAREZ r mPgzn] Ph PRRIE: FRd
PR ARG R R dri ERGE [Zh PR dA a Red a PEpd
(17 @RI #h PR S Edor e @ defr u i@ alEral
r @ SEdor eI [gEdZh g e a Phiffy -2176[ Per difl ZiRe@Pdz PNy UlPRed a g2l
r [RERIPRRReT Pleliz PR m R PRZdZR Pz R [ AP a PeE a & @El SEdor e
B PP IZe BRI a gPdi PRARPLE -l da 2Pk R m Bl G ERARrIZZ e
B RRIEZN P12 B @ gr m PRI Pk PRy J@Re?ig @] SEdor eI @r]
Pk FPARIEE a Plilel aSars alifl a PEE a [ Rdzh gz a fRIRGEE rl JATEEE [ 21
s BRI Pghdi P a BRAPD R MRl Ph PR@d?h g a ECLZO) . [

d dogd PErg® e PEr @ deZIPATPeAg M2 | e@7ERz eZd?I7eE a 2
2R [ 2a B eRER gm Pull d@fr gr mEiel gl Bl a @ Pr ggEPhiz?
By Bdin Za egl@r MIZedm & PEzEEed ZH A2l AT my W @] Wifa Gl Artor 21
I T el RIFIZGERh @] PRZegA uoll gPIR [ PlelE Bed PH dZiifih @ dm Zed a [r ]
my W 2IF dm 212220 ReZPPRRRZEPRRRSs REZeRPRARZEdRRIGNEAd®r gr m 2R

kvv



Summary and general discussion

subunit [13]. Thereby one has to rely on the only structure for the small
ribosomal subunit available, this is the 30S ribosomal subunit from the
bacterium Thermus thermophilus. Recent advances in cryo-EM studies on
eukaryotic ribosomes from Thermomyces lanuginosus allowed to include all
ribosomal proteins with bacterial orthologs into the eukaryotic ribosome
model, but still those specific for Eukaryotes and Archaea are missing [14]. No
such model exists for the 70S archaeal ribosome or the 30S ribosomal subunit.
Any co-crystallization experiments for the MBF1:30S ribosomal subunit-
complex would therefore be confronted with the same problem. It might thus
be worth to test whether MBF1 is also able to bind to bacterial 30S ribosomal
subunits. Binding to the bacterial 30S ribosomal subunits could occur when
the structural determinants for MBF1 binding on ribosome are conserved
between Archaea and Bacteria. In order to test whether this is the case, other
biochemical data characterizing the interaction of MBF1 with its cognate 30S
ribosomal subunit have to be generated first. In addition, structural
information for the archaeal MBF1 protein itself is required. To this end the
ongoing NMR studies and chemical probing experiments are likely to set the
basis for future studies allowing to model the MBF1-30S ribosomal subunit
interaction.

The discovery of the archaeal RPC34 ortholog described in Chapter 6
follows several recent discoveries concerning orthologies between
components of the different eukaryotic RNA polymerase systems [15] as well
as orthologies between the archaeal and eukaryotic transcription systems [4,
16]. TFIIEa, the eukaryotic ortholog of the archaeal transcription factor TFE,
has recently been proposed to be a paralog of the RNA polymerase III subunit
RP(C82 that forms a heterodimer with RPC34 [17]. Although the evidence from
bioinformatic analysis is rather weak, the authors also proposed that RPC34 is
a paralog to TFIIEB. This further suggests that a gene duplication of a
heterodimeric transcription factor in the ancestor of today’s eukaryotes led to
TFIIE in the RNA polymerase II system and the RPC34/RPC82 sub-complex of
RNA polymerase III. The RPC34/RPC82 sub-complex of RNA polymerase III
could thus be the result of a “transcription factor capture” event where a loose
transcription factor interacting with the RNA polymerase became
incorporated as a stably associated RNA polymerase sub-complex. The fact
that Archaea possess orthologs to TFIIEa and RPC34 [7, 18, 19] raises the
question at which time point during evolution the heterodimerisation did
occur. A key question is whether there is an interaction between TFE and the
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Summary and general discussion

been proposed to function in ribosome assembly as well [31]. Thus, the
eukaryotic HfIX orthologs might have similarly functions in protein synthesis
in chloroplasts and mitochondria.

