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Selenium was discovered in 1817 by the Swedish chemist
Jöns Jacob Berzelius (1779 - 1848). He found it as an
impurity in sulphuric acid with properties closely related
to the element tellurium (from Latin tellus, “earth”), and
consequently named it selenium (from Greek σελήνη,
selene, "moon").
(Source: http://venus.nineplanets.org/ap/)

Selene was the Greek moon goddess and was worshiped
on the days of full and new moons. She was in love with
Endymion, who slept an eternal sleep for gaining eternal
life. Endymion was visited by Selene every night and
kissed by her rays of light.
(Source: http://homepage.mac.com/
cparada/GML/Selene.html)

“…From her immortal head a radiance is shown from heaven
and embraces earth; and great is the beauty that ariseth from
her shining light. The air, unlit before, glows with the light of
her golden crown, and her rays beam clear, whensoever bright
Selene having bathed her lovely body in the waters of Ocean,
and donned her far-gleaming, shining team, drives on her
long-maned horses at full speed, at eventime in the mid-month:
then her great orbit is full and then her beams shine brightest
as she increases. So she is a sure token and a sign to mortal
men…”
From Homer, Hymn to Selene
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Summary

Summary
Selenium is a trace element that is incorporated into proteins in the form of the 21st
amino acid selenocysteine (Sec). It is found in the active centers of oxidoreductases,
where it is directly involved in catalysis due to its specific chemical properties. In all
three kingdoms of life, Archeaea, Eukarya and Bacteria, the selenocysteine incorporation machinery induces the ribosome to recode a UGA stop codon as a Sec
codon. UGA recoding only occurs in the presence of a SECIS (Sec inserting
sequence) element, a cis-acting mRNA hairpin motif further downstream of the UGA
codon. As a result, translation is not terminated but Sec is incorporated into the
growing polypeptide chain. The other components of the recoding machinery are SectRNASec, whose UCA anticodon is complementary to the UGA stop codon, and SelB,
an EF1A/EF-Tu translation elongation factor homologue, which specifically binds
Sec-tRNASec but not other tRNAs. In bacteria, SelB recognizes the SECIS element
directly with an additional RNA binding domain (domain IV), whereas in archea, this
additional domain is proposed to interact with an adapter protein that in turn binds the
SECIS element, a situation that has been observed for mammalian SelB. Therefore,
by interacting specifically with all components of the recoding machinery, SelB is the
key player in this complicated process.
In this thesis, the X-ray structures of SelB from the archaeon Methanococcus
maripaludis in the apo-, GDP- and GppNHp-bound forms are presented. All three
SelB structures reveal an EF-Tu:GTP-like domain arrangement. Upon binding of the
GTP analogue GppNHp, a conformational change of the Switch 2 region in the
GTPase domain leads to the exposure of residues in SelB, which in the case of EF-Tu
are involved in clamping the 5’ phosphate of tRNA. In the aminoacyl-binding pocket
of SelB domain II, two positively charged residues are important for SelB function in
vivo and probably compensate for the negative charge of selenocysteine. A conserved
extended loop in domain III of SelB may be responsible for specific interactions with
tRNASec and act as a ruler for measuring the extra long acceptor arm. Domain IV of
SelB adopts a β barrel fold and is flexibly tethered to domain III. The overall domain
arrangement of SelB resembles a “chalice” observed so far only for initiation factor
IF2/eIF5B. In a model of SelB bound to the ribosome, domain IV points towards the
3’ mRNA entrance cleft ready to interact with the downstream secondary structure
element.
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Zusammenfassung

Zusammenfassung
Selen ist ein Spurenelement, welches in Form von Selenocystein (Sec), der einundzwanzigsten Aminosäure, in Proteine eingebaut wird. Sec befindet sich im aktiven
Zentrum von Oxidoreduktasen, wo es auf Grund seiner spezifischen chemischen
Eigenschaften direkt an der katalytischen Reaktion beteiligt ist. In allen drei Abstammungslinien, Archeaea, Eukarya und Bacteria, wird das Ribosom durch einen
speziellen Mechanismus so umprogrammiert, dass ein UGA-Stopcodon als Selenocystein-Codon gelesen wird. Dieser Prozess wird „Recodierung“ (recoding) genannt
und findet nur in Anwesenheit eines in cis wirksamen mRNA-Sekundärstrukturelements statt (des SECIS-Elements, von Sec-inserierende Sequenz), welches sich
weiter unterhalb des UGA-Codons befindet. Auf diese Weise wird, statt die Translation zu beenden, Sec in die wachsende Polypeptidkette eingebaut. Die anderen
Komponenten dieser Recodierungs-Maschinerie sind die Sec-tRNASec, die mit ihrem
UCA-Anticodon das UGA-Codon erkennt, und der Translations-Elongationsfaktor
SelB. SelB is homolog zu EF1A/EF-Tu, bindet aber ausschliesslich Sec-tRNASec.
Ausserdem erkennt bakterielles SelB das SECIS-Element mit einer zusätzlichen
vierten Domäne. Man nimmt an, dass in Archaebakterien ein Adapterprotein das
SECIS-Element erkennt, welches wiederum an diese Domäne bindet. Dieser
Mechanismus konnte für SelB aus Säugetieren gezeigt werden. SelB ist also das
Schlüsselmolekül für den Einbau von Selenocystein, indem es mit allen beteiligten
Komponenten interagiert.
Im Rahmen dieser Doktorarbeit wurden die Röntgenstrukturen von archaebakteriellem SelB in der GDP-, GppNHp- und der nukleotidfreien Form ermittelt. Bei
allen drei SelB-Strukturen sind die Proteindomänen so angeordnet, dass sie der
Konformation von EF-Tu:GTP sehr ähnlich sind. Nach der Bindung des GTP-Analogs GppNHp ändert sich bei SelB nur die Konformation der Switch 2 - Region in der
GTPase-Domäne. Dadurch werden Aminosäuren, die bei EF-Tu:GTP an der Bindung
des 5’-Phosphat-Endes der tRNA beteiligt sind, freigegeben. In der AminoacylBindetasche von SelB-Domäne II befinden sich zwei positiv geladene Aminosäuren:
Sie sind in vivo für die Funktion von SelB wichtig und kompensieren wahrscheinlich
die negative Ladung von Selenocystein. In Domäne III von SelB befindet sich eine
kurze Insertion. Diese zusätzlichen Aminosäuren sind möglicherweise an basenspezifischen Interaktionen mit der tRNASec beteiligt oder „messen“ den ausser9

Zusammenfassung

gewöhnlich langen Akzeptor-Arm der tRNASec. Domäne IV von SelB ist mit Domäne
III flexibel verbunden und bildet eine tonnenförmige Struktur aus β-Faltblättern (β
barrel). Die Gesamtstruktur von SelB ähnelt einem molekularen „Kelch“, einer
Konformation, wie sie bisher nur bei Initiationsfaktor IF2/eIF5B beobachtet worden
ist. Wird die Struktur von SelB ans Ribosom modelliert, zeigt Domäne IV in Richtung
der mRNA-Eintrittsstelle und ist somit optimal positioniert, um mit dem SECISElement zu interagieren.
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Glossary
EF-Tu/EF1A

Translation elongation factor EF-Tu (bacteria) or EF1A (eukaryotes and
archaea, formerly also called EF-1α). EF-Tu:GTP recognizes all canonical
aminoacyl-tRNAs and delivers them to the ribosomal A site during translation
elongation as a trimeric EF-Tu:GTP:aa-tRNA complex. After codon-anticodon
pairing, the intrinsic GTPase activity of EF-Tu is activated by the ribosome, and EFTu is released. EF-Tu neither recognizes Sec-tRNASec nor Met-tRNAiMet. These two
non-canonical tRNAs are delivered to the ribosome by the specialized translation
elongation factor SelB or by translation initiation factor IF2γ, respectively.

eIF5B

Translation initiation factor eIF5B. Present in eukaryotes and archaea, homologous
to bacterial IF2. During eukaryotic (and presumably archaeal) translation initiation,
eIF5B:GTP promotes the joining of the large ribosomal subunit by binding to the
small subunit, which contains Met-tRNAiMet in the P site and eIF1A in the A site. The
assembly of both ribosomal subunits triggers GTP hydrolysis and leads to the release
of eIF5B. Importantly, a Met-tRNAiMet binding activity of eIF5B could not be
demonstrated so far, in contrast to its bacterial counterpart IF2.

GppNHp

Guanosine 5’[β,γ-imido] triphosphate. A non-hydrolyzable GTP analogue used for
biochemical and structural studies of GTPases.

IF2

Bacterial translation initiation factor IF2. Homologous to eukaryotic eIF5B.
IF2:GTP forms an initiation complex together with the 30S ribosomal subunit, IF1,
IF3, fMet-tRNAfMet and the mRNA. It promotes correct positioning of fMet-tRNAfMet
in the P-site and the joining of the 50S subunit. 70S formation induces GTP
hydrolysis by IF2 and leads to the dissociation of the factor. It is important to note
that bacterial IF2 is NOT a homologue of eukaryal/archaeal IF2γ and that its function
and suggested tRNA-binding mode are different.

IF2γ

Eukaryotic/archaeal translation initiation factor IF2, γ subunit. Does not exist in
bacteria. Shares homology with translation elongation factors SelB and EF-Tu.
Specifically binds Met-tRNAiMet. Delivers Met-tRNAiMet to the P site of the small
ribosomal subunit as an IF2αβγ:GTP:Met-tRNAiMet ternary complex. After mRNA
scanning, the base pairing between the anticodon of Met-tRNAiMet and the AUG start
codon leads to GTP hydrolysis and the release of the heterotrimeric factor from the
small ribosomal subunit.
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SBP2

Eukaryotic SECIS binding protein 2. Adapter protein that binds both SelB domain
IV and the SECIS mRNA element in eukaryotes. An archaeal homologue has not
been discovered so far in spite of the close relationship of the selenocysteine incorporation machineries between the two kingdoms. The bacterial SECIS element, in
contrast, is directly recognized by bacterial SelB domain IV.

Sec

Selenocysteine, 21st amino acid. Encoded by a UGA stop codon and a cis-acting
SECIS mRNA element. Cotranslationally incorporated into protein via the noncanonical Sec-tRNASec and translation elongation factor SelB.

SECIS

Selenocysteine inserting sequence. mRNA hairpin loop responsible for the recoding
of a UGA stop codon as a Sec codon. Located 3’ of the UGA codon within the open
reading frame (ORF) in bacteria or in the 3’ untranslated region (3’UTR) in archaea
and eukaryotes.

SelB

Translation elongation factor SelB. Named after its location in the sel operon from
bacteria. Present in all kingdoms, also called mSelB or EF-Sec in eukaryotes. Homologous to EF-Tu and IF2γ for the first three domains. Specifically recognizes the noncanonical elongator Sec-tRNASec. Binds the SECIS element with an additional
domain IV either directly (bacteria, perhaps also archaea) or via the adapter protein
SBP2 (eukaryotes). Central factor for cotranslational incorporation of Sec into proteins by forming a quarternary SelB:GTP:Sec-tRNASec:SECIS complex.
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1.

Introduction

1.1 Selenium is a trace element that is present in all three
kingdoms of life
Although the element selenium was discovered by Berzelius in 1817, its biological
role became of interest to life scientists only in the 1930s, when they discovered that
grazing cattle was occasionally intoxicated by selenium accumulated at high concentrations in plants (Figure 1).
Figure 1: Selenium-accumulating
plants of the genus Astragalus
(family Fabaceae). These plants
can accumulate several grams of
selenium per kilogram of plant
material. If they are eaten by life-

A. bisculatus

A. oocalycis

stock, the animals show signs of
intoxication such as trembling,
partial paralysis and coordination
problems (generally called “locoism” from the Spanish word “loco”,
meaning “crazy”). The pictures are
obtained from http://ginger.ucdavis.
edu/astragalus/astragalus_home.htm
and show four of the ~ 25 selenium-

A. praelongus

A. crotalaria

accumulating Astragalus species.

With the improvement of analytical methods in the 1950s, the element could be
detected at very low concentrations in several organisms. It was shown that, apart
from its toxicity at higher doses, selenium had beneficial effects for bacteria and
mammals in low amounts. The mechanism how selenium exerts its biological functions remained unclear until the 1970s, when first direct links between selenium and
several enzymatic reactions could be demonstrated. Since then, it became clear that
selenium is a trace element that is incorporated into proteins in the form of selenocysteine (Sec) in all three kingdoms of life, Bacteria, Eukarya and Archaea (Kyriako-
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poulos and Behne, 2002). In addition, the biosynthetic pathway of selenium containing proteins (selenoproteins) has been elucidated (described in the next chapter).
Sec is found mainly in the active site of oxidoreductases, where it is directly
involved in catalysis due to its specific chemical properties. Unlike cysteine (Cys),
Sec is negatively charged at physiological pH and highly reactive (Figure 2).

Figure 2: Comparison of selenocysteine (Sec) and cysteine (Cys). Cysteine and selenocysteine are
structurally very similar, with only slight differences in bond lengths and Van-der-Waals radii. However, at physiological pH, Sec has a pKa of 5.24 and therefore, the selenium atom (magenta) is negatively charged and highly reactive, whereas the sulfur atom (yellow) in Cys is uncharged due to its
higher pKa (8.25).

For example, replacement of selenocysteine by cysteine in formate dehydrogenase
H (FDHH) from Escherichia coli decreases the activity of the enyzme by two orders
of magnitude, which demonstrates the importance of selenium for this catalytic step
(Axley et al., 1991). Other important bacterial selenoproteins are selenophosphate
synthase (SelD, see below), glycine and proline reductases (for a complete list, see
Kryukov and Gladyshev, 2004). However, at least in E. coli, the lack of selenoproteins is not lethal but rather leads to auxotrophic growth defects. On the other
hand, it should always be kept in mind that the ability to grow in specific environments or on specific energy sources can be a very important evolutionary advantage.
A different situation is encountered in mammals, where Sec is essential for viability (Bösl et al., 1997). It is present in enzymes involved in detoxifying reactive
oxygen species (glutathione peroxidases and thioredoxin reductases) and hormone
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biosynthesis (iodothyronine deiodinases) and plays a key role in fundamental biological processes like development, reproduction, immune function, ageing, cancer,
viral infections and cardiovascular disorders (Hatfield, 2001). The function of many
other mammalian selenoproteins still remains to be determined (Kryukov et al., 2003;
Kyriakopoulos and Behne, 2002). The vital role of selenoproteins in eukaryotes is
highlighted by the fact that in Caenorhabditis elegans, the complex selenoprotein
biosynthesis machinery (see below) is conserved for the production of only one single
seleno-protein, the thioredoxin reductase (Fagegaltier et al., 2001). However, the lack
of selenoproteins in Drosophila melanogaster does not influence oxidative stress
response, life-span and fertility (Hirosawa-Takamori et al., 2004). Therefore, the
conservation of selenoproteins during eukaryotic evolution remains a matter of
debate.
Archaeal selenoproteins have been found so far only in methanogens, and with
one exception (SelD, see below), they are involved either directly or indirectly in
methanogenesis, the major pathway for energy metabolism (Hendrickson et al., 2004;
Kryukov and Gladyshev, 2004; Rother et al., 2001b). In several Methanococcus
species, the key enzymes involved in methanogenesis exist as cysteine- and selenocysteine-containing isoforms. Growth of these organisms is slower in the absence of
selenium, which indicates that the selenoenzymes are better catalysts (Rother et al.,
2001b). In Methanococcus maripaludis, which is genetically amenable, the lack of the
selenoenzymes only marginally affects cell growth, indicating a highly efficient
backup system (Rother et al., 2003). On the other hand, Methanococcus jannaschii
only contains the selenocysteine-dependent set of enzymes but not the cysteine
isoforms and is therefore strictly dependent on the availabilty of selenium in the
growth medium.
In spite of the fact that the archaeal selenoproteins do not have homologous
eukaryotic counterparts, the selenoprotein synthesis machinery is remarkably conserved between the two kingdoms and shows important differences to the bacterial
system (Foster, 2005).
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1.2 Selenoprotein biosynthesis in Bacteria, Eukarya and
Archaea
1.2.1 Selenocysteine is cotranslationally incorporated into proteins
by recoding of an UGA stop codon depending on the mRNA
context
Selenocysteine is incorporated into proteins during translation elongation and is
encoded by a combination of an internal UGA stop codon and a specific mRNA
hairpin structure located further downstream, the SECIS (selenocysteine inserting
sequence) element (Atkins and Gesteland, 2000; Baron and Böck, 1995). Both Sec
determinants have to be recognized for reading through the stop codon instead of
terminating translation. The specificity for the stop codon is achieved by tRNASec,
whose UCA anticodon is complementary to the UGA stop codon. The specialized
translation elongation factor SelB binds Sec-tRNASec in a GTP dependent manner.
This is in analogy to EF-Tu/EF1A, which share sequence homology with SelB for
domains I, II and III (Hilgenfeld et al., 1996). However, SelB delivers Sec-tRNASec to
the ribosomal A-site only in the presence of the cis-acting SECIS element.
In bacteria, SelB binds the SECIS element, located immediately downstream of
the internal UGA stop codon, directly via a C-terminal, 24 kDa extension (domain
IV), which is absent in EF-Tu (Figure 3, Fourmy et al., 2002; Kromayer et al., 1996;
Selmer and Su, 2002; Yoshizawa et al., 2005; Zinoni et al., 1990). In mammals, SelB
domain IV is considerably shorter and binds to SBP2 (SECIS binding protein 2), a 94
kDa adapter protein, which recognizes the SECIS element and forms a quarternary
complex together with SelB:Sec-tRNASec:GTP (Copeland et al., 2000; Tujebajeva et
al., 2000; Zavacki et al., 2003). Mammalian SECIS elements are found in the 3’ untranslated region (UTR) of the mRNA and can recode several internal UGA stop
codons per gene (Figure 3, Berry et al., 1991; Hill et al., 1993).
The discovery of archaeal SelB homologues in M. jannaschii and M. maripaludis
revealed an elongation factor with an even shorter, 8 kDa C-terminal extension (the
molecular weight of the full-length protein is 53 kDa, Rother et al., 2003; Rother et
al., 2000). This, together with the finding of a gene harbouring two internal stop
codons and only one SECIS element in the 3’ UTR, lead to the proposal of a
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mechanism similar to the mammalian, adapter mediated system (Rother et al., 2001a).
However, an SBP2 homologue has not been discovered in archaea so far.

C
SelB

GTP
Sec

bacteria

domain IV
(220 aa)

XXX

IV

UAG
UAA
UGA

SECIS
AUG

mRNA

domains I-III
GTP
aa

domains I-III

A

EF-Tu/EF1A

UGA

3’ UTR
SelB

domain IV

domains I-III

B

(80 - 140 aa)

?
GTP

archaea
eukaryotes
mRNA

AUG

IV

GTP
Sec

Sec

UGA

IV

UGA

SBP2 / X
UAG
UAA

SECIS

3’ UTR

Figure 3: Major differences of selenocysteine incorporation between the three kingdoms. Sec is
cotranslationally incorporated into selenoproteins. In the presence of a SECIS mRNA element, the
UGA stop codon is recoded as a Sec codon. (A) In bacteria, the SECIS element is located at a fixed
distance to the stop codon within the ORF (grey) and is recognized directly by a 220 amino acid (aa) Cterminal extension (domain IV) of translation elongation factor SelB. (B) In archaea and eukaryotes,
the SECIS element is present in the 3’UTR (black) of the mRNA. This allows sequence independence
of the selenoproteine gene from the SECIS element and opens the possibility of recoding several internal stop codons per ORF. In eukarya, SelB domain IV, which is considerably shorter than in bacteria (90 – 140 aa), binds to the SECIS element via the adapter protein SBP2. An SBP2 homologue (X)
has not been discovered so far in archaea, in spite of the similar selenoprotein gene organization and a
homologous, but slightly shorter (80 aa) domain IV. (C) For comparison, EF-Tu, which shows sequence homology to SelB domains I, II and III, is also shown in cyan.
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1.2.2 Specific features of Sec-tRNASec are important for recognition
by elongation factor SelB
SelB specifically recognizes selenocysteylated tRNASec but not other tRNAs, whereas
EF-Tu binds all elongator tRNAs except tRNASec (Fagegaltier et al., 2000; Forchhammer et al., 1989; Förster et al., 1990; Rother et al., 2000). Compared to canonical
tRNAs, key differences in the secondary structure of tRNASec may serve as identity
elements for this specificity. In archaeal and eukaryotic tRNASec, the prolonged 9 bp
acceptor stem together with the shortened 4 bp T-stem are proposed to form a 13 bp
acceptor arm (the 9/4 model), one base pair longer than observed for canonical
tRNAs, which adopt a 7/5 conformation (Figure 4, Hubert et al., 1998). In bacteria,
the 13 bp acceptor arm of tRNASec is formed by an 8 bp acceptor stem and a 5 bp Tstem (the 8/5 model, Figure 4, Baron et al., 1993). Shortening of the acceptor stem by
one base pair abolishes SelB binding and promotes recognition by EF-Tu (Baron and
Böck, 1991). Therefore, the identity of tRNASec is likely determined by the unusual
length of the acceptor arm helix. Interestingly, eukaryotic tRNASec is bound by
Escherichia coli SelB in vitro and complements for the endogenous tRNASec in vivo,
indicating the conservation of structural features among kingdoms that are important
for tRNASec recognition by SelB (Baron et al., 1994).

1.2.3 The unusual biosynthetic pathway of Sec-tRNASec requires an
additional level of specificity for SelB recognition
In an unusual biosynthetic pathway tRNASec is initially charged with serine (Ser) by
SerRS, the common aminoacyl-tRNA synthetase for all isoaccepting tRNASer, to form
Ser-tRNASec. In bacteria, this intermediate is further converted to Sec-tRNASec by
SelA, the selenocysteine synthase (Figure 5, Commans and Böck, 1999).
Selenophosphate, which is synthesized by SelD (selenophosphate synthetase),
serves as an activated selenium donor for SelA (Figure 5, Leinfelder et al., 1990).
Interestingly, although SelD homologues exist for all three kingdoms (Foster, 2005),
no SelA activity could be detected so far in archea and eukaryotes. An alternative
pathway that may involve an activated phosphoseryl-tRNASec intermediate and the
recently discovered phosphoseryl-tRNASec kinase was proposed by Carlson et al.
(2004).
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Figure 4: Cloverleaf secondary structures of archaeal, eukaryotic and bacterial Sec-tRNASec. In
archaea and eukaryotes, the extra long 13 bp acceptor arm of tRNASec is formed by stacking of the 9 bp
acceptor stem and the 4 bp T-stem (9/4 model, highlighted in magenta). This is in contrast to canonical
tRNAs, which adopt a 7/5 conformation (shown in cyan). Bacterial tRNASec also contains an additional
base pair in the acceptor arm. However, in this case, an 8 bp acceptor stem stacks on a 5 bp T-stem (the
8/5 model, highlighted in green). The anticodons are colored in red.
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In order to prevent misincorporation during translation, SelB:GTP specifically
binds selenocysteylated tRNASec, but neither the (phospho-) serylated nor the uncharged tRNASec precursors (Figure 5, Carlson et al., 2004; Fagegaltier et al., 2000;
Forchhammer et al., 1989; Rother et al., 2000).
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Figure 5: Unusual biosynthetic pathway of selenocysteyl-tRNASec and selenoproteins. tRNASec is
initially charged with serine and subsequently converted to selenocysteyl-tRNASec. Translation
elongation factor SelB exclusively recognizes the selenocysteylated tRNA form. It forms a ternary
SelB:GTP:Sec-tRNASec complex. In the presence of a SECIS element and an internal stop codon, SelB
delivers the tRNA to the A/T site of the ribosome. The ribosome induces the intrinsic GTPase activity
of SelB, which is released, delivering the tRNA in the ribosomal A site. For the conversion of
SelB:GDP to SelB:GTP, no guanine nucleotide exchange factor (GEF) is needed. This is in contrast to
EF-Tu/EF1A, which depend on a GEF (EF-Ts/EF1B).
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1.3 Goals of the thesis project
When this work was initiated, no three-dimensional structures from any component of
the selenocysteine incorporation machinery were available. We focused our work on
structure determination of the translation elongation factor SelB from the archaeon
Methanoccocus maripaludis by means of X-ray crystallography. In order to gain insights into the coupling between nucleotide exchange and tRNA binding, we decided
to determine the structures of SelB in the apo-form and in complex with GDP or the
GTP analogue GppNHp. We anticipated that the SelB structures would rationalize
previously accumulated biochemical results, and that by comparing these molecules
with the structure of the elongation factor EF-Tu (Nissen et al., 1995; Nissen et al.,
1999) we would gain insights on how SelB specifically recognizes Sec-tRNASec.
Furthermore, we were particularly interested in the structure of SelB domain IV,
which is completely absent from EF-Tu. Visualizing the structure of this domain is
important for the understanding of both the eukaryotic and the archaeal system due to
the sequence homology of this SelB domain between the two kingdoms. During the
course of this work, the isolated SelB domain IV structure from bacteria was reported
(Selmer and Su, 2002). This immediately raised the question of whether in archaea
and eukarya, the fold of this domain may be similar in spite of no apparent sequence
homology, which would have important consequences on our understanding of the
evolution of the selenocysteine incorporation machinery. Finally, we were interested
in gaining insights into the recoding process by modelling SelB onto the translating
ribosome.
In this thesis, the experiments performed to achieve these goals are described. The
initial chapter describes the purification of recombinant SelB protein, the crystallization experiments yielding first crystals and the systematic approaches used to improve their diffraction properties. In the next sections, the structure determination
using initial low-resolution multiwavelength anomalous dispersion (MAD) phases
obtained from crystals derivatized with a tantalum bromide cluster and subsequent
high-resolution singlewavelength anomalous dispersion (SAD) phasing using methylmercury-derivatized crystals is described. Discussion of the SelB structures and their
functional implications in the light of previously obtained biochemical and structural
data follows, and the SelB structures are compared to elongation factor EF-Tu and
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initiation factors IF2γ and eIF5B. The final section concludes the thesis and describes
future prospects of the work.

22

Materials and methods

2.

Materials and methods

2.1 DNA methods
2.1.1 Cloning of SelB
The cloning of full-length M. maripaludis SelB was performed by Michael Rother
(Rother, 2001) from the lab of our collaborators. A fragment containing full-length
SelB was amplified by PCR from genomic DNA of M. maripaludis strain JJ (DSM
2067, German Collection of Microorganisms, Braunschweig, Germany) using the
primer pair oMMselB/5’ (5’-GAG AAA AAG GCC TCA TAT GGA CTT TAA
AAA TAT TAA TCT TG) and oMMselB/3’ (5’-GGA ATT CTT AAC CCC ATC
TTC TAA GC), thereby creating a 5’ StuI and a 3’ EcoRI restriction site (highlighted
in bold). After the restriction digest with both enzymes, the fragment was cloned into
the similarly digested pT7His expression vector, yielding plasmid pTHisJJSelB (for
the sequence, see Appendix). This expression vector is derived from pT7-7 (ApR,
T7pΦ10, Tabor and Richardson, 1985) and contains a 5’ hexa-histidine tag
(Thanbichler, unpublished).

2.2 Protein methods
2.2.1 Large scale expression of M. maripaludis SelB in E. coli
The heterologous expression and purification of M. maripaludis SelB was performed
according to the conditions established by Christian Frick (Frick, 2002), with modifications of the initial protocol. The correct mass of the overexpressed protein has been
determined by Frick (2002) using MALDI mass spectroscopy. All purification steps
were performed at 4 ºC.

2.2.2 Transformation of E. coli cells
For the transformation of the E. coli expression strain, a 50 µl aliquot of electrocompetent Rosetta (DE3) cells [F- ompT hsdSB(rB- mB-) gal dcm lacY1 (DE3) pRARE
(CmR), Novagen] was thawed on ice. After addition of 1 µl (2.5 µg) plasmid
pTHisJJSelB, the cell suspension was transferred to a pre-cooled electro cuvette. The

23

Materials and methods

electroporation was performed at 1.8 kV (τ = 4.9) in a MicroPulser (Biorad). After
immediate addition of 1 ml dYT medium, the cells were regenerated for 60 min at 37
ºC by shaking at 200 revolutions per minute (rpm). The cells were plated on LB agar
containing 100 µg/ml ampicilline (Amp) and 34 µg/ml chloramphenicol (Cm), and the
plates were incubated over night (o/n) at 37 ºC.

2.2.3 Preculture of E. coli cells
For the preculture in a 500 ml Erlenmeyer flask, 200 ml dLB medium containing 100
µg/ml Amp and 34 µg/ml Cm was inoculated with an inoculation loop after streaking
several times over the bacterial lawn on the plate. The cells were grown o/n to an
OD600 of 2.2 at 37 ºC and 150 rpm.

Table 1: Media used for heterologous SelB expression in E. coli
Growth medium
dYT

dLB

LB plates

Composition
1.6 % (w/v) bacto tryptone
1.0 % (w/v) bacto yeast extract
0.5 % (w/v) NaCl
2.0 % (w/v) bacto tryptone
1.0 % (w/v) bacto yeast extract
1.0 % (w/v) NaCl
100 µg/ml Amp
34 µg/ml Cm
1.0 % (w/v) bacto tryptone
0.5 % (w/v) bacto yeast extract
1.0 % (w/v) NaCl
1.3 % (w/v) agar granulated
100 µg/ml Amp
34 µg/ml Cm

2.2.4 Large-scale culture (9 L)
Six 5 L Erlenmeyer flasks, each containing 1.5 L dLB medium with 100 µg/ml Amp
and 34 µg/ml Cm, were inoculated with 15 ml of the preculture. The cell suspension
was grown at 37 ºC and 150 rpm for 11 h to an OD600 of 1.3. After the induction with
1 mM IPTG, the cells were grown for another 17 h at 18 ºC. They were harvested by
pelleting using the Sorvall SLC-6000 rotor (10 min, 7200 rpm, 4 ºC). The pellets were
resuspended in 100 ml lysis buffer [200 mM borate (titrated with NaOH to pH = 5.6),
200 mM NaCl, 5 mM MgCl2, 2 mM β-mercaptoethanol (ME)]. After addition of 1
mM PMSF, the cells were lysed at 100000 – 150000 kPa (15000 – 20000 psi) using
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an EmulsiFlex-C5 high-pressure homogenizer (Avestin), which had been precooled
on ice. The cell debris was removed from the lysate by ultracentrifugation in a 70 Ti
rotor (Beckman) for 90 min at 4 ºC and 48000 rpm.

2.2.5 Metal affinity chromatography
For the purification of SelB via its N-terminal 6xHis-tag, the cleared lysate was
passed twice over a 15 ml XK 16/10 Ni-NTA Superflow column (Amersham Biosciences) that had been pre-equilibrated with two column volumes of lysis buffer.
After washing with 4 column volumes of Ni-NTA washing buffer [200 mM borate/
NaOH (pH = 7.7), 200 mM NaCl, 40 mM MgSO4, 1 mM β-ME, 40 mM imidazole/
NaOH (pH = 7.7)], the protein was step-eluted with Ni-NTA elution buffer [200 mM
borate/NaOH (pH = 7.7), 200 mM NaCl, 40 mM MgSO4, 1 mM β-ME, 500 mM
imidazole/NaOH (pH = 7.7)].

2.2.6 Cation exchange chromatography
Fractions from the metal affinity chromatography containing the SelB protein were
pooled and diluted with three volumes of buffer A [20 mM HEPES/NaOH (pH = 7.0),
10 mM KCl, 5 mM MgSO4, 2 mM DTT]. The protein solution was applied onto a 10
ml HR 16/5 SourceS column (strong cation exchange resin) using an ÄKTA FPLC
system (Amersham Biosciences). By applying a linear gradient of buffer B [50 mM
HEPES/NaOH (pH = 7.0), 10 mM KCl, 40 mM MgSO4, 1 M NaCl, 2 mM DTT], the
protein eluted from the column at 20 – 30 % of buffer B, corresponding to 200 – 300
mM NaCl. The fractions containing SelB were pooled, and aliquots of the protein
solution were flash-frozen in liquid nitrogen without addition of cryoprotectant and
stored at – 80 ºC. Using the absorption coefficient value εSelB = 20000 for a photometric protein concentration measurement at λ = 280 nm, the total yield of a largescale SelB preparation was approximately 140 mg.

2.2.7 Size exclusion chromatography
Prior to crystallization, SelB was transferred into crystallization buffer [10 mM KCl,
20 mM Tris/HCl (pH 7.5), 40 mM MgSO4, 2 mM DTT] using a 5 ml HiTrap desalting size exclusion column (Amersham Biosciences) and concentrated to ~ 12 mg/ml
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(~ 230 µM) with a 20 ml Vivaspin concentrator (Vivascience, PES membrane, MW
cutoff = 10 kDa). Remaining debris was removed by a short spin in a small Eppendorf
table centrifuge (10 min, 4 ºC, 13000 rpm).

2.2.8 Mutagenesis and in vivo analysis of conserved residues in the
aminoacyl-binding pocket of E. coli SelB
For the mutational analysis of E. coli SelB aminoacyl-binding pocket residues, our
collaborators introduced point mutations into a constitutively expressed, 6xHis tagged
E. coli selB allele (Thanbichler and Böck, 2003) located on plasmid pMB by inverse
PCR. This resulted in the pMB variants listed in Table 13. After confirming the mutations by sequencing, the plasmids were transferred into strains PT91300 (Tormay et
al., 1996) and AF90422 [F-, araD139, ∆(argF-lac)U169, ptsF25, deoC1, relA1,
flbB5301, strA1, ∆selAB, A. Friebel, unpublished] bearing plasmid pWT, and the cells
were grown to the stationary phase. Then the cell suspensions were diluted 1:100 in
TP medium (Heider et al., 1992) and cultivated aerobically at 37 ºC to an OD600 of
about 1.5. After cooling the cultures on ice, β-galactosidase activities were determined
as described by Miller (Miller, 1972). Parallel experiments were performed with the
wild-type (pMB) and empty (pMT7) plasmids, which served as positive and negative
controls, respectively.
For the E.coli SelB expression tests, cells were pelleted by centrifugation and
lysed in SDS sample buffer by heating. After separating the proteins on an SDSPAGE gel, they were transferred onto a nitrocellulose membrane (BioTrace NT; Pall
Corporation, Ann Arbor, MI) and probed with affinity purified anti-SelB antibodies.
Immunocomplexes were detected by chemiluminescence using horseradish peroxidase–protein A conjugate from Bio-Rad Laboratories (München, Germany) and the
ECL system from Roche Biochemicals (Penzberg, Germany).
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2.3 Crystallization screening, crystal stabilization and
derivatization
2.3.1 Initial crystallization screening
Initial screening was performed with SelB (~ 12 mg/ml) in complex with GDP, which
had been added to a final concentration (f.c.) of 0.66 mM (Frick, 2002) or, after
optimization, to a f.c. of 3 mM GDP (this work). Trays were set up at room temperature using the vapour diffusion technique, Chryschem 24-well sitting drop plates
(Hampton Research) and 750 µl reservoir volume. 2 µl of reservoir solution were
pipetted to 2 µl of the protein solution, and the plates were sealed with “Manco Duck
Crystal Clear” tape (Henkel) and incubated at 4 ºC and/or 19 ºC.