Much progress has been made regarding the interaction of many
TRAFAC GTPases with ribosomes or free ribosomal subunits, sometimes to a
level where defined precursors of ribosomal subunits were identified as
binding target. Thereby the precise time point for the functioning of these
GTPases during ribosome assembly could be identified. Nevertheless, in the
vast majority of cases the working mechanism of GTPases is not well
understood. Working models include the recruitment of extrinsic factors that
are for instance involved in ribosome assembly, to the ribosomal subunits. In
such a scenario the nucleotide-bound state of a GTPase will be crucial to
regulate binding to such an extrinsic factor and its release on the ribosomal
subunit. The ribosome-stimulated GTPase activity of HfIX fits well into such a
model and could trigger the release of a factor. However, the phylogenetic
distribution of HfIX GTPases with many different organisms in all three
domains of life missing the hflX gene makes it unlikely that this GTPase family
functions in factor recruitment. No factor with a phylogenetic distribution
similar to HfIX could be identified in a bioinformatical analysis. This means
that either in several instances the recruitment of this extrinsic factor to the
ribosome became independent of HfIX, or that HfIX GTPases act on different
extrinsic factors pointing to functional adaptation during evolution.
Nevertheless, a screen for protein interactors of HfIX GTPases could provide
important insights into their physiological function, especially regarding the
possibility that the S. solfataricus HfIX ortholog is involved in the release of an
extrinsic factor from the 50S ribosomal subunit.

For all three proteins under investigation in this thesis - the archaeal
RPC34 orthologs in general and MBF1 and SsGBP (HflX) from S. solfataricus -
no biochemical information was available at the beginning of this project. At
about the same time that we determined the structure of SsGBP and
discovered its interaction with the 50S ribosomal subunit, the first functional
characterization for bacterial HfIX representatives became available [21, 22,
32]. Although these data do not suffice to determine the physiological function
of HfIX GTPases, they do suggest that the function might have been conserved
in some extent between archaeal and bacterial HfIX GTPases. Apart from the
relatively well-characterized translation initiation and elongation factors,
SsGBP remains the only archaeal TRAFAC GTPase with a predicted function in
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Samenvatting

RNA polymerasen voor eiwitcoderende en structurele RNA's heeft dus
misschien zijn oorsprong in de “archaeal parent” van de Eukaryoten met een
sleutelrol voor RPC34.

Talrijke factoren controleren de ribosoom biogenese. Een van de
grootste groepen van zulke factoren in Bacterién en Eukaroten bestaat uit
GTPasen die tot de translatiefactor klasse (TRAFAC) behoren. Er is maar een
klein aantal van TRAFAC GTPasen in Archaea te vinden dat in aanmerking
komt voor een functie bij het in elkaar zetten van het ribosoom, hetgeen wordt
uitgelegd in hoofdstuk 1. In hoofdstuk 2 wordt de structuur van SsGBP, een
GTPase uit S. solfataricus behorend tot de HfIX familie van TRAFAC GTPasen,
beschreven. De kristalstructuur toont aan dat het eiwit bestaat uit twee
domeinen waaronder een domein dat wij het HflX-domein hebben genoemd
omdat dit domein uniek is voor deze soort eiwitten. Het HfX-domein kan
waarschijnlijk nucleinezuren binden en het lijkt de katalytische eigenschappen
van het C-terminale GTPase-domein te beinvloeden. Over het algemeen zijn de
biochemisch eigenschappen van dit eiwit vergelijkbaar met die van andere
GTPases die bij de translatie betrokken zijn zoals een lage GTPase activiteit en
een lage affiniteit voor GTP.