2.3.2 Additive screen design
For the design of a 96-well additive screen (Table 2), the commercially available
Hampton Research additive screens 1, 2 and 3 were used as a guide. Several compounds were omitted (not shown), whereas other chemicals were added (marked in
bold), including several salts, PEGs, sugars, amino acids and, essential for SelB
crystallization, detergents. The initial concentrations of detergents correspond to
10xCMC (critical micelle concentration). In this screen, a 1/10 volume of additive
solution is added to the reservoir (e.g. 75 µl to 0.75 ml). After mixing, an equal
volume of reservoir buffer and protein solution are pipetted together as usual.
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Table 2: The 96 additives screened for the improvement of needle-like SelB:GDP crystals
component

category

10 x [c]
stock

titrated a,b company

ordering
number

cadmium chloride anhydrous
calcium chloride dihydrate
cobaltous chloride hexahydrate
magnesium chloride hexahydrate
manganese chloride tetrahydrate
barium chloride dihydrate
cupric(II) chloride dihydrate
zinc chloride
strontium chloride hexahydrate
yttrium chloride hexahydrate

divalent cation
divalent cation
divalent cation
divalent cation
divalent cation
divalent cation
divalent cation
divalent cation
divalent cation
trivalent cation

100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Fluka
Applichem
Fluka
Fluka
Fluka
Fluka
Fluka
Fluka
Fluka
RdH

20899
A1873
60820
63065
63543
11760
61174
96469
85892
14802

lithium chloride
sodium fluoride
sodium thiocyanate
ammonium sulfate
caesium chloride
potassium chloride
sodium chloride
nickel sulfate
ferric(III) chloride
sodium molybdate
potassium bromide
sodium malonate
samarium(III) acetate

salt
salt
salt
salt
salt
salt
salt
salt
salt
salt
salt
salt
salt

1.0 M
0.5 M
2M
1M
1M
1M
2M
100 mM
100 mM
100 mM
100 mM
1M
100 mM

nd
no
no
nd
nd
nd
nd
nd
nd
no
no
no*
no*

Fluka
Fluka
Fluka
Fluka
Fluka
Merck
Merck
RdH
Fluka
Fluka
Fluka
Fluka
Aldrich

62476
71518
71938
9978
20967
1.04936
1.06404
31483
44945
71756
60093
63411
32,587-2

sodium iodide

ion

1M

no

Fluka

71710

xylitol
glucose
sucrose
maltose
sorbitol
mannitol
fructose

carbohydrate
carbohydrate
carbohydrate
carbohydrate
carbohydrate
carbohydrate
carbohydrate

30 % (w/v)
30 % (w/v)
30 % (w/v)
30 % (w/v)
30 % (w/v)
30 % (w/v)
30 % (w/v)

nd
nd
nd
nd
nd
nd
nd

Fluka
Applichem
Fluka
Fluka
Applichem
Applichem
Fluka

95649
A1349
84100
63419
A2222
A1903
A3688

trimethylamine HCl
guanidine HCl
urea
DMSO
triethylammonium acetate (pH7)

chaotropic
chaotropic
chaotropic
chaotropic
chaotropic

100 mM
1M
100 mM
30 % (v/v)
100 mM

no
no
no
no
no

Fluka
Fluka
Eurobio
Fluka
Fluka

92270
50950
18229
41640
17898

EDTA disodium salt dihydrate

chelator

100 mM

HCl

Applichem A2937

nicotinamid
pyridoxin HCl
thiamine HCl

cofactor
cofactor
cofactor

100 mM
100 mM
100 mM

no
NaOH
HCl

Applichem A0959
Applichem A0957
Applichem A0955
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Table 2 (continued)
component

category

6-aminocaproic acid
1,8-diaminooctane
1,6-diaminohexane
taurin
betaine monohydrate
glycine
glycyl-glycyl-glycine
1,3-propanediol
(+/-)1,3-butanediol
1,4-butanediol
ethylene glycol
glycerol anhydrous
polypropylene glycol P400
1,6-hexanediol
2-methyl-2,4-pentanediol
2,5-dimethyl-2,5-hexanediol
Jeffamine M600 pH~7
PEG 200
PEG 400
PEG 2000
PEG 6000
PEG 20000

titrated a,b company

linker
linker
linker
linker
linker
linker
linker
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)
organic (nv)

10 x [c]
stock
30 % (w/v)
30 % (w/v)
28 % (w/v)
100 mM
100 mM
1M
300 mM
40 % (v/v)
40 % (v/v)
40 % (v/v)
30 % (v/v)
30 % (w/v)
40 % (v/v)
30 % (w/v)
30 % (v/v)
30 % (w/v)
50 % (v/v)
40 % (v/v)
50 % (v/v)
20 % (w/v)
15 % (w/v)
15 % (w/v)

no
HCl
HCl
no
no
no
no
nd
nd
nd
nd
nd
nd
nd
nd
nd
yes
nd
nd
nd
nd
nd

ordering
number
Fluka
7260
Fluka
33200
Fluka
33000
Fluka
86329
Fluka
14300
Applichem A3707
Fluka
50240
Fluka
81780
RdH
24213
RdH
15264
Fluka
3750
Applichem A2926
Fluka
81350
Fluka
52800
Fluka
68340
Fluka
40520
Fluka
9303
Applichem A0445
Fluka
81170
Fluka
81221
Fluka
81255
Fluka
81300

1-propanol (n-propanol)
γ-butyrolactone
ethylacetate
2,2,2-trifluoroethanol
tert. butanol
dioxane
ethanol
isopropanol
methanol
acetone
dichloromethane
acetonitrile
n-butanol (1-butanol)

organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)
organic (v)

40 % (v/v)
40 % (v/v)
5 % (v/v)
40 % (v/v)
40 % (v/v)
30 % (v/v)
30 % (v/v)
30 % (v/v)
30 % (v/v)
40 % (v/v)
0.25 % (v/v)
40 % (v/v)
7 % (v/v)

nd
no
no
no
nd
no
nd
nd
nd
nd
nd
no
nd

Fluka
Fluka
Fluka
Fluka
Fluka
Fluka
Fluka
Merck
Fluka
Fluka
Fluka
Applichem
Fluka

82090
20740
47760
91690
19460
42510
2860
1.09634
65543
560
66740
A1605
19420

hexaminocobalt trichloride
spermine 4HCl
spermidine

polyamine
polyamine
polyamine

100 mM
100 mM
100 mM

no
no
HCl

Fluka
Fluka
Fluka

52738
85607
85558

polyvinylpyrrolidon K15
ethyleneimine polymer

polymer
polymer

5 % (w/v)
2 % (w/v)

no
nd

Fluka
Fluka

81390
3880
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Table 2 (continued)
component

category

DTT
glutathione (reduced form)
L-cysteine
L-glutamic acid
L-arginine
L-lysine
L-serine
L-asparagine
L-threonine
L-valine

titrated a,b company

reducing agent
reducing agent
reducing agent

10 x [c]
stock
100 mM
100 mM
100 mM

nd
NaOH
NaOH

ordering
number
Applichem A1101
Sigma
G4251
Applichem A3665

amino acid
amino acid
amino acid
amino acid
amino acid
amino acid
amino acid

100 mM
100 mM
100 mM
100 mM
100 mM
100 mM
100 mM

NaOH
no
no
no
no
no
no

Applichem
Applichem
Applichem
Applichem
Applichem
Applichem
Applichem

A3723
A3680
A3713
A3943
A3669
A3946
A3406

benzamidine HCl

amphiphile

20 % (w/v) no

Fluka

12073

triton X-100
n-octyl-β-D-glucoside
deoxycholate sodium salt
n-dodecyl-β-D-maltoside
IPTG

detergent
detergent
detergent
detergent
detergent

8.5 mM
245 mM
100 mM
1.7 mM
10 mM

Fluka
Glycon
Fluka
Glycon
Applichem

93426
D97001
30970
D97002
A1008

no
nd
no
nd
nd

a

Solutions that were suspected to change the pH were tested with a pH strip after mixing 1/10 V of additive with 1V of 50 mM
Tris/HCl pH7.0 [*or 1/10V of 100 mM Tris/HCl (pH 7.0)]. The pH was adjusted to pH 7.0 with 10 M NaOH or 37 % HCl if
necessary.
b
Abbreviations: (v), volatile, (nv), non-volatile, nd, not determined.

2.3.3 Crystal stabilization
The stabilization procedure was performed at 19 ºC. Prior to stabilization, wells were
opened with a scalpel and the reservoir solution was exchanged with the final cryoprotectant solution [10 mM KCl, 20 mM Tris/HCl (pH = 7.5), 40 mM MgSO4, 100
mM sodium citrate (pH = 6.0), 1 mM deoxycholic acid, 2.2 M ammonium sulfate,
26.5 % (w/v) sucrose]. Then, depending on the SelB form, cryoprotectant solutions
containing 3 mM GDP, 3 or 20 mM GppNHp or no nucleotide were added to the
crystals, and the wells were re-sealed for 30 min. This procedure was repeated five
times using increasing amounts of cryoprotectant (Table 3). In the last step, the
crystals were transferred with a nylon loop into a new drop of cryoprotectant at the
final concentration, and they were cooled o/n at 4 ºC using a styrofoam box to achieve
slow temperature equilibration.
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Table 3: Protocol for crystal dehydration
step
1
2
3
4
5
6

incubation time
30 ‘
30 ‘
30 ‘
30 ‘
30 ‘
o/n

A : B ratio (%) a
75 : 25
50 : 50
25 : 75
0 : 100
0 : 100
final solution

artificial mother liquor (solution A):
10 mM KCl
20 mM Tris/HCl (pH = 7.5)
40 mM MgSO4
100 mM sodium citrate (pH = 6.0)
1 mM deoxycholic acid
2.0 M ammonium sulfate
3 mM GDP, 3 or 20 mM GppNHp

added volume (µl)
2
4
8
16
32
new drop

[sucrose] (%)
3.8
9.4
15.9
23.0
26.5
26.5

transfer solution (solution B):
10 mM KCl
20 mM Tris-HCl (pH = 7.5)
40 mM MgSO4
100 mM sodium citrate (pH = 6.0)
1 mM deoxycholic acid
2.2 M ammonium sulfate
3 mM GDP, 3 or 20 mM GppNHp
30 % (w/v) sucrose

a

Solutions A and B were mixed together in the indicated ratios prior to use. Sucrose concentrations are
indicated for an initial drop size of 2 µl. This protocol was also used for 3 and 4 µl drops, resulting in different
sucrose concentrations. Depending on the required SelB form, nucleotides were either omitted from or added to
the stabilization solutions (using 200 mM stock solutions, which were buffered to pH 6.0 with 300 mM sodium
citrate buffer).

2.3.4 Heavy atom derivatization
For the derivatization of SelB crystals, different heavy atom compounds (Table 4)
were dissolved in the final cryoprotectant solution directly before use. The crystals
were stabilized exactly according to the protocol described above, but were transferred to the final cryoprotectant solution containing the heavy metals in the last
stabilization step instead. They were slowly cooled to 4 ºC as described above and
derivatized o/n.

2.3.5 Crystal flash-freezing
For crystal freezing, two vials containing frozen propane were removed from the
liquid nitrogen storage dewar, opened and thawed at 4 ºC. When the propane had
melted, one of the vials was filled to the top and placed in liquid nitrogen. A crystal
was mounted in a 0.5 mm nylon loop glued onto a Yale or Hampton cryo-pin (Hampton Research), transferred quickly into liquid propane and stored at –180 ºC in liquid
nitrogen. For data collection at 100 K, the pin holding the crystal was mounted on a
goniometer head, where the cryogenic temperature was kept by a cold nitrogen gas
stream.
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50.0

saturated

Na2WO4

methylmercury
chloride

poorly soluble,
crystals crack

12398 (ae) or
12750 (ae)

15.1 – 1.8
(50 – 3.8)

no signal

6.1 – 1.4
(50 – 6.0)
no signal
no signal

not analyzed

2.3 – 1.4
(50 – 6.8)

2.9 – 1.5
(50 – 6.0)
not analyzed

11.3 – 1.5
(50 – 5.4)

anomalous signal χ2 range
(for resolution range in Å) a

1 major peak,
noisy map
16 peaks, clear map

no peaks
no peaks

no peaks

not analyzed

no peaks

not analyzed

not analyzed

not analyzed

anomalous difference
Fourier map b
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The presence of an anomalous signal after heavy atom derivatization of SelB:GDP crystals was evaluated by the increase of χ2 = Σ {(I –<I>)/[σ2 x N/(N-1)]} after merging Bijvoet pairs with
SCALEPACK (Otwinowski and Minor, 1997). These symmetry related reflections were initially kept apart during scaling. χ2 was thereby adjusted to 1 ± 0.2, indicating a good error estimation model
for individual resolution shells.
b
Heavy atom positions were detected by searching for peaks in the anomalous difference Fourier map calculated with the Ta MAD phases and different heavy atom datasets using the program CNS
(Brünger et al., 1998).
c
Data collection was performed at the peak (pk), remote (rm) or inflection (in) wavelength of the element specific L-III X-ray absorption edge. For elements without a prominent absorption peak
(white line), data were collected above the L-III edge (ae).

a

poorly soluble
poorly soluble

saturated
saturated

K2IrCl6
KOsCl6
phosphate analogue

11600 (ae)

soluble
11220 (pk)
10877 (pk)
10872 (in)
11070 (rm)
10208 (pk)

no data collected

crystals crack and dissolve

no data collected

12399 (ae)

strong staining, crystals
crack, no diffraction

9881 (pk)
9878 (in)
10080 (rm)
12320 (ae)

wavelength of data
collection [eV] c

soluble

1.0, 2.0

Cs5[PW11O39
{Rh2(CH3COO)2}]

poorly soluble

strong staining,
used at 0.25 mM

comments

single heavy atom compounds
sodium
2.0
ethylmercurithiosalicylate
phenylmercury
saturated
chloride
KPtCl4
1.0

saturated

5, 2.5, 1.25,
1.0, 0.25

f.c. [mM]

TAMM

clusters
[Ta6Br12]2+

heavy atom

Table 4: Heavy atoms tested for MAD and SAD phasing with SelB:GDP crystals
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2.3.6 Chemicals used for crystallization and structure determination
All chemicals finally used for SelB crystallization and structure determination, including ordering numbers and manufacturer, are summarized in Table 5. In spite of the
fact that the heavy atom cluster [Ta6Br12]2+ is a useful compound for low and high
resolution phasing (Ban et al., 2000; Banumathi et al., 2003; Cramer et al., 2000;
Knäblein et al., 1997; Schneider and Lindqvist, 1994), it is still not commercially
available. We obtained this compound as a gift from N. Brnicevic from the University
of Zagreb. All other chemicals used in this thesis were ordered either from Aldrich,
Applichem, Becton Dickinson, Eurobio, Fluka, Glycon, Merck, Pierce Inorganics,
Schweizerhall, Sigma, Strem Chemicals or Riedel-de-Haën. The tungsten cluster was
a gift from S. Pope (Georgetown University).

Table 5: List of chemicals used for SelB crystallization and structure determination
compound
KCl
Trizma base
HCl
MgSO4
DTT
Sodium citrate
NaOH
ammonium sulfate
deoxycholic acid
sucrose
GDP
GppNHp
methylmercury chloride
[Ta6Br12]2+
a

company
Ordering number
Merck
1.04936
Sigma
T1503
Merck
1.00317
Fluka
63140
Applichem
A1101
RdH
25116
Merck
1.04698
Fluka
09978
Fluka
30970
Fluka
84100
Sigma
G7127
Sigma
G0635
Pierce Inorganics
P37123
a
not commercially available

synthesized and kindly provided by N. Brnicevic, University of Zagreb

2.3.7 Other SelB derivatives: Cocrystallization and soaking of the
antibiotic kirromycin
The EF-Tu antibiotic kirromycin (Sigma K1507) is light sensitive and insoluble in
water. Therefore, a 20 mM stock solution was prepared using 100 % ethanol and
stored in the dark. For cocrystallization experiments, 1 mM kirromycin was added to
SelB-apo or to SelB containing 3mM GDP or GppNHp. After incubation on ice for 45
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min, 4 + 4 µl drops of all three samples were setup at 100 mM sodium citrate (pH =
6.0), 1 mM deoxycholic acid and six different ammonium sulfate concentrations
ranging from 1.8 – 2.0 M. Plates were wrapped in aluminium foil and incubated at
19 ºC.
For crystal soaking, SelB:GDP-grown crystals were either stabilized in the presence of 3 mM GDP or GppNHp. They were soaked with 2 mM kirromycin during
derivatization with MeHg and flash frozen in liquid propane.

2.3.8 Other SelB derivatives II: Cocrystallization and soaking of
cysteine and soaking of selenocysteine or methyl-selenocysteine
A cysteine (Applichem A3665) stock solution (f.c. = 1 M) was titrated to pH 6.0 with
10 M NaOH, and 10 mM DTT was added. Cysteine was cocrystallized at different
concentrations (10, 20, 40, 60, 80, 100 mM) with SelB:GDP (3 mM GDP). Trays
were setup at 19 ºC using 100 mM sodium citrate (pH = 6.0), 1 mM deoxycholic acid
and ammonium sulfate over a concentration range of 1.8 – 1.975 M (in 25 mM steps).
At higher precipitant concentrations, cysteine became saturated and crystallized.
For the soak of SelB:GDP-grown crystals stabilized in the presence of GppNHp,
100 mM cysteine, 20 mM DTT and 20 mM GppNHp were added to the final
stabilization solution. Crystals were slowly transferred to 4 ºC, incubated o/n and
frozen in liquid propane. For the selenocysteine soak, the commercially available
selenocystine (Fluka 09976) was reduced to selenocysteine with DTT. Similarly,
methyl-selenocysteine (Fluka 09974) was kept in a reduced state using DTT. Both
compounds were added to the final stabilization solution at concentrations of 50 mM
in the presence of 60 mM DTT and 20 mM GppNHp, and crystals were treated as
described for the cysteine soaking.

2.4 Computational methods
All program packages and input scripts that have been used in this work for data
processing, refinement of the structure, analysis of the models and graphical display
of the molecules are listed, together with a short description and corresponding
reference, in Table 6.
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Table 6: All programs used for data processing, refinement, model analysis,
molecular graphics and other purposes
package
scripts/programs

description (reference and/or internet link)

HKL 1.97.2
XDISP
DENZO
SCALEPACK

data indexing and scaling (Otwinowski and Minor, 1997)
visualization of reflection images
autoindexing of raw reflection data
scaling and merging of raw reflection data

SOLVE/RESOLVE 2.06
solve.com
solve.setup

(Terwilliger, 2004)
automated MIR, SAD and MAD structure determination
list of basic crystal parameters, required to run the solve.com script

RAVE
MAMA
MAPMAN

(http://xray.bmc.uu.se/usf/rave.html)
mask generation and manipulation (Kleywegt and Jones, 1999)
manipulation of map and mask formats and parameters (Kleywegt and
Jones, 1996)
real-space searches for fragments or molecules (Kleywegt and Jones,
1997)

ESSENS
CNS 1.1
realspace_transform.inp
shift_sites.inp
cross_rotation.inp
self_rotation.inp
analyse.inp
bindividual.inp
composite_omit_map.inp
density_modify.inp
generate.inp
fo-fo_map.inp
fourier_map.inp
get_ncs_matrices.inp
heavy_search.inp
hlcoeff_blur.inp
mad_phase.inp
map_cover.inp
make_cv.inp
matthews_coef.inp
merge.inp
model_phase.inp
model_stats.inp
ncs.def
optimize_ncsop.inp
optimize_rweight.inp

phasing and structural refinement (Brünger et al., 1998)
applies real-space transformations to molecules
moves sites as close as possible to a reference molecule
cross-rotation function for molecular replacement
self-rotation function
diffraction data analysis for amplitudes, intensities and phases
restrained, individual B-factor refinement
calculates a composite annealed omit map
density modification to improve phases
generates structure files for protein, DNA/RNA, water, ligands
calculates an electron density map using phase information from a
model and two experimental amplitude datasets
computes FOM-weighted Fourier synthesis and difference Fourier maps
determination of NCS operators between two molecules
heavy atom search and Patterson correlation refinement
"blurs" Hendrickson-Lattman coefficients for use in refinement with the
MLHL target
computes phase probability distributions from a MAD experiment and
refines anomalous scatterer parameters against MAD data
calculates an electron density map masked by a model
sets up a test array for cross-validation using a random set of data
calculates the Matthews coefficient and estimates the solvent content
merges datasets
generates calculated amplitudes, phases, Hendrickson-Lattman
coefficients, FOMs and bulk solvent correction from model(s)
crystallographic model statistics
defines non-crystallographic constrains and restraints
improves NCS operators for density averaging
optimizes R-weight (X-ray/B-restraints weight)
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Table 6 (continued)
package
Scripts/programs
optimize_wa.inp
patterson_map.inp
predict_patterson.inp
refine.inp
qgroup.inp
qindividual.inp
rigid.inp
rmsd.inp
sad_phase.inp
translation.inp
xtal_pdbsubmission.inp
CCP4/CCP4i 5.0.2
LSQKAB
PROCHECK
BAVERAGE
CONTACT
O 9.0.7
Pymol 0.97
CLUSTAL X 1.81
GeneDoc 2.6
Matthews Probability
Calculator
Dali 2.0

Countcodon 4.0
PROTPARAM

PROF 2000_6
NEBcutter 2.0
Molecular Toolkit

description (reference and/or internet link)
optimizes Wa (X-ray/geometry weight)
native and difference Patterson map and Harker section calculation
Patterson map and Harker section prediction from a set of heavy atom
sites
combines crystallographic simulated annealing, energy minimization,
individual B-factor refinement and map calculation
grouped, unrestrained occupancy refinement
individual, unrestrained occupancy refinement
crystallographic rigid body refinement
calculates rms coordinate difference between two structures
computes phase probability distributions from a SAD experiment and
refines anomalous scatterer parameters against SAD data
automated translation search for molecular replacement
produces partial information required for PDB submission
(http://www.ccp4.ac.uk/, Collaborative Computational Project
Number 4, 1994; Potterton et al., 2003)
superposition of different molecules, calculation of RMSDs between Cα
chains, applies various transformations to coordinate files (Kabsch,
1976)
program to check the stereochemical quality of protein structures
(Laskowski et al., 1993)
tabulates the average B values of residues and chains
computes various types of contacts in protein structures
model building, structure visualization and validation (Jones et al.,
1991)
structure visualization, animation and rendering
(http://pymol.sourceforge.net)
sequence alignment (Thompson et al., 1997)
editing and displaying aligned sequences
(www.psc.edu/biomed/genedoc)
calculation of Matthews coefficient according to data resolution
(http://www-structure.llnl.gov/mattprob/, Kantardjieff and Rupp,
2003)
three-dimensional, sequence independent structure search
(http://www.ebi.ac.uk/dali/, Holm and Sander, 1993; Holm and
Sander, 1996)
codon usage frequency analysis
(http://www.kazusa.or.jp/codon/countcodon.html)
calculates physicochemical properties of proteins according to their
sequence (www.expasy.ch/tools/protparam.html, Gasteiger et al.,
2005)
profile-based neural network prediction of protein structure
(www.predictprotein.org, Rost, 2000)
drawing of restriction maps for cloning
(http://tools.neb.com/NEBcutter2/index.php)
used for analysis and manipulation of nucleic acid sequences
(http://arbl.cvmbs.colostate.edu/molkit/index.html)
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3.

Results

3.1 Protein purification
Full-length SelB (residues 1 to 468) was cloned from M. maripaludis strain JJ (DSM
2067) into a modified pT7 expression vector, which contains an inducible T7 promoter and a 6xHis tag (Materials and methods). It was expressed as an N-terminal
6xHis-fusion protein in E. coli strain Rosetta (DE3) (Novy et al., 2001). This strain
allows the expression of proteins with codons in the open reading frame that are rare
in E. coli. Such a situation is often encountered in archaeal genes (as in SelB, see
Appendix) and leads to premature translation termination or low protein expression
levels. Rosetta (DE3) complements for rare E. coli tRNAs by carrying additional
tRNA genes on plasmid pRARE. After cell growth and lysis, SelB was purified by
Ni-NTA affinity chromatography. The protein was further purified by cation exchange chromatography using a SourceS column (Figure 6, Materials and methods).
After elution with a NaCl gradient, fractions containing SelB were directly frozen
in liquid nitrogen and stored at – 80 ºC. In spite of several lower molecular weight
impurities, the protein was suitable for crystal growth (see below). For crystallization,
SelB was transferred into crystallization buffer [10 mM KCl, 20 mM Tris/HCl (pH
7.5), 40 mM MgSO4, 2 mM DTT] using size exclusion chromatography and concentrated to ~ 12 mg/ml (~ 230 µM). Due to the omission of nucleotides during the
entire purification procedure and the low affinity of SelB for both GDP and GTP (Kd
= 0.4 µM for GDP and 0.1 µM for GTP, Rother et al., 2000), the protein was in the
apo-form, which was first confirmed using HPLC (data not shown) and later observed
in the crystal structure.
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Figure 6: Elution profile of SelB from the SourceS cation exchange column. SelB was eluted from
the column with a linear NaCl gradient (green) and appeared as a single peak in the chromatogram
(blue, mAU = arbitrary absorption units). For clarity, the relative conductivity (brown) is also indicated. The collected fractions are indicated in red. After analysis on an SDS-PAGE gel (inset,
Coomassie stained gel), the fractions containing SelB (MW = 53 kDa) were pooled (red arrow) and
used for crystallization after buffer exchange, in spite of some residual impurities of lower molecular
weight.

3.2 Protein crystallization
3.2.1 Initial crystallization screening
Initial crystallization was performed using the vapour diffusion technique. Equal
volumes of concentrated protein and reservoir solution (2+2 µl) were mixed and
equilibrated against 750 µl reservoir solution in sealed 24-well sitting drop plates,
which were incubated at 4 ºC and 19 ºC (Materials and methods). For basic screening,
several precipitant vs. pH and sparse matrix screens were used (Table 7, Frick, 2002).
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Table 7: Summary of the screens performed for the improvement of needle-like SelB crystals
Screen

Comment (reference)

Basic screens (Frick, 2002)
Sparse matrix crystallization screen 1 & 2

Hampton Research (Cudney et al., 1994;
Jancarik and Kim, 1991)
Sparse matrix nucleic acid crystallization screen (Natrix) Hampton Research (Scott et al., 1995)
first needle-like crystals in condition 19
ammonium sulfate vs. pH
no crystals (McPherson, 1999)
malonate vs. pH
no crystals (McPherson, 2001)
MPD vs. pH
no crystals (McPherson, 1999)
PEG 400 vs. pH
no crystals (McPherson, 1999)
PEG 4000 vs. pH
no crystals (McPherson, 1999)
PEG 20000 vs. pH
no crystals (McPherson, 1999)
Isopropanol vs. PH
no crystals (McPherson, 1999)
Initial fine screens based on ammonium sulfate vs. pH (Frick, 2002)
1.6 – 2.2 M ammonium sulfate (0.2 M steps) vs.
solubility limit at pH ~5.7,
pH 5.0 – 7.1 (0.2 pH unit steps, cacodylic acid)
needle bundles from pH 6.1 – 7.1,
fewer and thicker needles at lower pH,
no hexagonal plates observed
MgSO4 at 15, 20, 30, 40 mM (f.c.)
fewer / thicker needles at higher [MgSO4]
Fine screens based on ammonium sulfate vs. pH (this work) a
[SelB] = 10, 7.5, 5.0 mg/ml (0.1 – 0.2 mM)
growth at 5.0, 7.5 and 10 mg/ml
[GDP] = 0.66, 3, 5, 10 mM, w/o GDP
best growth with 3 mM GDP
1.6 – 2.2 M ammonium sulfate (0.1 M steps) vs. pH 5.75 thin needles from pH 5.75 – 7.25
– 8.5 (0.25 pH unit steps)
temperature 12, 16, 19, RT, 37 °C
growth only at temperatures > 19 °C
pH fine screen (pH 5.5 – 6.0), different buffers
very narrow pH range for fewer and
(100 mM BisTris, 100 mM sodium citrate or
thicker needles (pH 5.8 – 6.0),
50 mM MES)
nicest crystals with sodium citrate
ammonium sulfate fine screen (0.05 M steps)
very narrow ammonium sulfate
concentration range for growth
(1.9 – 2.0 M ammonium sulfate)
KCl concentrations (25, 50, 100, 150, 200 mM)
KCl reduces nucleation
NaCl 100, 200 mM
no improvement
microseeding
does not work
sitting drop and hanging drop
hanging drop equilibrates faster, more
precipitation
different drop sizes and reservoir volumes
drop size and reservoir volume important
(3 + 3 µl or 4 + 4 µl are optimal)
a
Ammonium sulfate was used in a concentration range of 1.6 – 2.2 M. pH screens were performed either using cacodylic acid
(pH 5.0 – 7.1) or a combination of citrate (pH 5.0 – 6.0), BisTris/HCl (6.25 – 6.75) and Tris/HCl (pH 7.0 – 8.5).

After one month, crystals were found in Natrix screen condition 19 [2 M
ammonium sulfate, 50 mM sodium cacodylate (pH = 6.5), 10 mM MgSO4], which
had been setup at 19 ºC. Two crystal forms, long, thin needles and extremely small
hexagonal plates, were simultaneously observed (Figure 7A).
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A

60 µm

no diffraction

B

60 µm

diffraction to 3.5Å and 6.5Å

C

260 µm

diffraction to 3.0Å and 3.4Å

Figure 7: SelB:GDP crystals before and after refinement of crystallization conditions. (A) Initial
crystals found in the Natrix screen. Both thin needles and small hexagonal plates occurred together in
this drop. However, the plates were not reproducible even after extensive fine screening. (B) Initial
crystals found in the additive screen. Deoxycholic acid dramatically improved the crystal quality in the
3rd dimension, leading to large rods that could be analysed at the synchrotron. Note that deoxycholic
acid is supersaturated, leading to fuzzy aggregates spread over the bottom of the well. (C) X-ray
quality SelB:GDP crystal after refinement of the initial conditions. The crystal is very large (0.2 mm x
0.2 mm x 1.0 mm), grows from the bottom of the well, and its length is limited by the drop surface. As
a consequence of this “cut”, the hexagonal morphology, consistent with the trigonal space group P3112,
can be nicely recognized.

In spite of extensive screening around the initial crystallization condition, including the omission of GDP from the solution, the plates could not be reproduced
and the morphology of the needles could only be slightly improved. The fine screens
performed around initial conditions are listed in Table 7.
The two-dimensional appearance of the crystal needles did not allow their analysis
by X-ray diffraction. However, the investigation of dissolved needles on an SDSPAGE gel revealed that they are likely protein crystals (Frick, 2002). This, together
with the initial appearance of the hexagonal plates, which might represent the “third
dimension” of the needles, offered a good a starting point for further crystallization
screening.

40

Results

3.2.2 Screening of additives
Numerous reports indicate that crystal growth is influenced or even improved by the
presence of small molecules such as salts, organic solvents, carbohydrates and
detergents (Cudney et al., 1994; Sousa, 1995; Trakhanov and Quiocho, 1995). These
compounds can, for example, stabilize proteins by reducing their flexibility, mediate,
generate or modulate crystal contacts, and they also influence the protein solubility.
Therefore, an extensive additive screen under conditions usually leading to the growth
of the needle-like SelB:GDP crystals was performed.
For the design of a 96-condition additive screen, the commercially available
Hampton Research additive screens I, II and III were used as a guide. Several expensive and unusual compounds were omitted from the screen, whereas others were
added (see Table 2 in Materials and methods).
The crystallization and solubility behaviour of SelB:GDP in the presence of the
different additives was tested by pipetting 75 µl of each additive to 750 µl of the
reservoir solution [containing 2.2 M ammonium sulfate and 110 mM sodium citrate
(pH = 5.75)]. Some of the additives were partially insoluble under the high
ammonium sulfate concentration, but since the amount of the protein was not limiting,
all 96 conditions were set up (2+2 µl drops). In most drops, strong precipitation of
SelB occurred after one day, which indicates that many compounds considerably
reduce the protein solubility. After three weeks, a few drops contained either needlelike crystals or remained clear. In the drops containing ethyleneimine polymer,
dioxane or glycerol, the needles showed a slightly different morphology, but fine
screens with these components at different concentrations did also not yield crystals
of X-ray quality. Therefore, in order to further explore the other additives, alternative
crystallization trials were performed using each additive with different ammonium
sulfate concentrations (2.0, 2.1, 2.2, 2.3 M ammonium sulfate and 100 mM sodium
citrate at pH 6.0). After one week, large, rod-like crystals were found in a drop
containing the detergent deoxycholic acid (Figure 7B).
Interestingly, deoxycholic acid at a concentration higher than 1 mM was a
prerequisite for the growth of rod-like SelB crystals, although the additive was not
completely soluble at this low concentration. An “additive-upon-additive screen”
using similar crystallization conditions, but now including 1 mM deoxycholic acid,
did not reveal further morphological improvements of the crystals. Replacement of
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deoxycholic acid by 10 mM cholic acid or taurodeoxycholic acid lead to the
appearance of large, glassy aggregates, whereas in the presence of CHAPS, no crystal
growth was observed at all, in spite of the structural similarity of these detergents
(Figure 8).

Figure 8: Formulas of four different cholic acid variants tested as additives for SelB:GDP crystal
growth. (A) Deoxycholic acid, the only compound which yielded crystals of X-ray quality, (B) cholic
acid, (C) CHAPS, (D) taurodeoxycholic acid (Source: Fluka catalogue).