Hoofdstuk 3 beschrijft de interactie van SsGBP met de grote
ribosomale subeenheid. Zoals eerder voor bacteriéle HfIX GTPasen al is
gevonden, bindt SsGBP aan de grote ribosomale subeenheid zowel met GDP
als ook met GTP gebonden. De nucleotide-vrije vorm van SsGBP is ook in staat
aan de grote ribosomale subeenheid te binden, maar op een minder stabiele
manier. Dit was een verrassend resultaat omdat eerder in de kristalstructuren
geen veranderingen in de conformatie van het eiwit gevonden werden tussen
de vorm van SsGBP die GDP gebonden heeft en de nucleotide-vrije vorm, maar
het voorspeld wordt dat het binden van GTP grote structurele wissels in
SsGBP zal veroorzaken (hoofdstuk 2). Zoals voorspeld op basis van de
kristalstructuur van SsGBP levert het HflX-domein de grootste bijdrage voor
de interactie met de grote ribosomale subeenheid.

In S. solfataricus wordt het gen dat codeert voor SsGBP samen met een
andere gen afgelezen. Dit tweede gen codeert voor een eiwit dat gerelateerd is
aan de eukaryotische transcriptiefactor MBF1. De archaeale en de
eukaryotische MBF1 orthologen delen hun zogenoemde helix-turn-helix-
domein. Hoofdstuk 4 omschrijft de consequenties van een disruptie van het
mbf1 gen. Het gen lijkt niet essentieel te zijn in S. solfataricus en de disruptie
van het gen heeft slechts een mild fenotype als gevolg. Het was verrassend dat
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Zusammenfassung

Zusammenfassung

Die drei Domanen zelluldren Lebens auf der Erde - Bakterien, Archaeen und
Eukaryonten - lassen sich aufgrund der Art und Weise unterscheiden, wie die
genetische Information, die in der DNA enthalten ist, wahrend der Replikation,
Transkription und Translation verarbeitet wird. Im Allgemeinen scheint es so
zu sein, dass Eukaryonten flir diese Prozesse Maschinerien verwenden, die
homolog zu den entspechenden archaealen Gegenstiicken sind. Dadurch
entstand die Idee, dass am Beginn der Evolution der Eukaryonten ein
“archaeal parent” stand, vom dem diese Maschinerien abstammen.

Die vorliegende Arbeit beschiftigt sich mit verschiedenen Aspekten
der Translation in den Archaeen im Allgemeinen und in dem Organismus
Sulfolobus solfataricus im Besonderen. Viele Proteine spielen eine direkte Rolle
bei der Translation, z.B. als Faktoren, die von der Initiation bis zur Termination
den Translationsprozess kontrollieren, oder als integraler Bestandteil der
Ribosomen, welche die Eiweifdsynthese katalysieren. Alle diese Proteine sind
generell sehr stark konserviert und gehoren in ihrer Mehrheit zum
elementaren Bestandteil allen zellularen Lebens. Andere Proteine widerum,
spielen eine Rolle bei diversen Prozessen, die indirekt an der Translation
beteiligt sind. Dazu gehort schon das Zusammensetzen von ribosomaler RNA
und den ribosomalen Proteinen zu intakten Ribosomen, die sogenannte
Ribosomenbiogenese.

Dieser Prozess des Zusammensetzens beginnt schon wahrend der
Transkription der ribosomalen RNA durch die RNA Polymerase. Eukaryonten
besitzen zwei RNA Polymerasen (I und III), die speziell der Transkription von
ribosomaler RNA und anderer struktureller RNA (die nicht in Protein
tibersetzt wird) dienen. Im Gegensatz zu den Eukaryonten besitzen Archaeen
und Bakterien nur einen einzigen Typ RNA Polymerase.

Kapitel 6 beschreibt die Entdeckung eine archaealen Orthologs der
eukaryontischen RNA Polymerase III Untereinheit RPC34. Dieses Protein galt
vorher als spezisch fiir die RNA Polymerase IIl. Es nimmt eine wichtige
Funktion bei der Rekrutierung der RNA Polymerase III durch die basalen
Transkriptionsfaktoren ein, die an die Promotorregion eines Genes gebunden
sind. Aufgrund dessen scheint es logisch, dass das archaeale RPC34 Ortholog
ebenfalls in der Transkriptionsinitiation eine Rolle spielt. Die Analyse des
Genomkontexts des Gens, das fiir das archaeale RPC34 Ortholog kodiert, in
verschiedenen archaealen Genomen ergab, dass das Gen haufig Cluster formt
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Zusammenfassung

verwandt ist mit dem eukaryontischen Transcriptionsfaktor MBF1. Die
archaealen und eukaryontischen MBF1 Orthologe besitzen beide C-terminal
eine sogenannte Helix-turn-Helix Domdne. Kapitel 4 beschreibt den Phanotyp,
der aus der Gendeletion von mbf1 resultiert. Das mbf1 Gen ist nicht essentiel
in S. solfataricus und wir konnten nur einen relativ mild ausgepragten
Phinotyp beobachten. Uberraschenderweise weist auch das Transkriptom, die
Gesamtheit der RNA in den Zellen, kaum Verdnderungen auf. In Kapitel 5 wird
das MBF1 Protein von S. solfataricus biochemisch charakterisiert und es
wurde deutlich, dass sich die Eigenschaften von den beschriebenen
Eigenschaften eukaryontischer MBF1 Proteine unterscheiden. Es wurden
keine Interaktionen mit dem Transkriptionsapparat gefunden, hingegen
bindet das archaeale MBF1 an die kleine ribosomale Untereinheit wahrend der
Translation. Bemerkenswerterweise findet die Bindung an die kleine
ribosomale Untereinheit hauptsachlich iiber die C-terminale Helix-turn-Helix
Domane statt, welche auch im eukaryontischen MBF1 Protein vorhanden ist.

135



it MMIP BIL pu

PIP_Anvo rekRlle RInA)

EAn@iDE al o@D-0l iZDARh v ERIDZh] Dérac-thE D-B ac @ a Bl 2E DAIDDv tha —rizihE
, Mlac BRIDZchhal Ba é2-DéDl Piith Da h B@BRI DAfARa ]l Bl EA R 1171 alram  E @ A@EE2
ven BD Adfhnflzal PRl -

2 -Bzh 2PInf?®) ac ko DZB @BiEv o @ dvizh Efhl an a Bl f2al EPinR1DA-c hhal BRv 2R
DvEacl Dn DvB#HiDAhD DvEDRIHIc] rv @R DaA-B#a c 1 BEED2I —fiftima FRHnER] DitireXZk B2
-B2 D-@EdRID RECH] aiDEREARI EZIEE) avED ecrlin DD DAvER B Dvrv Dy RV EIE
Eac @Dl Barv rBaEDRITIT ¢ Rrziila by BRir-. 2l

ER2vfzh EFRAThl an a Bl f27Rd 2E DER PR1EW o 2Ea c ED-h DEMZnd @al @indEac] BHDhE RIE
, 11Bv ERdEhB) B @Ry 2R DBV A8 c Pim-d DEl.ERIc BRI Pl o @a c @ima @al @cn Dlac-7
ERerzD-ElavZDAhDl m DvBAZn Bvc -l thB-AEyv BEPhhniPBav-fa-an Dae?, drizd A
-R0B@al viB@ val DEf#an D2 d? drZdBE D DED E[Dheci@lcl v Rl rac-EB D-Ad
iR D aiD2B-.