The unique properties of deoxycholic acid in facilitating SelB crystal growth is
probably due to the specific contacts that the detergent can form with the protein (see
below) or due to differences between the solubility of these detergents in highly
concentrated ammonium sulfate. However, the binding specificity was not explored
further.
The quality of SelB:GDP crystals could be further improved by adjusting the drop
size and the ammonium sulfate concentration, both of which strongly affected the
nucleation and the speed of crystal growth. As very large crystals (up to 1 mm x 0.3
mm x 0.3 mm, Figure 7C) grew only in a very narrow precipitant range, for each new
setup an initial “search screen” [1.8 – 2.0 M ammonium sulfate in 25 mM steps, 1
mM deoxycholic acid, 100 mM sodium citrate (pH = 6.0), 3 + 3 µl or 4 + 4 µl drop
size, 19 ºC] had to be performed. After five days, the remaining protein was set up
under the highest ammonium sulfate concentration leading to clear drops or single
crystals, together with conditions containing either a 25 mM or 50 mM lower
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ammonium sulfate concentration. Good crystals appeared after 1 – 2 weeks and grew
for 5 – 7 weeks. With this procedure, the maximum yield was approximately 4 X-ray
quality crystals per 24-well plate.

3.2.3 Crystallization of SelB:GppNHp and SelB-apo
Crystals of SelB:GppNHp grew under similar conditions as described above for
SelB:GDP. Instead of adding GDP, the non-hydrolyzable GTP analogue GppNHp
was added at a concentration of 3 mM prior to crystallization. The crystal were
morphologically similar to SelB:GDP crystals, but somewhat thinner.
SelB-apo crystals were obtained by omitting the nucleotides during crystallization. In spite of several trials for obtaining X-ray quality SelB-apo crystals, microcrystalline precipitation was observed in most drops. However, in one drop, a SelBapo crystal displaying a morphology similar to SelB:GDP crystals could be obtained
and was used for data collection.

3.3 X-ray analysis and data collection
3.3.1 Mounting crystals into a capillary
For the X-ray analysis of crystals at ambient temperature, the crystals were mounted
directly from the drop into quartz capillaries (Hampton Research). A capillary
sufficiently large to harbor the crystal was connected to a 1 ml syringe with a short
rubber tube. The crystal was sucked up together with a small amount of mother liquor
from the drop, and excess mother liquor was removed using a thin paper wick. After
sealing one end of the capillary with clay and wax, it was cut at the other end and
sealed similarly. For the X-ray analysis, the capillary was mounted on a goniometer
head using clay.

3.3.2 Dehydration and freezing of crystals
Collecting X-ray data from crystals at cryogenic temperatures (around 100 K) has
several advantages: Crystals can be stored infinitely and reused, their diffraction limit
may be improved, and the radiation damage is reduced considerably. The latter is
especially important for the analysis on a high brilliance X-ray beamline, which
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allows the adjustment of the wavelength, a prerequisite for MAD and SAD phasing
experiments (see below). However, crystals must be cryo-protected prior to flashfreezing in order to avoid the formation of crystalline ice, which would destroy the
crystals and disturb the measurement. This can be achieved by either growing the
crystals in the presence of a cryoprotectant or by transferring the crystals stepwise
into a cryosolution after growth.
Dehydration can lead to changes in the crystal lattice that affect either positively
or negatively the diffraction properties of crystals. Therefore, several cryoprotectants/
dehydrating agents were tested in parallel with SelB:GDP crystals. For the dehydration, solutions containing relatively high concentrations of sugars, sugaralcohols, volatile or non-volatile alcohols, PEGs or cryosalts have been used
successfully (Garman and Schneider, 1997; Rodgers, 1997; Rubinson et al., 2000).
The choice for SelB crystals was restricted by the insolubility of volatile or nonvolatile alcohols and PEGs under high ammonium sulfate conditions. From the
soluble cryoprotectants, ethylene glycol, glycerol and sucrose were analyzed. As these
compounds also affect the solubility of proteins, both the cryoprotectant and
ammonium sulfate concentration were increased simultaneously in order to avoid
dissolving of the crystals. The crystals were stable in solutions containing 26.5 %
(w/v) sucrose or glycerol, whereas they dissolved in the presence of 20 % ethylene
glycol. After flash-freezing in liquid propane, Both glycerol and sucrose effectively
prevented ice formation at a concentration of 26.5 % (w/v) but not at 16 % (w/v), and
the diffraction properties of the crystals were similar for both cryoprotectants. The
comparison of frozen with non-frozen SelB crystals (see below) revealed that
diffraction was not affected by flash-freezing, and sucrose was chosen for further Xray experiments.
Since differences during crystal stabilization and freezing can severely affect the
crystal quality and reproducability of the X-ray experiment, the initial stabilization
protocol was first optimized and then applied in a strict manner for all SelB crystals.
The sucrose concentration was stepwise increased to the final concentration (3.8, 9.4,
15.9, 23.0, 26.5 %) in 30 min intervals at 19 ºC (Materials and methods). The crystals
were transferred to the final cryoprotectant solution, slowly cooled to 4 ºC and equilibrated over night. Then the crystals were flash frozen with a cryoloop in freshly
thawed liquid propane and stored in liquid nitrogen at –180 ºC (Materials and
methods).
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3.3.3 Data collection at the in-house X-ray facility
In-house X-ray analysis for the comparison of frozen with non-frozen crystals was
performed with a Rigaku RU-200 X-ray generator (rotating copper anode, λCuKα =
1.5418 Å, 0.3 mm cup, 50 kV, 95 mA, equipped with two perpendicular 200 mm
osmic focusing mirrors). Crystals mounted in a capillary or in a cryoloop were exposed for 30 or 60 min. The crystals were then rotated by 90 º and analyzed in a
similar manner. The diffraction patterns were recorded using a MAR345 image plate
detector (MAR Research), and the high-resolution diffraction limit was evaluated
with the corresponding software. The observed diffraction of the crystals analyzed at
the in-house facility was considerably worse than of those investigated at the synchrotron, demonstrating that the weak in-house X-ray source was insufficient for the
data collection from these crystals with a very large asymmetric unit (discussed
below). Therefore, further crystal testing and data collection was performed
exclusively using synchrotron radiation.

3.3.4 X-ray analysis at the synchrotron
Diffraction data of frozen crystals were collected at 100 K using synchrotron radiation
at the Swiss Light Source (SLS) X06SA PX beamline (Paul Scherrer Institut,
Villigen, Switzerland). Diffraction patterns were recorded with a 165 mm marCCD
detector (MAR Research). Crystals were exposed between 3 and 10 sec per image
during a 1º oscillation, depending on the combination of filters used. The exposure
time and filter combination was chosen such as to minimize overloaded low-resolution reflections and to optimally record high-resolution data. For a complete dataset,
at least 120 frames were collected. All data were indexed and scaled with the HKL
software package (Otwinowski and Minor, 1997).

3.3.5 Native data collection
Initial data were collected from native SelB crystals grown in the presence of GDP,
which had been stabilized with different cryoprotectants at different concentrations
and in the presence of 3 mM GDP. Furthermore, GDP-grown crystals soaked with 10
mM GTP or 10 mM GppNHp during stabilization were also investigated. For some
crystals, the nucleotide had also been omitted during the dehydration protocol (“back-
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soak”). Data collection was performed at wavelengths around λ = 1.0 Å. All crystals
displayed a strongly anisotropic diffraction behavior, ranging from a high-resolution
diffraction limit of ~ 2.9 Å in one direction of reciprocal space to ~ 4.0 Å in the other
(Figure 9).

2.9Å

4Å

Figure 9: Typical diffraction pattern of a SelB crystal. SelB crystals diffract anisotropically to
different resolutions in different regions of reciprocal space. The diffraction pattern of a representative
native SelB:GDP crystal is shown here. Anisotropic diffraction was observed for all SelB crystals,
including the SelB-apo or GTP/GppNHp form and their heavy atom derivatives.

Data processing revealed similar and large unit cell dimensions (a = b ≈ 146 Å, c
≈ 297 Å, with angles α = β = 90º, γ = 120º) for all three crystal forms and indicated
that they belong to the trigonal enantiomorphic space groups P3112 or P3212, which
could not be distinguished at this point. These results also revealed that it is very
difficult to estimate the number of molecules in this large asymmetric unit by calculating the Matthews coefficient VM (Kantardjieff and Rupp, 2003; Matthews,
1968), which was consistent with a number in the range between 3 and 12 molecules
(Table 8). This observation was important for deciding on the suitable structure
determination strategy.
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Table 8: Calculation of the Matthews coefficient and the corresponding number of
SelB molecules per asymmetric unit (ASU)
molecules /ASU
(N) b
3
4
6
8
12

probability
(%) b
0
1
21
28
0

Matthews coefficient
(VM) a,b
5.73
4.29
2.86
2.15
1.43

solvent content
(%) b
78.5
71.4
57.0
42.7
14.1

MW/ASU
(kDa) b
159.6
212.8
319.2
425.6
638.4

a
The Matthews coefficient VM [A3/Da] is calculated with VM = V / MW x Z x N, with V = unit cell volume, N = number of
molecules / ASU, Z = 6 for space group p3112 (ASU / unit cell), assuming a partial specific volume of 0.74 cm3/g for
protein (Matthews, 1968). For protein crystals, based on 10471 structures, the most frequent value is 2.34, corresponding to
~ 47 % solvent content (Kantardjieff and Rupp, 2003). Extreme values (M < 1.6 or M > 3.6) correspond to the close packing
of spherical proteins and the edge allowing sufficient intermolecular contacts, respectively.
b
Calculations were performed using the “Matthews Probability Calculator” (www-structure.llnl.gov/mattprob/, see also
Appendix). This program includes the high-resolution diffraction limit of the data for the calculation of the probabilities
because it was observed that diffraction decreases with a higher solvent content in the crystal (Kantardjieff and Rupp, 2003).

3.4 Structure determination of SelB:GDP
Assuming the frequently observed value for the Matthews coefficient, which is 2.34
(Kantardjieff and Rupp, 2003), the crystal contained a large a number of molecules in
the asymmetric unit (6 or 8 molecules, Table 8), indicating that it might be difficult to
obtain a correct molecular replacement solution by using EF-Tu as a search model.
The low sequence homology between domains III of SelB and EF-Tu and the lack of
domain IV in EF-Tu would have further complicated the successful use of this
method. Replacement of the 11 methionines in each SelB molecule by selenomethionine, an approach successfully used for MAD or SAD phasing, would have
lead to a very large number of heavy atom sites (66 or 88), which would be difficult to
find using the relatively incomplete data available from anisotropically diffracting
crystals. Therefore, a combined strategy of low- and high-resolution phasing was used
for the structure determination (Figure 10).
At low resolution, a [Ta6Br12]2+ heavy atom cluster was used for the initial
phasing of the large unit cell. These preliminary phases were then used for finding
additional heavy atom sites at higher resolution for methylmercury, a compound that
covalently binds to the four cysteine residues in SelB, a clear advantage in terms of
the number of sites over derivatizing 11 methionines in the molecule. Cysteine derivatization also facilitated the interpretation of the electron density map using a model
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of the homologous EF-Tu factor. Furthermore, it allowed an unambiguous sequence
assignment.

Heavy atom search and MAD phasing (SOLVE)

• 6 strong [Ta6Br12]2+ positions
• noisy electron density
• solvent boundary visible for P3112

MAD phasing and solvent flipping (CNS)

• only few structural features visible
• positioning of molecules not clear
• NCS not detectable

Anomalous difference „cross“ fourier map with
[Ta6Br12]2+ phases and MeHg SAD amplitudes (CNS)

• automatic heavy atom search did not work
• cross fourier map revealed 16 MeHg positions
• Rlinear between datasets is > 30 %

• tremendous improvement of map quality
• solvent flipping gets more powerful with
- increasing unit cell dimension
- higher solvent content

SAD phasing and solvent flipping (CNS)

Model building (O) and refinement (CNS)

Figure 10: Scheme showing the major steps used for SelB structure determination. A tantalum
bromide heavy atom cluster was used for low resolution MAD phasing, followed by high-resolution
SAD phasing using methylmercury- (MeHg-) derivatized crystals. Programs used for different
calculation are indicated in brackets. For details see text.

3.4.1 Low resolution phasing using the [Ta6Br12]2+ heavy atom
cluster
Heavy atom clusters
For initial low resolution phasing of large assymmetric macromolecules crystallizing
in unit cells with large dimensions such as the ribosomal 50S particle (Ban et al.,
2000), RNA polymerase II (Cramer et al., 2000), and the nucleosomes (O'Halloran et
al., 1987), heavy atom clusters have been successfully used due to their unique
scattering and binding properties.
Because they can be treated as point scatterers at low resolution (> 5 Å), the
combined scattering of the heavy atoms in the cluster is much stronger than for the
same number of individual heavy atoms. This results from the fact that the average
intensity of a reflection is the sum of squares of the individual scatterers (Drenth,
1999) and can be nicely demonstrated with the following example: In the [Ta6Br12]2+
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cluster (Figure 11), the scattering factor ƒi of each tantalum atom i is 73 (which
corresponds to its atomic number or the number of electrons contributing to the
scattering). The average intensity Ī for a series of reflections is described by the
formula

Ī = Σ ƒi2

(3.1)

i

By treating the 6 Ta atoms as individual scatterers, Ī = 6 x (73)2 = 31974. On the other
hand, if the same calculations are performed with the Ta6 cluster, at the resolution
where the individual atoms are not resolved, the average intensity can be calculated
with Ī = (6 x 73)2 = 191844, which is 6 times the value of the individual atoms. This
value is even considerably higher than the one for uranium (Ī = 6 x (92)2 = 50784,
with ƒi = 92), which is the heaviest element commonly used in protein X-ray
crystallography and sets a natural upper limit of usable scattering power.
For successful phasing, intensity differences of the reflections from derivatized
and native crystals have to be calculated. As a consequence of the scattering properties mentioned above, the best low-resolution phases can be obtained by crystal
derivatization with heavy atom clusters, which cause large intensity differences. The
“fractional change in average intensity” Φ∆Ī that can be expected for a SelB crystal
after heavy atom derivatization can be estimated with the formula

Φ∆Ī = [(∆Ī)2]½/Ī ≅ 2 x (NH/NN)½ x (ƒH/ƒN)

(3.2)

where NH is the number of heavy atoms introduced, ƒH their scattering factor, NN the
number of native atoms and ƒN their average scattering factor (Crick and Magdoff,
1956). As an example, the values are calculated for a crystal containing four SelB
molecules per asymmetric unit (corresponding to ~ 15000 native atoms with ƒN ≈ 7,
the hydrogens are not counted), which would allow the derivatization of 16 cysteines
with mercury. For comparison, the values are calculated for 6 individual Ta atoms or
one Ta6 cluster (Table 9). It clearly shows the advantage of the cluster for low
resolution phasing.
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Table 9: Fractional change in average intensity Φ∆Ī of a SelB crystal after derivatization
with one Ta6 cluster, 6 individual Ta atoms or 16 individual mercury atoms
site occupancy a
(%)
100
50
25
12.5

Φ∆Ī b
Ta6
1.02
0.51
0.26
0.13

Φ∆Ī b
6 Ta
0.41
0.21
0.10
0.05

Φ∆Ī b
16 Hg
0.74
0.37
0.19
0.09

a

The actually observed occupancies of the [Ta6Br12]2+ clusters used for phasing could not be determined due to low
resolution diffraction. For the 16 MeHg sites, the refined occupancies were in the range from 17 – 59 %.
b
The fractional change in average intensity Φ∆Ī was calculated using equation (3.2). For the protein atoms, the scattering
factor was ƒN = 7. For the heavy atoms, the values were ƒH = 73 (Ta), ƒH = 438 (Ta6) and ƒH = 80 (Hg).

In practice, however, these values have to be corrected for several effects: The
binding site occupancy of the heavy atoms is usually less than 100 % (Table 9) and
the relative contribution of the heavy atom scattering increases at higher resolution.
Furthermore, the observed average intensity of the protein may differ from the
expected value, and the accuracy of the intensity measurements is limited due to the
experimental setup.
An additional important advantage of heavy atom clusters is that due to their large
size, they may only bind to a few sites in the crystal lattice. This facilitates not only
the search of heavy atom positions, but also reduces the risk of non-isomorphous
crystals, which is higher if the protein is labelled with standard single heavy atoms at
multiple sites. Therefore, heavy atom clusters were ideal candidates for derivatization
of SelB crystals.
Finding the optimal derivative
Of the three different clusters investigated (Materials and methods), only crystals
soaked with [Ta6Br12]2+ retained their diffraction properties. The optimal concentration for the derivatization of SelB crystals was 0.25 mM: Higher concentrations of
[Ta6Br12]2+ lead to very strong background scattering obscuring the reflections of the
crystal. At lower concentrations, the dark-green staining of the crystals, which is a
property of [Ta6Br12]2+ that is helpful for directly monitoring the derivatization process, was very weak. In addition, several other properties of [Ta6Br12]2+ make it an
excellent choice for protein crystal derivatization: It is water soluble, stable, interacts
with protein via ionic bonds, which are mild compared to covalent binding, and
importantly, [Ta6Br12]2+ has a very strong L-III absorption edge at 1.255 Å and can
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Figure 11: Structure of the heavy atom cluster [Ta6Br12]2+. The large [Ta6Br12]2+ heavy atom cluster
(MW = 2154) contains 856 electrons, making it a very strong scatterer of X-rays (Knäblein et al.,
1997). It interacts with proteins via ionic bonds, which is gentle in comparison to compounds that bind
covalently, and therefore usually does not affect the crystal lattice.

therefore be used for multiwavelength anomalous dispersion phasing (Figure 11,
Hendrickson and Ogata, 1997; Knäblein et al., 1997; Schneider and Lindqvist, 1994).
Multiwavelength anomalous dispersion (MAD) phasing with [Ta6Br12]2+
In MAD phasing, data are collected from a single derivatized crystal at different
wavelengths, yielding perfectly isomorphous datasets if radiation damage is negligible
(Hendrickson and Ogata, 1997). Therefore, the problem of non-isomorphism associated with the classical multiple isomorphous replacement method (MIR) does not
exist. In contrast to a singlewavelength anomalous dispersion experiment (SAD), the
phase ambiguity can be directly resolved from a MAD experiment. However, there
are specific requirements for successful MAD phasing: The wavelength must be finetuneable, which requires synchrotron radiation (and consequently the freezing of
crystals). Furthermore, measurements must be very precise in order to detect small
intensity differences. Therefore, the data must be of good quality and sufficient
redundancy, which can be a problem if the crystal suffers from radiation damage
during the MAD experiment.
At the synchrotron, [Ta6Br12]2+-derivatized SelB:GDP crystals were analysed at
cryogenic temperatures (100 K). First, an X-ray absorption scan at the Ta L-III edge
was recorded, and the real (f’) and imaginary (f’’) components of the anomalous
scattering factors were plotted against the wavelength used during the scan (Figure
12). The measured and theoretical values for the peak of the Ta L-III absorption edge
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were exactly identical (9881 eV). However, these values should always be determined
experimentally due to slight absorption changes that can be induced by the chemical
environment of the compound and by the experimental setup.

peak

inflection
remote

Figure 12: Plots of real (f’) and imaginary (f’’) components of the anomalous scattering factors
around the Ta L-III absorption edge as a function of the wavelength. The wavelength is indicated
in electron volts (eV), where λ [Å] = 12398/eV. From this scan, three wavelengths (λpeak = 1.2472 Å,
λ1nflection = 1.2551 Å, λremote = 1.2300 Å) were chosen for the MAD data collection. In addition, values
of f’ and f’’ at the three wavelengths, which are needed for phasing, were determined. Note the large
absorption peak for f’’ at the edge wavelength, which is commonly referred to as “white line” and is
element specific.