mbn fzéPhcl -DERIDI DG & aBh ¢ 2d@Bmn DER @ie-2c — G EA D-D2l RifEacf?
Blc BZ@Phh] DAZEDZPRIDE  PEPEacPin DRI DERIPRal PRl EZh 2l 12l alPlrara ERRIma @
Rivol@al Eacl Echhal Baal ®1DMd 2 AR PEMR h-H

2 DARTR] a c o Dk @ v o M1 Dith nfllal 2] -@IPER PIRAD®n@RIr-Z al ofha—r2iHN
ARh ARy D 2 afabel viv Bilbva, Bnda-DEDEdv it ¢ D-ADABDAmR M By —fBav @v 2
PRENERR & B-[vEac EBRMID®R:1viv tharvBiv@®i DI RIECH] aiD2B@v 2Izh é@h c 1 -DE
BB acriaBmDER@RIvoREvvEE da@e dBi DERIDEDROv it ¢ DZhd®PdDn 122kl a v
adl RIRIAERY 2Ev B aRlc PDEZh DERE-an DAy P r-rv DRI B o—[Rima @ FRindah R1DI
hDahb@ an @iDTa v EDxTARal 2R Eifa c @i PED: ERBEMRID DED Ef 1 DD2IZm.
B PRima 2 1 EDec vl BRiniaR1 D2h RIDI PhDahih?) da@Phv B 1i2lc BDEER PRI DE-R: RirD-Gh v 2
PHRIR ARy 2IER 21RIC NI Dby DRI IR d v 2 2167 Piila h DE) miadv 7R DAn
EPavRBvc DA cl BhnflZal PRav @v RRERRE CPHda-an D-Efl Bn AR Aflan rvro.
Bic]1 RIDI n al DIzl PE DRIRy PRI 2 o PRIZZR c hrzh e?h Dahrh?] da-DEDvhcl 2 n Dv Bl B
—chhal B3, B-22v ER-Bnia-Pim hal B2v Baeal Phn ER, al o PhvERIDAE 2d PDAEARIZIZ4 X 2
alRlam f2D-hDeHanRE@Id PRl Dv D RIRRirv v Belah D-a Bh ¢ PARRIER?A c1 hl aiDEB2
, i DB&c v RIDETc Bfinaa D2 v DED@Y Ry 2

Rdithcl -DAR ac oD Hlbva, Dt EDEn @ Dn RIDI -3 rRirv @R DIz @RIAY
hlaiDZB¥PII BiR Ph DR PR D, [k 21 BRI 2v o—Zal Eindi’l DDeeal B-Fa c ERia o @ 2 DR
AdrhH) A DERERAvV 2Bn dnb PErv PRIA-DI ra ¢ -FRRIREAR . 2R Ph 22Dy ia EDZIZRI DI
DvRic-1n #a c @ Dh BRID-h i#@niiRi DDA Dl m Dv BfireX e rRD-. [ ¢ D7 DRl Dk
-d Pl DAMIDZAEN DEhrvrav@lEac B ARCHY AMF-ERARAARAM2Z DDl “ éf DDl Bl Dib— M
2hhl DerZHERI1PB%a c @hBh DAarv RIDE al o AvERFZRARDM®c] v ERinfRIDABc hi

Bl z



Acknowledgemnts

of submitting and resubmitting the manuscript for the crystal structure of
SsGBP, | was glad to know that you were always there to deliver in no time the
modified figures and manuscript parts. Rie, thanks for all your support in form
of chocolate, food, and Panda bear photos on my computer when [ was in a bad
mood.

Some people that helped significantly to make me having a great time here:
Pawet and Nicolas (thanks for the good company all most of the time), Matthijs
(you and Stan did your best to corrode my German political correctnes.
Thanks for your help with the Dutch summary), Jaapie (I am looking forward
to spending some more time at Ashburn, VA!), Mark van Passel (for very
valuable comments on manuscripts and applications), Harmen (for betting all
the time that “die Mannschaft” gets defeated”, they did not).

I wish also to acknowledge my two students, Violeta and Daan. Violeta, you did
your very best to become the hardest working student ever. Daan, in spite of
all the bad luck we had with the heterologous expression of five different
proteins you did not loose your motivation. You both were a great help during
the difficult times of the SSGBP and MBF1 projects!

Thanks to all my fellows from the organization comitte of the PhD trip 2009,
Matthijs, Marcel, Thomas, and John (R.). Although the organization was very
time consuming, I do not regret that I did join the team. It was fun and
probably the best experiences during my time as PhD student.

All old and new BacGen members not mentioned yet: Jasper (W.), Pierpaolo
(my italian language teacher), Edze, Ans, Sjon, Serve, Suzanne, Marco, Mark L.,
Mark M., Ronnie, Bram, Magnus, Kathrin, Colin, Marke, and Wouter, thanks for
the good atmosphere at BacGen!

All the technical and administrative staff at the Laboratory of Microbiology,
Wim, Hans, Ton, Francis, Anja, Renee, and Nees, thanks for making things run
so smoothly there. Especially I wish to thank Wim who always had to deal with
my anger after another failed ultracentrifuge run.

Ich m6chte auch meiner Mutter und Wilhelm danken fiir all die Unterstiitzung
und das Verstiandnis wahrend der letzten vier Jahre.

Anja, nach so vielen Wochenenden, die ich dich ins Labor geschleppt habe, und
nach all den durchkreuzten Urlaubsplanen, bin ich dir dankbar fiir all deine
Liebe.

137



it MMIP BIL pu

BJR



Supplements

About the author

Fabian Blombach was born on 7% of August 1977 in
Frechen, Germany. After high school graduation at the
Norbert Gymnasium Knechtsteden, he performed
alternative civilian service for thirteen months. He enrolled
for studying environmental sciences at the University
Duisburg-Essen (formerly University Essen) in October
1998. After the intermediate diploma in October 2000, he
became interested in Microbiology and Molecular Biology
and was offered a position as student research assistant by Prof. Bettina
Siebers at the laboratory of Microbiology headed by Prof. Reinhard Hensel.
The project he worked on aimed to characterise the transcription machinery
of the hyperthermophilic archaeon Thermoproteus tenax and its regulatory
potential. He stayed in the laboratory of Microbiology to conduct his diploma
thesis research under the supervision of Prof. Bettina Siebers on the
establishment of an in vitro transcription system for T. tenax. He graduated in
March 2005. After staying for another 7 months as research assistant at the
laboratory of Prof. Reinhard Hensel and Prof. Bettina Siebers, he became PhD
student in the group of Prof. John van der Oost, Wageningen University,
Netherlands where he worked on a project entitled “Back to the future:
unvravelling eukaryal-like control networks in Archaea”.

139



it MMIP BIL pu

PADAN [t 2Rl vnO

c@i G nl @me 2@l 673 c nOREEN B30 E6EY FndnfEkE RN Ec kiR 62 ERa @ Ftc [FENE
E6M2E 1ME6NR [PekE @EIE vOIREGT Pt TRE ERRIREE E uE P REuwERE L B ERIRUZIE B2 KPR PR
tiGK, P KBJ 8

BE B @i @a@Xvve @ BRlve i 6kE R EF3EnE HRme 2[5kA WREIW v cH B ER

Bdve @GR A B [ TMEERZGHEL JETEM E L EUER WpE T FRETP EREREL uBERRSETERL uAEFE L pTE WERER

EvIVIEwEE L Afs Z WG G E (@ WEE Uit EEIL ZERW 2E L REREL FL gti Rdl BE B PEREL BukE ERERERR F, , KE
G dJzPXJJzK, 8

BEEV nh 1EE me 206 ¢ [ 61 3v c nORkE @RI v OIRTE E WECEP t U IVIE @2 [ TERRE BHEERE T2 @2
ETERRRE N TREA. EREEEE P BA uf FEERRR PERPEPRERF, , X6htiPF PK8