From this scan, the three wavelengths needed to maximize dispersive and Bijvoet
differences were chosen for the MAD experiment (Hendrickson and Ogata, 1997).
First, data were collected at the peak wavelength (f’’ maximum), where the Bijvoet
differences are largest. The second and third measurement was performed at the
inflection point of f’’ (corresponding to the f’ minimum) and at the remote wavelength, where the dispersive differences compared to the f’ minimum are the largest,
but the anomalous signal is small. The data were at least five fold redundant and
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sufficiently complete. The anisotropic diffraction behavior of the crystals severely
affected the data statistics. Because reflections of the highest resolution shell were
partially missing, the signal to noise ratio (I / sigma) was low in spite of the fact that a
portion of the data was still of good quality (I / sigma > 3). However, radiation
damage during data collection was clearly observed, as indicated by a decrease of the
signal to noise ratio of the datasets collected at a later stage (Table 10).

Table 10: Data collection and Ta6Br12 MAD phasing statistics
Dataset
Data Collection
Wavelength (Å)
Mosaicity (°)
Space group
Unit cell parameters
Total reflections
Unique reflections
Redundancy a
Resolution (Å)
Rsym (%) b
Completeness (%) c
I / sigma c

peak

inflection

remote

1.2551
1.2300
0.65
0.65
P3112
a = b = 145.5 Å, c = 295.5 Å
190822
180862
161505
30910
30841
31164
6.2
5.9
5.2
50 - 4.0
50 - 4.0
50 - 4.0
13.0
13.3
14.3
99.9 (100)
99.9 (100)
99.7 (100)
15.5 (1.4)
13.8 (1.0)
8.9 (0.4)

Phasing
Resolution range for heavy
atom search (Å)
Number of sites
Resolution range for phasing (Å)
Phasing power d
Combined FOM e
Final combined FOM e

1.2472
0.61

1.641
0.261

50 – 5.0
6
50 – 4.3
1.197
0.205
0.416

1.602
0.229

a

Redundancy = total reflections/unique reflections.
Rsym=Σ| Iobs - 〈I〉| / Σ〈I〉.
c
Values for highest resolution shells are given in parentheses.
d
Phasing power (centric / acentric) = r.m.s. Fh / Eiso, where Eiso is the lack of closure error.
e
FOM, figure of merit. FOM = 〈cos (∆αh)〉, where ∆αh is the error in the phase angle for reflection h.
b

Tantalum bromide heavy atom search
Initial investigation of the collected peak-wavelenth dataset with the HKL program
SCALEPACK (Otwinowski and Minor, 1997) revealed the presence of a strong
anomalous signal, which can indicate a successful heavy atom derivatization (but also
problems associated with data quality or experimental setup). In this analysis,
intensity differences between symmetry-related acentric reflections (Bijvoet pairs),
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which are the result of anomalous scattering, are measured and statistically evaluated
(Materials and methods).

Figure 13: Initial Ta MAD phasing using the program SOLVE. The electron density is contoured at
2.0 σ. The six Ta cluster heavy atom sites found either for space group P3212 or its enantiomorph
P3112 were used for phasing. For space group P3212, only evenly distributed background electron
density can be recognized. In contrast, using space group P3112 reveals a different distribution of
electron density, with a solvent and protein-containing region.

First, for finding the heavy atom positions, anomalous difference Patterson maps
were calculated and inspected. However, they did not reveal clear solutions for heavy
atom positions, and the complexity of the map indicated a larger number of sites.
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Therefore, an automated heavy atom search and initial MAD phasing was performed
using the program SOLVE (Terwilliger, 2004) over a resolution range of 50.0 – 5.0
Å, thereby treating the [Ta6Br12]2+ cluster as a single scatterer. Both enantiomorphic
space groups P3112 or P3212 were tried. The values for f’ and f’’ at the respective
wavelenghts were read from the absorption spectrum plot (Figure 12). The program
found six strong heavy atom sites in both space groups. However, the inspection of
the electron density maps calculated for both space groups revealed a solvent
boundary for P3112, whereas in P3212, only evenly distributed background density
could be observed (Figure 13).
Improvement of the maps by solvent modification of the phases
As the original electron density map did not reveal interpretable structural features,
phasing was performed with the program CNS (Brünger et al., 1998), thereby refining
the heavy atom positions. In addition, solvent flipping was used for phase improvement. In this method, the protein fraction of the electron density remains unchanged
whereas the solvent features of the map are inverted (“flipped”, Abrahams, 1997;
Abrahams and Leslie, 1996). It has been demonstrated that solvent flipping is
especially powerful for crystals with large unit cells and high solvent content
(Abrahams and Ban, 2003). As the number of molecules per asymmetric unit was not
known, several values for the solvent content in the crystal were tried. The best “first
cycle solvent flipping” R-factor on back calculated structure factors was obtained
using a solvent content of 70 % (Figures 14A & B), which indicated that there might
be four molecules in the asymmetric unit, a number that was considered highly
unlikely (probability = 1 %) according to the calculated Matthews coefficients (Table
8). However, secondary structure features of the protein were barely recognizable
(Figure 14C). This did not allow a manual electron density fit of EF-Tu:GDP, which
was used as a model due to its homology with SelB for the first three domains. A realspace search with ESSENS form the RAVE program package (Kleywegt and Jones,
1997) using individual EF-Tu domains as search-models also did not reveal a satisfying solution (not shown).
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Figure 14: Ta MAD phasing to 5.0 Å resolution and subsequent solvent flipping using CNS
considerably improves the quality of the electron density map. (A) The map calculated using the
experimental Ta MAD phases without solvent flipping shows a lot of background density in the solvent
region. (B) A map with more reasonable features is obtained by density modification of the phases
using solvent flipping. The quality of the map is best for 70 % solvent content, which corresponds to
four SelB:GDP molecules per asymmetric unit. (C) However, phasing was still insufficiently accurate
to distinguish structural features such as α helices (left) or β sheets (right). All maps are contoured at
2.0 σ. As expected, the electron densities of the Ta clusters are very strong. They are shown in magenta
at a cutoff level of 10.0 σ.
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3.4.2 High-resolution SAD phasing using methylmercury
derivatization of the cysteines in SelB
Crystal derivatization and data collection
In order to obtain phases to higher resolution, several single heavy atom compounds
were tested for derivatization of SelB:GDP crystals (Materials and methods). Some
compounds destroyed the crystal already during the soaking procedure, whereas
others abolished their diffraction properties. In order to screen for derivatives, datasets
were collected at the peak wavelength of the L-III absorption edge from the crystals
soaked with different heavy atoms. The exact wavelength was determined by
recording individual absorption scans. As an indication of a heavy atom
derivatization, the presence of an anomalous signal in the data was used. In addition,
anomalous difference Fourier maps were calculated for all derivatives using the low-

above
edge

Figure 15: Plots of real (f’) and imaginary (f’’) components of the anomalous scattering factors
around the Hg L-III absorption edge as a function of the wavelength. The wavelength is indicated
in electron volts (eV), where λ [Å] = 12398/eV. The scan shows that mercurial compounds do not
display a prominent absorption peak at the L-III edge but rather have a rounded absorption spectrum.
Therefore, data were collected at a single wavelength above the absorption edge. From this plot, the
values of f’ and f’’ were determined for subsquent SAD phasing.
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resolution tantalum cluster phases and the newly collected single heavy atom amplitudes. Peaks in this map can indicate directly the positions of the heavy atoms needed
for phasing. Of all investigated derivatives, only methylmercury (MeHg) chloride
yielded a satisfactory anomalous signal together with 16 peaks in the anomalous
difference Fourier map (Materials and methods). This was striking because in 2 M
ammonium sulfate, the compound was only poorly soluble, but on the other hand lead
to immediate cracking of the crystals upon soaking. Interestingly, the diffraction
properties of the crystals were significantly improved after derivatization, resulting in
less pronounced anisotropy of the diffraction pattern. In addition, the low mosaicity of
the data indicating a well-ordered crystal lattice (Table 11).
Because mercurial compounds do not display a prominent absorption peak at the
L-III edge but rather a rounded spectrum, data were collected slightly above the
absorption edge (Figure 15).
For successful SAD phasing, a high redundancy of the data that yields good
statistical signal to noise ratios is desirable, because small intensity differences must
be measured with high accuracy. Therefore, data of 17-fold redundancy were
collected (Table 11). The quality of the data remained good throughout the
measurement because the crystals could be shifted in the beam several times due to
their large size.
SAD phasing and density modification
For SAD phasing with CNS, the 16 mercury positions from the anomalous difference
Fourier map (calculated with the tantalum phases and the amplitudes from the MeHg
derivatized crystals) were used. Although the unit cell parameters from the Ta and Hg
datasets were almost identical (compare Tables 10 and 11), the cross R-factor
between the two datasets was > 30 %, which is either a consequence of strong heavy
atom binding or an indication of non-isomorphism. However, the usage of the 16 Hg
positions for SAD phasing yielded electron density maps of good quality after density
modification (Figure 16).
Electron density maps computed using SAD phases are usually difficult to
interpret because it is not possible to calculate unimodal phase-probability distributions from anomalous data collected at a single wavelength. Therefore, a phaseambiguity resolving method such as solvent flipping must be used in conjunction
(Rice et al, 2000). Solvent flipping was performed with CNS using solvent contents
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from 40 – 71 %, corresponding to a range from 4 – 8 SelB molecules per asymmetic
unit. Best results were again obtained for 71 % solvent content or 4 molecules per
asymmetric unit (Figure 16), each containing four derivatized cysteine residues.

Table 11: Data Collection, phasing and refinement statistics of SelB crystals
Crystal form
Data Collection
Wavelength (Å)
Mosaicity (deg)
Space group
Unit cell parameters
Total reflections
Unique reflections
Redundancy a
Resolution (Å)
Rsym (%) b
Completeness (%) c
I / sigma c
Phasing power d
Combined FOM e
Number of sites
Refinement f
Resolution range (Å)
R, Rfreeg (%)
Completeness (%) c,h
rmsd bonds (Å)
rmsd angles (deg)
Luzzati error (Å) i
Monomers / asymmetric unit
Number of protein residues
Number of ligands
Solvent content (%)
〈B total 〉 (Å2)

SelB:GDP

SelB:GppNHp

SelB-apo

0.9724
0.35
P3112
a = b = 146.8 Å,
c = 297.3 Å
1261483
73441
17.2
50 – 3.0
11.7
100 (99.8)
25.8 (1.7)
1.187
0.210
16

1.0000
0.53
P3112
a = b = 146.7 Å,
c = 297.0 Å
1009218
60640
16.6
50 – 3.2
15.4
100 (100)
14.7 (1.5)
0.747
0.135
16

1.0000
0.59
P3112
a = b = 146.8 Å,
c = 297.2 Å
1074795
66724
16.1
50 – 3.1
13.1
99.9 (99.9)
18.3 (2.7)
0.913
0.161
16

40 – 3.0
31.7, 32.9
80.7 (58.4)
0.011
1.7
0.59
4
1651
21
71%
90.7

40 – 3.2
34.7, 36.5
69.6 (41.1)
0.013
1.8
0.62
4
1651
17
71%
93.9

40 – 3.1
33.6, 34.7
76.3 (65.1)
0.012
1.7
0.58
4
1652
16
71%
73.2

a

Redundancy = total reflections/unique reflections.
Rsym=Σ| Iobs - 〈I〉| / Σ〈I〉.
c
Values for highest resolution shells are given in parentheses.
d
Phasing power (centric / acentric) = r.m.s. Fh / Eiso, where Eiso is the lack of closure error.
e
FOM, figure of merit. FOM = 〈cos (∆αh)〉, where ∆αh is the error in the phase angle for reflection h.
f
for SelB:GDP refinement, data of three isomorphous crystals were combined.
g
Rfree based on 10% of the data excluded from refinement.
h
Due to anisotropic diffraction, only reflections with I / sigma > 2 were used for refinement. Therefore, the overall and
highest 0.1 Å resolution shell completeness during refinement is also indicated.
i
Estimated Luzzati coordinate error (5.0 Å – high-resolution limit).
b
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Figure 16: Electron density directly after SAD phasing (upper panels), after density modification
of the phases (middle panels) and after building the initial Cα-trace into this density (lower
panels). Initial experimental electron density maps were difficult to interpret due to the SAD phasing
ambiguity. However, after solvent flipping using 71 % solvent content, the α helices and β barrels
became clearly recognizable and allowed the unambiguous positioning of the bulky residues (arrows).
These residues were used as reference points for finding the correct register of the protein chain. The
experimental electron densities show parts of domains I, II and III from SelB molecule C and are
contoured at 2.5 σ.
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The remarkable improvement of the map quality allowed the recognition of
tertiary structure elements also present in EF-Tu, namely a β sheet surrounded by α
helices forming domain I and the two β barrels forming domains II and III, respectively. Interestingly, the simultaneous fit all three EF-Tu:GDP domains into the
density calculated from SelB:GDP crystals was impossible. Only when the fit was
tried with EF-Tu:GppNHp, which adopts a conformation very different from its GDPbound form (Abel et al., 1996; Berchtold et al., 1993; Kjeldgaard et al., 1993; Nissen
et al., 1995; Nissen et al., 1999; Polekhina et al., 1996) it became clear that SelB:GDP
is unexpectedly in a conformation very close to the one observed in EF-Tu:GppNHp.