Bme 205N @ B vkE RE6E 8 33 EENRRE 0 ey vnhERGKE R v OREEL | BERl ELERLR
ET{2IE ERTE FREIRIFIt SETHE | FEIR RIAMVE U FTRWREERE Bt LR hi FL ETRILETRRRRE @@L ER

EEEE P ETREREE g2t FER v AdVERER R E L EE EEFE B AME U ETRIUZUTE THRE RIEL BIEL AL E L E RIEL BIEE B UL B
B TERIRIRICIKE R R, , X6 d X8

BcA 1RGN cREE @ Gme 2@EKANERIT v (TR ER2E 1PRERE @7t LB E LR R L ERR
It TE Ui t i 2 EIREEL EEL EEVIE @2EL FE P it UE EEt JE URET uAHP EP RETHE MR EEEEP AP
EIEPRRE EF, B, G008

EREEOMEIR R GG B 2 [ 6R% EnHeR MHE30m DEREnE 6Hme 28R 29 EyvnfE GOEZdhR
B 62 3R 67  dEmv 0he (R G EnR6RE  tHiti 6 vkE R@iEAna RERAAtRE [HERER c 022132
ERIG En (21 TRREEEP MEEEEL EP FARNt FLEEERERTP EIVE @it Wizl Evd2EVEtEE WEEERRIUNE Tl R
prvVEROTEE G FERTRL REEEE KRR 7 PR AR PR R RER

T me BR 2FEV N 1TEIE En@EH3hae B @ EIE OnE3M 6 EN 0 GIRER 0 78E WE &
P t U MEEEEEMETRE EUTL EERETP EMIE (2t U3RL Bvke PRRrrrr R e PR o

Bme 2THRR il [ 6n REMREE 20e BRI 6V 3E chv BEhkvEE c@ GRRY nh 10 6E4 Re
B%ae B @ AR 3G 2 3904 Blv ¢ mc [ 3v ¢ nORRRE REA [ & GRNENER 6 nERMEkE [MR3H v (AmIRRR R
[ ERr FE TE2IE WERETE P ERERIRRPPEEERIPRREIREA B uFE GiRFAP FIUAMRE uEP R0t Rt LiEt TR

PEL uldl EL K2 PR R AR PR PRIR PR

Bime 2[@E Nkl @ 6Rv 3R ¢ hvEeo B 208 6HR  3RERRINRInGR 67 2 3904 Blv ¢ mc [k nRPRI9EkE IR
v OZTE) L [ B qoetvEE CREIVEFETE P 722 P IR P PR P AP PR P AL () uFE R dRETIE uE P B Bt L G D
Lt ETE | EIEGPIE t L PREEiue PIRIPPPr AR PP PR )

BRIV NS 1F 6 me 2[@H RPIZ0c e P67 AR 30T RIGRI3v Bl Oa FPEEl ¢ 1v kahiEl B 64 Ble B PRENZAve B 61
Blvv kB3R @3vcnOREEKE [FIRIIR v (ARTEEEL E ptivi@L WG R RIRr FTE P GRRETERRRE L ZRIERRIPRER
PRIFPIRPRIPERRIPEIES RRIWERRR W THER: LEI E L FRHE L ARRIEEARNS RIGE FRIEIL WM E L K3 PRI

Fal o FalFaFa lEa l

Bme 23y ¢ nOFAEKE  [FE3% v OEE wizlP B EFREETRERREERE uE P RdEME d@L | BUE BuZE T2
PIEL uldll E L FRIFRE ToR 32 R @ RRRWEUKER PP PR FRR PR R R FERPRERREE, BBG&hH

i 2008 Z22v 3RV nZ3%c Z2RI@g chrh

Bj,



Supplements

VLAG graduate school activities

Discipline specific activities
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. Weekly group meetings Bacterial Genetics 2006-2009
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. PhD excursion USA, April 2009

o Organization of PhD excursion USA, April 2009

*poster presentation
#oral presentation
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