3.4.3 Model building, refinement and quality assessment
Initial model building of SelB:GDP
The initial model was built into the electron density using the program O (Jones et al.,
1991). Model building was started from the highest quality region of electron density
(corresponding to SelB molecule C), taking the structure of domain I from archaeal
IF2γ as a guide due to its high sequence homology for this part with SelB (compare
with Figure 23, Foster, 2005; Keeling et al., 1998; Schmitt et al., 2002). Initiating
from the highly conserved nucleotide binding pocket as a reference point, it was
possible to build the complete structure of domain I. At 3.0 Å resolution, the bulky
side chains were clearly visible (Figure 16, lower panels), and therefore, the register
of the main chain was unambigously assignable. The density was continous throughout domains II and III, and the MeHg-Cys residue positions together with the bulky
side chains served as references to identify a correct chain register. The positioning of
the approximately fitted domains II and III from bacterial EF-Tu:GppNHp (Abel et
al., 1996; Kjeldgaard et al., 1993) facilitated the detection of additional or missing
loops in the β barrels. The model of SelB molecule C, consisting of the first three
domains, was then positioned into other regions of the electron density (corresponding
to molecules A, B and D). Since the other molecules were less well ordered, portions
of the initially built structure, for which electron density was missing, were removed
from the model.
Remaining interpretable electron density corresponding to domain IV was visibly
extending from the C-termini of two of the four molecules (molecules A and C). It
revealed an additional β barrel with a helical part for both molecules. The model
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building in this region was complicated by weak connectivities between some β
strands, which is an indication of intrinsic flexibility in these regions. However, by
carefully comparing domains IV of molecules A and C, a good starting model of this
domain could be built.
Refinement of the SelB:GDP structure
The starting model contained ~ 75 % of the residues and could be slightly expanded
during refinement. Maximum likelyhood refinement was performed using the program CNS (Materials and methods, Brünger et al., 1998). For all refinement steps, in
order to minimize model bias, the density modified SAD phases with “blurred”
(reduced as a function of resolution) figures of merit (FOMs) were included for
refinement against a combined real and reciprocal space target.
After an initial round of rigid body refinement with individual domains of the
transposed molecules, several rounds of simulated annealing were performed, using a
starting temperature of 5000 K and 100 K decrease steps. Between each round, parts
of the model that were still outside electron density were positioned correctly. Initial
trials of using non-crystallographic symmetry (NCS) averaging of all four molecules
during refinement did not improve the R-factor, probably due to subtle structural
differences. However, the R-factor could be significantly decreased by occupancy
refinement of the 16 heavy atoms and by adding several ligands (GDP, sulfate and
deoxycholic acid). Final rounds of simulated annealing were run at starting temperatures of 2500 K using 50 K decreases. The model was completed using
alternating cycles of energy minimization and individual B-factor refinement and
calculating 2Fo-Fc and Fo-Fc difference Fourier maps for model rebuilding. Geometrical distortions and clashes, which may be an indication of register shifts and
other errors in the model, were detected and eliminated using PROCHECK and
CONTACT implemented in the CCP4 software package (Materials and methods,
Collaborative Computational Project Number 4, 1994).
In addition, composite omit maps were calculated for checking the correctness of
the domain IV model. This, together with the inspection of the difference Fourier
maps, comparison with theoretical secondary structure predictions using PROF (Rost,
2000) and the finding of domains with related folds using the sequence independent
3D search algorithm from Dali (Holm and Sander, 1993; Holm and Sander, 1996)
corroborated the initial domain IV model (see Appendix).
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Despite its high flexibility for some parts (see below), it was possible to build the
complete structure of molecule C (residues –4 – 468, with residues from the N-terminal His-tag numbered negatively to zero), whereas in the other three molecules, a
few segments were excluded from the final model [residues that were built are –1 –
29 and 50 – 468 (molecule A), 1 – 30 and 38 – 388 (molecule B), and 5 – 31, 51 – 65,
71 – 317, 325 – 328, and 336 – 387 (molecule D)]. In addition, the final model
includes seven deoxycholic acid molecules, two of which are located in the aminoacyl-binding pocket of SelB molecules B and C, whereas the others are bound to
different locations and stabilize crystal contacts. SelB molecules A, B and C also
contain a GDP with a complexed magnesium ion in their nucleotide binding pocket,
whereas molecule D is in the nucleotide free form. From eight sulfate ions, two are
observed at the GTP-γ phosphate position of molecules A and B, where they may
mimic an intermediate state of SelB, after GTP hydrolysis but prior to the release of
inorganic phosphate. However, they do not affect the GDP conformation of these
SelB molecules, and at 3.0 Å resolution, it is not possible to describe a detailed
GTPase mechanism for domain I.
After refinement to 3.0 Å, working and free R-factors for the SelB:GDP dataset
were 31.7 % and 32.9 %, respectively (Table 11). The structure factors and
coordinates of the SelB:GDP model are deposited in the PDB database under the
accession number 1wb1.

3.5 Structure determination of SelB:GppNHp and SelBapo
3.5.1 SelB:GppNHp crystal derivatization, data collection and
phasing
SelB crystals grown in the presence of 3 mM GppNHp were derivatized with
saturated methylmercury chloride prior to data collection as described for SelB:GDP
crystals, for which derivatization had improved the diffraction properties. However,
due to their smaller size, the high-resolution diffraction limit of SelB:GppHNp
crystals was less than 3.5 Å, which complicated successful SAD phasing and unambiguous interpretation of the electron density map. As the comparison with the
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SelB:GDP data revealed a similar space group and very similar unit cell dimensions
(a = b = 146.4 Å and c = 296.8 Å, compare with Table 11), an Fo-Fo difference
Fourier map was calculated between the two datasets using the SelB:GDP model
phases. Interestingly, a conformational change was detected in the Switch 2 region of
domain I in molecule A. Furthermore, the difference map indicated the presence of
GppNHp in molecules A and B, whereas molecules C and D were in the nucleotide
free form.

Figure 17: The Fo-Fo difference Fourier map (red) calculated between the SelB:GDP and
SelB:GppNHp (soaked) datasets reveals a conformational change of the Switch 2 region in SelB
molecule A upon nucleotide exchange. (A) A first indication for a conformational change of the
Switch 2 region upon nucleotide exchange came from the calculation of the Fo-Fo difference Fourier
map (red, contoured at + 3.0 σ) between the SelB:GDP and SelB:GppNHp datasets. The coordinates of
the refined SelB:GDP model were used for map calculation. Its Cα-trace (magenta) and GDP are
shown. (B) The comparison with the 2Fo-Fc map from the refined SelB:GDP structure (bright blue,
contoured at 1.0 σ) reveals significant map differences. For demonstrating the Switch 2 shift (red
arrow), the Cα-trace of the final SelB:GppNHp model is shown in green.

In order to overcome the problems associated with smaller-sized crystals and
consequently lower-resolution data, large GDP-grown crystals were soaked with a
high concentration of GppNHp (20 mM) during stabilization, in addition to MeHg
derivatization. This allowed the collection of highly redundant (16-fold) SAD data to
3.2 Å (Table 11). This procedure was validated by comparing both co-crystallized and
soaked SelB:GppNHp crystal forms: The data were isomorphous (8.7 % cross R-
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factor, similar unit cell dimensions), and the Fo-Fo Fourier difference map did not
indicate any differences. Importantly, the Fo-Fo difference Fourier maps with the
SelB:GDP data (Figure 17) revealed a similar GDP→GTP shift of the Switch 2 helix
in molecule A for both SelB:GppNHp crystal forms. Therefore, the data of the
GppNHp-soaked crystal was used for structure determination.
After finding the 16 Hg positions in the anomalous difference Fourier map
(calculated with the tantalum phases and Hg derivatized crystal amplitudes), SAD
phasing and density modification was performed with CNS. Using these procedures,
the observed structural differences could be confirmed in a SelB:GDP modelindependent manner.

3.5.2 SelB-apo crystal derivatization, data collection and phasing
A SelB-apo crystal of X-ray quality was obtained under the same crystallization
conditions as SelB:GDP crystals, but by omitting the nucleotide from the crystallization solution. It was derivatized with MeHg as described for the other crystal forms
(Materials and methods). Data were collected to 3.4 Å and indicated similar crystallographic properties as SelB:GDP or SelB:GppNHp crystals (unit cell dimensions are a
= b = 146.8 Å and c = 298.0 Å, compare with Table 11). The Fo-Fo difference Fourier
map of the SelB-apo and SelB:GDP datasets revealed the absence of GDP in the
nucleotide binding pocket of SelB-apo. In other parts of the molecules, only minor
structural differences were observed.
Alternatively, MeHg derivatized crystals with better diffraction properties
(resolution limit 3.1 Å, Table 11) were obtained by omitting GDP during stabilization
of GDP-grown crystals (“back-soak” procedure). Both SelB-apo crystal forms
displayed similar crystallographic properties (cross R-factor = 9.4%), the Fo-Fo
difference Fourier map did not indicate any structural differences, and the Fo-Fo
difference Fourier map with the SelB:GDP data (Figure 18) revealed the absence of
GDP in both cases.
This demonstrated that the back-soak procedure for SelB:GDP-grown crystals
produces the same result as the co-crystallization procedure and consequently, these
crystals were used for structure determination. As for SelB:GppNHp, subsequent
mercury SAD phasing to 3.1 Å confirmed the differences to the SelB:GDP structure
(Table 11).
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Figure 18: The Fo-Fo difference Fourier map (red) between the SelB:GDP and the SelB-apo
(back-soaked) dataset reveals the absence of the GDP nucleotide in SelB-apo. (A) The Fo-Fo map
between the SelB:GDP and SelB-apo datasets was calculated using the refined SelB:GDP model. Its
Cα-trace (magenta) and GDP are shown. The Fo-Fo map reveals the absence of the nucleotide, which is
reflected by a negative electron density (red, contoured at – 4.0 σ; the nucleotide binding pocket of
molecule C is shown as an example). (B) For comparison, the 2Fo-Fc map from the refined SelB:GDP
structure is shown in bright blue (contoured at 1.0 σ). The Cα-trace of SelB-apo (white) is also shown:
It is very similar to SelB:GDP.

3.5.3 Model building and refinement of SelB:GppNHp
The structure of SelB:GppNHp was determined using the atomic coordinates of
SelB:GDP as a starting model. The initial fit into the experimental SelB:GppNHp
mercury SAD electron density revealed slight domain shifts and a significant
rearrangement of the Switch 2 region in molecule A. This region was rebuilt manually
using O. For the remaining parts of the molecules, an initial round of rigid body
refinement was performed using individual SelB domains. The model was completed
by several cycles of energy minimization and rebuilding after the calculation of
difference Fourier maps. For all refinement steps, in order to minimize model bias, the
density modified SAD phases with “blurred” figures of merit were included. The final
model contains residues –1 – 29 and 49 – 468 (molecule A), 1 – 29 and 38 – 388
(molecule B), –4 – 468 (molecule C), and 5 – 31, 51 – 65, 71 – 317, 325 – 328 and
336 – 387 (molecule D), 2 GppNHp:Mg2+, 7 deoxycholic acid and 6 SO42- molecules.
In molecules A and D, several stretches were traced only as poly-alanines due to high
B-factors of the side chains.
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Refinement was performed to 3.2 Å with final working and free R-factors of
34.7 % and 36.5 %, respectively (Table 11). The structure factors and coordinates of
the SelB:GppNHp model are available from the PDB database under the accession
number 1wb3.

3.5.4 Model building and refinement of SelB-apo
The SelB-apo structure was solved using similar procedures as for SelB:GppNHp,
starting from the atomic coordinates of the SelB:GDP model. The nearly perfect fit
with the experimental SelB-apo Hg SAD electron density revealed a high degree of
structural isomorpism. Using CNS, the model was refined by an initial cycle of rigid
body refinement using individual domains of all four molecules. It was completed by
alternating cycles of energy minimization and model rebuilding into difference
Fourier maps. As above, the density modified SAD phases with “blurred” figures of
merit were included in order to minimize model bias. The current model of SelB-apo
includes residues –1 – 30 and 50 – 468 (molecule A), 1 – 30 and 38 – 388 (molecule
B), –4 – 468 (molecule C), and 5 – 31, 51 – 65, 71 – 317, 325 – 328 and 336 – 387
(molecule D), 7 deoxycholic acid and 9 SO42- molecules. Three of the sulfates are
located in the nucleotide binding pocket of molecules A, B and C, where they occupy
the GDP-β phosphate position.
The structure was refined to 3.1 Å (Rwork = 33.6 % and Rfree = 34.7 %, Table
11), and the structure factors and coordinates were deposited in the PDB under the
accession number 1wb2.

3.6 Quality of the models: Analysis of stereochemistry,
temperature factors and R-factors
Three important quality criteria for a crystallographic model are its stereochemistry or
how the structure agrees with the geometry of protein structures and its components
determined at high resolution, the temperature factors (or B-factors), which describe
the local disorder of the structure and the R-factors (Rwork and Rfree), which in case of
the Rfree provide an unbiased measure of a level of disagreement between the back
calculated structure factors and the measured amplitudes.

67

Results

3.6.1 Ramachandran plots
For evaluating the stereochemistry, the main chain folding can be investigated with a
Ramachandran plot, in which the Φ and Ψ dihedral angles are plotted for each residue
in a square matrix (Ramachandran et al., 1963). The Ramachandran plot was generated with the program PROCHECK (Laskowski et al., 1993). It shows that for all
three models, ~ 60 % of the residues are in most favoured, ~35 % in additionally
allowed and ~ 5 % in generously allowed regions of the plot, which indicates a
stereochemistry of good quality (Figure 19).

3.6.2 B-factors
Scattering of X-rays by electron clouds can be considered temperature independent
because the sizes of electron densities around the atomic nuclei usually do not change
with temperature. However, the atoms of the molecules in the crystal vibrate in a
temperature dependent manner (dynamic disorder), thereby changing their positions
either individually or group-wise, which corresponds to conformational changes.
Furthermore, the molecules (or parts of them like loops or domains) may not
occupy exactly the same position in different unit cells (static disorder). Due to this
static and dynamic disorder, electron density will be smeared out, and the scattering
power of the atoms decreases as a function of resolution (Drenth, 1999; McRee,
1999). Therefore, the atomic scattering factors are multipled with a temperaturedependent factor (B-factor), which is a measurement of displacement of the atoms due
to disorder.
The average B-factor of the whole structure (as indicated in Tables 11 and 12) is
only partially meaningful because it does not distinguish between the different
molecules in the asymmetric unit. Therefore, in order to analyze the quality and
flexibility of individual molecules, the average B-factor was calculated for each
molecule (Table 12). The value is low for molecule C, intermediate for molecules A
and B, and considerably higher for molecule D. It should also be noted that the Bfactor differences between SelB-apo, SelB:GppNHp and SelB:GDP are reflecting the
quality of the model at different resolutions and therefore are not directly comparable.
The discrepancy between the Wilson plot determined B-factors and the average B-
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Most favoured regions [A,B,L]
Additional allowed [a,b,l,p]
Generously allowed[~a,~b,~l,~p]
Disallowed regions [XX]
Non-Gly and non-Pro residues
End-residues (excl. Gly and Pro)
Glycine residues
Proline residues
Total number of residues

904 (61.9%)
509 (34.8%)
48 (3.3%)
0 (0.0%)
1461 (100.0%)
15
121
55
1652

Most favoured regions [A,B,L]
Additional allowed [a,b,l,p]
Generously allowed [~a,~b,~l,~p]
Disallowed regions [XX]
Non-Gly and non-Pro residues
End-residues (excl. Gly and Pro)
Glycine residues
Proline residues
Total number of residues

867 (59.4%)
527 (36.1%)
65 (4.5%)
0 (0.0%)
1459 (100.0%)
16
121
55
1651

# of residues

Ramachandran Plot statistics for SelB:GppNHp (1wb3)

triangles.
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The non-glycine and non-proline residues used for the statistics are depicted as squares, and Pro and Gly, which have exceptional sterical properties, are indicated as

the program PROCHECK (Laskowski, 1993). Most favoured, additionally allowed and generally allowed regions are indicated in red, yellow and bright yellow, respectively.

Figure 19: Ramachandran plots of all three SelB models. The plots of PDB entries 1wb1 (SelB:GDP), 1wb2 (SelB-apo) and 1wb3 (SelB:GppNHp) were generated using

899 (61.6 %)
503 (34.5 %)
58 (4.0 %)
0 (0.0 %)
1460 (100.0%)
15
121
55
1651

# of residues

# of residues

Most favoured regions [A,B,L]
Additional allowed [a,b,l,p]
Generously allowed [~a,~b,~l,~p]
Disallowed regions [XX]
Non-Gly and non-Pro residues
End-residues (excl. Gly and Pro)
Glycine residues
Proline residues
Total number of residues

Ramachandran Plot statistics for SelB-apo (1wb2)

Ramachandran Plot statistics for SelB:GDP (1wb1)
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factors of molecules in the crystal is probably the result of the different levels of
anisotropy observed for various datasets, which influences the choice of a reasonable
resolution cutoff.

Table 12: Average temperature factors of individual protein chains a
Protein chain
A
B
C
D
A, B, C & D
from Wilson plot

b

SelB:GDP
100.0
78.5
69.3
124.6

SelB-apo
83.5
60.4
52.5
105.0

SelB:GppNHp
111.3
71.5
60.6
149.2

90.7

73.2

93.9

75.3

68.4

66.9

Average temperature factors 〈B chain 〉 for different protein chains were calculculated using the
BAVERAGE script from the CCP4 program package (Collaborative Computational Project Number
4, 1994) and are indicated in [Å2].
b
Wilson statistics are calculated directly from the reflection data prior to refinement
a

The internal flexibility of individual molecules can be directly visualized by
coloring each residue in the polypeptide chain according to its B-factor (Figure 20).

Figure 20: The four SelB:GDP chains (A, B, C and D) are coloured according to the B-factors of
their residues. B-factors (temperature factors) are coloured from red (high) to blue (low), where high
B-factors are an indication for flexible stretches in the molecules. For orientation, SelB molecule C is
coloured according to its domain structure (I, II, III and IV) in the inset. The GDP bound to domain I is
also shown.
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Using this procedure, “hot spots” in the molecules can be detected, and during the
evaluation and discussion of the functional properties of these regions, the flexibility
should be taken into account. Comparison of the four molecules shows that molecule
C (the only molecule for which a complete structure could be built) has in general the
lowest temperature factors compared to the other molecules. The region with highest
B values corresponds to the Switch 1 region in domain I, which was completely
disordered in the other molecules. The flexibility of domain IV is higher than the rest
of the molecule but lower than in molecule A. Therefore, the coordinates of molecule
C were used for the structure analysis described here unless stated otherwise.

3.6.3 High R-factors after refinement
During structural refinement of macromolecules, the atomic models are fitted to the
diffraction data. The quality of this fit is described by the R-factor, which indicates
the disagreement between the observed (measured) and calculated amplitudes
(McRee, 1999). However, diffraction data can be misinterpreted or overinterpreted
(overfitted) due to several reasons, for example by introducing too many adjustable
parameters, which is a problem at lower resolution, where less data can be measured
for the same number of parameters. Other sources of overfitting are the solvent model
and the incorrect estimation of coordinate errors (Brünger, 1997).
In order to reduce the overinterpretation of the diffraction data and to validate the
accuracy of the refinement, a statistical parameter, termed Rfree, can be introduced
(Brünger, 1997; McRee, 1999). A small fraction of the data (10 % in the case of SelB
refinement) is never refined against but used to calculate the Rfree. Otherwise, the
calculations of Rfree are identical to those of the R-factor (termed Rwork).
A comparison of the free R-factors from the refined SelB models (32.9 – 36.5 %
in the resolution range between 3.0 – 3.2 Å) with those of 10647 published structures
(ranging from 28.5 – 29.5 %) reveals that the Rfree values of all three SelB models are
somewhat above the average (Kleywegt and Jones, 2002). On the other hand, the
Rwork is closer to the Rfree (Rwork – Rfree < 1.8 %) than observed in general (5.4 %),
which is a good indication that the data are not overfitted (Kleywegt and Jones, 2002).
Furthermore, according to Brünger, (1997), the Rfree values are still in an acceptable
range.
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Several reasons account for the relatively high Rfree-factors: First, the crystals
diffract anisotropically, which leads to incomplete data mainly in one direction of
reciprocal space. This severely affects the R-factor because the density is smeared out
in one direction and model building is less precise in this direction. Second, lower
Rfree and Rwork values are observed for structures solved at higher resolution (Brünger,
1997; Kleywegt and Jones, 2002). Therefore, better diffraction properties of SelB
crystals would favour lower R-factors after refinement. However, with increasing
solvent content (or VM) in the crystal, its diffraction properties become worse: The
analysis of 10471 crystals revealed a VM of about 2.8 for crystals diffracting to 3.0 Å
(Kantardjeff and Rupp, 2003), which would correspond to a solvent content of ~ 55
% for SelB crystals. Therefore, according to the observed 71 % solvent content (VM =
4.3) for SelB crystals, their diffraction properties are considerably better than what
can be expected (far below 4 Å), and a dramatic improvement of this crystal form
seems unlikely. Third, the model is incomplete due to weak or missing electron
density for several protein stretches, in spite of the fact that some flexible parts were
still included for refinement. Unassigned electron density and flexible regions in the
protein model are factors that negatively influence the R-factor but cannot be
eliminated.
During refinement, the difference between Rfree and Rwork never exceeded 2 %.
Larger differences between working and free R-factors (~ 5 %) were only obtained by
either releasing the geometrical constraints imposed on the model during refinement
or by performing maximum likelyhood refinement without including experimental
phase information. In both cases, while Rwork decreased, Rfree remained essentially
constant, which is a sign of data overfitting. In addition, a satisfying geometry of the
model at 3.0 Å resolution was (and probably can be) only obtained by imposing strict
geometrical constraints. Finally, the initial experimental map was of good quality, and
the experimental phase information was included throughout the refinement in order
to minimize model bias. Therefore, relatively high Rwork values were acceptable, also
in the light of the fact that the Rfree values are much better suited for the validation of
the refinement process anyway.
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3.7 Other SelB crystal derivatives
3.7.1 The EF-Tu specific antibiotic kirromycin
In order to further improve the diffraction properties of the SelB crystals, the antibiotic kirromycin was either cocrystallized with SelB (all three forms) or soaked into
the crystal lattice of SelB:GDP-grown crystals together with GDP or GppNHp and
MeHg (Materials and methods). Kirromycin binds to EF-Tu and prevents it from
undergoing a large conformational change after GTP hydrolysis [Nielsen et al., 2003,
Vogeley et al., 2001. For the latter, only the coordinates (accession number 1ob2) are
available from the PDB], thereby stalling the ternary EF-Tu:GDP:tRNA complex in
the A/T state of the ribosome and blocking further translational elongation (Valle et
al., 2003).
As SelB precipitated in the presence of kirromycin during crystallization, data
were collected from soaked crystals. However, all tested crystals either diffracted
poorly (< 3.5 Å into the better direction of reciprocal space) or displayed multiple
spots, which is a sign of crystal lattice distortion. These observations are a good
indication that kirromycin interacts with SelB. Whether the binding mode is similar to
EF-Tu remains to be determined, as kirromycin derivatization was not pursued further
during this work.

3.7.2 Investigation of amino acid binding of SelB: Selenocysteine,
methyl-selenocysteine and cysteine
In order to gain a more detailed view of selenocysteine binding to SelB, SelB:GDP
was crystallized in the presence of cysteine at different concentrations (Materials and
methods). Cys has chemical properties related to selenocysteine but is more stable and
uncharged at pH 6.0. The natural substrates selenocysteine or the slightly more stable
methyl-selenocysteine were not used for cocrystallization due to their reactivity, as it
was considered unlikely that these compounds would be stable over the seven weeks
needed for the growth of full-size SelB crystals. However, in the presence of cysteine,
only SelB crystals of minor quality (needle-like or small, thin hexagonal rods) could
be obtained, which were not analysed by X-ray. Furthermore, at higher concentrations, cysteine itself crystallized in the drop, forming hard, star-like crystals.
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Alternatively, SelB:GDP-grown crystals stabilized in the presence of GppNHp
were either soaked with selenocysteine, methyl-selenocysteine or cysteine (Materials
and methods). In order to keep these compounds in a reduced state, DTT was added at
high concentrations. These crystals were not derivatized with MeHg because it
strongly reacts with DTT (or cysteine). All crystals soaked with selenocysteine or
methyl-selenocysteine displayed a multiple lattice, and cysteine-soaked crystals
displayed a very anisotropic diffraction pattern (< 4.5 Å in the worse direction of
reciprocal space). Therefore no data of any of these crystals could be collected.
Two reasons may account for the difficulties in getting high quality crystals using
these three compounds: First, the crystals could not be derivatized with MeHg, which
significantly improves the diffraction properties of SelB crystals. Second, the domain
II aminoacyl-binding pocket of the better-ordered molecules B and C (compare temperature factors in Figure 20) were occupied by deoxycholic acid molecules. It is
possible that the exchange of deoxycholic acid by cysteine or (methyl)-selenocysteine
destabilized the crystal lattice. However, it is also possible that the two deoxycholates
prevented the binding of the substrates or that for efficient binding to SelB, the amino
acids have to be covalently linked to the terminal A76 of the tRNA.

3.8 Anisotropy, lattice order and deoxycholic acid
Inspection of the crystal lattice in the unit cell nicely explains the rod-like growth and
anisotropic diffraction properties of SelB crystals. Diffraction and growth are good
along the crystallographic threefold screw axis (corresponding to the longitudinal axis
of the crystal rod) and less favourable perpendicular to this axis. SelB domains I, II
and III of all four molecules in the asymmetric unit are tightly packed along the
threefold axis, forming massive fibers (Figure 21A and B).
Domain IV of molecule C is fixed to the fibre via two deoxycholic acid molecules
(Figure 21D), which might be the main reason for the dramatic improvement of
crystal growth. The fibers are interconnected only by three small contact areas
(Figures 21B and C): One contact is formed by domain I of molecule D, which is the
most flexible of all four molecules in the asymmetric unit (reflected by its higher Bfactor, compare with Figure 20). Another contact is present between domain I of
molecule B and domain IV of molecule A, which is likely unstable according to the
flexibility of domain IV. Finally, domains IV of molecules B and D are also involved
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Figure 21: Analysis of the lattice from SelB:GDP crystals. (A) View along the threefold axis of the
unit cell. Three lattice layers (corresponding to nine unit cells) are shown in grey, mixed and blue
colours. One unit cell is highlighted in white. The edges a and b have similar dimensions of 147.3 Å,
and the angle γ between the axes is 120º. (B) After a 90º rotation, the middle lattice layer is shown
from the side. Each of the four molecules in the asymmetric unit is shown in a different colour
(molecule A in yellow, B in magenta, C in salmon and D in green). The molecules are arranged in
tightly packed fibres, which are interconnected only by three small contact areas, (1), (2) and (3).
Again, the unit cell is highlighted in white. The longitudinal c axis of the cell has a length of 297.3 Å
and is perpendicular to the other two axes. (C) Detailed view of the three contact areas between the
fibres. (D) Domain IV of molecule C is fixed to domain I of a symmetry-related C molecule via two
deoxycholic acid molecules (shown in red).

in fibre-fibre interaction: For these two molecules, domains IV were omitted from
refinement due to weak (but still recognizable) electron density. Rigid body fitting of
domains IV (taken from molecule C) into this remaining density shows that domain
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IV of molecule B stands out from the fibre like a spike, thereby weakly contacting the
equally protruding domain IV of molecule D from a neighboring fibre. In summary,
the internal crystal structure, characterized by numerous “intra-fibre” contacts along
the threefold crystallographic axis but only a few weak “inter-fibre” contacts, reflects
both the needle or rod-like crystal growth and the anisotropic diffraction behaviour.

3.9 The structure of SelB
3.9.1 Overall structure and domain arrangement in SelB
SelB:GDP has overall dimensions of 110 Å x 66 Å x 39 Å and consists of four
distinct structural domains (domain I – IV) that adopt a “molecular chalice”
arrangement (Figure 22A). The first three domains form the cup of the chalice,
whereas its base is formed by domain IV, which is linked to the cup via two long,
anti-parallel β strands. Comparing molecules A and C in the crystal reveals the
flexibility of the linker between domains III and IV (Figure 22B). After superposition
of the first three domains with a root mean square deviation of the carbon α-atoms
(rmsdCα) of 1.7 Å using the program LSQKAP from the CCP4 package (Kabsch,
1976), the orientation of domain IV differs by 20˚. Interestingly, SelB domains I-III,
consisting of EF-Tu related secondary structure elements, adopt an overall EFTu:GTP-like domain arrangement not only in the SelB:GppNHp but also in the
SelB:GDP and SelB-apo form (Abel et al., 1996; Berchtold et al., 1993; Kjeldgaard et
al., 1993; Nissen et al., 1995; Nissen et al., 1999). By superimposing SelB:GDP with
EF-Tu:GppNHp, the rmsdCα is only 2.6 Å for 288 corresponding residues. All four
SelB molecules in the asymmetric unit, which are related by arbitrary non-crystallographic symmetry transformations, adopt the GTP-like conformation. This is in
agreement with alkaline deacylation experiments, which show that E. coli SelB is able
to bind Sec-tRNASec in the apo- and GDP form with lower than 100 nM affinity (M.
Thanbichler, personal communication). EF-Tu:GDP, in contrast, has a much lower
affinity for aminoacylated tRNAs (Kd = 29 µM, Dell et al., 1990). The affinity of E.
coli SelB:GDP for Sec-tRNASec is comparable to the one of initiation factor
IF2γ:GDP for Met-tRNAiMet (Kd = 140 nM, Kapp and Lorsch, 2004). Interestingly,
IF2γ is not only a close structural homologue of SelB for domain I-III, but also adopts
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Figure 22: Overview over the SelB:GDP structure from M. maripaludis. (A) Structure of SelB
molecule C in the GDP conformation. The Cα trace is rainbow colored from the N- (blue) to the Cterminus (red). SelB consists of four individual domains, denoted with I, II, III and IV arranged to form
a “molecular chalice”. The first three domains form the cup and the fourth the base of the chalice. The
GDP nucleotide (red) is bound to domain I (blue), which carries the GTPase activity. (B) Flexibility of
domain IV demonstrated by superposition of two different SelB:GDP molecules (chains A and C) in
the asymmetric unit. The superposition of the first three domains using the program LSQKAB
(Kabsch, 1976) from the CCP4 software suite shows that domain IV is flexibly linked to domain III. Its
orientation in these two snapshots varies by an approximately 20° rotation.

a GTP-like overall domain arrangement in the apo- and GDP form (rmsdCα = 3.2 Å of
SelB:GDP and IF2γ:GDP for 279 corresponding residues, Roll-Mecak et al., 2004;
Schmitt et al., 2002). In addition, a GTP-like conformation of domain II relative to
domain I has been observed in the apo- and GDP forms of elongation factor EF-G
(Ævarsson et al., 1994; Czworkowski et al., 1994) and initiation factor IF2/eIF5B,
discussed in detail below (Roll-Mecak et al., 2000). Therefore, we believe that the
GTP-like domain arrangement in SelB is not induced by the crystal packing.
Interestingly, the overall shape of SelB strikingly resembles the shape of IF2/eIF5B,
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in spite of significant topological differences (compare with Figure 29 below, RollMecak et al., 2000).

3.9.2 Topology of individual domains
The basic topology of domain I (residues 1-175), which binds the nucleotide and
carries the GTPase activity, consists of a six-stranded central β sheet surrounded by
five α helices (Figures 22A and 23). Helices α2, α3 and α4 are on one side of the
sheet, whereas α1 and α5 are on the other. Compared to domain I of Thermus
aquaticus EF-Tu, the thermophile loop located between β6 and α5 is reduced to a
short turn in SelB (Figure 23, Kjeldgaard et al., 1993; Nissen et al., 1999). Excluding
this loop and the Switch 1 and 2 regions from the calculation, the rmsdCα difference
between the two factors is 1.7 Å for 130 corresponding residues. The comparison of
SelB with the structures of IF2γ from M. jannaschii and Pyrococcus abyssi (RollMecak et al., 2004; Schmitt et al., 2002), which is the other factor that specifically
recognizes a non-canonical tRNA (initiator tRNAiMet), reveals a high degree of structural homology to SelB domain I. The major difference is the zinc binding motif of
IF2γ, which is absent in SelB (Figure 23). By omitting the zinc knuckle from the
calculation, the pairwise rmsdCα of IF2γ:GDP and SelB:GDP is only 1.4 Å for 141
residues. These findings support the idea that IF2γ and SelB are evolutionarily closely
related: Phylogenetic analyses performed with archaeal, eukaryotic and bacterial SelB
and eukaryotic/archaeal IF2γ sequences revealed that both factors are members of the
same family but are different from the EF-Tu/EF1A family (Foster, 2005; Keeling et
al., 1998).
SelB domain II (residues 187-267) adopts a β barrel topology consisting of ten β
strands, β7 – β16 (Figures 22A and 23). In spite of the overall similarity with EF-Tu
(pairwise rmsdCα = 1.6 Å for 79 residues), several residues directly involved in the
recognition of the tRNA 3’ aminoacyl group in EF-Tu are different in SelB and
therefore play an important role in the specificity of selenocysteine recognition.
Domain III of SelB (residues 274-379) is formed by strands β17 – β27, which are
arranged to form a β barrel (Figure 22A). On the sequence level, the similarity
between SelB and EF-Tu domain III is low (Figure 23). However, the comparison of
the structures reveals that they adopt the same fold (pairwise rmsdCα = 1.4 Å for 81
residues). Interestingly, SelB contains an extended loop between β strands β25 and
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Figure 23 (previous page): Secondary structure of SelB:GDP and structure-based alignment of
selected SelB sequences from all kingdoms. Different SelB sequences from archaea, bacteria and
eukaryotes were obtained from the NCBI protein sequence database (www.ncbi.nlm.nih.gov/Entrez/)
and are depicted as Mma, M. maripaludis; Mja, M. jannaschii; Mka, Methanopyrus kandleri; Cel, C.
elegans; Dme, D. melanogaster; Mmu, Mus musculus; Fru, Fugu rubripes; Eco, E. coli and Mth,
Moorella thermoacetica. Domain borders are indicated in blue. Bacterial SelBs are truncated [depicted
with (+)] after domain III due to the completely unrelated fold of domain IV. The alignment was
performed using CLUSTAL X (Thompson et al., 1997) and edited manually with GeneDoc
(www.psc.edu/ biomed/ genedoc). The coloring is according to the Gonnet PAM 250 series with 40%
(yellow), 70% (orange) and 100% similarity (red). For comparison, the sequences of T. aquaticus EFTu (Taq), P. abyssi IF2γ (Pab) and the core part of Methanobacterium thermoautotrophicum eIF5B
domain IV are also aligned. The numbering of these sequences is according to the published structures.
The zinc knuckle insertion in IF2γ domain I is depicted in green. Several important SelB residues are
labelled according to their possible function: 5’ phosphate recognition (#), blocking of the 5’
recognition (x), aminoacyl binding (*) and tRNA backbone contacts (>). Mutations in residues
affecting the interaction of murine SelB with SBP2 are depicted with (o). The Switch 1 and 2 regions
are boxed in blue. The additional A’ helix and the thermophile loop in EF-Tu and the loop in eIF5B
domain IV replaced by α7 in SelB are indicated in gray, between brackets. The secondary structure is
assigned according to the deposited SelB:GDP coordinates of molecule C (PDB entry 1wb1).

β26, which is considerably shorter in EF-Tu and also in EF1A (Andersen et al., 2000;
Vitagliano et al., 2001). This SelB region might be of functional importance for
specific tRNASec recognition, because, based on the superposition with domain III in
the EF-Tu ternary complex (Nissen et al., 1995; Nissen et al., 1999), it would interact
with the uniquely long acceptor arm of tRNASec.
SelB domain IV (residues 382 – 468) is implicated in either direct or adaptormediated recognition of the SECIS mRNA element. The overall topology of domain
IV is a β barrel consisting of six β strands and a short α helix (α7) inserted between
strands β29 and β30 (Figures 22A and 23). It is connected to domain III via a 20 Å
long flexible linker. The linker consists of a short α helix (α6) and an anti-parallel β
sheet formed by the first and the last β strand (β28 and β33, respectively) of domain
IV. A similarity search with the Cα chain of domain IV using the Dali server
(www.ebi.ac.uk/dali/, see also Appendix) revealed significant structural homologies
with the N-terminal β barrel domain of F1-ATPase (Shirakihara et al., 1997), IF2γ
and EF-G domains II (Al-Karadaghi et al., 1996; Schmitt et al., 2002) and, strikingly,
domain IV of IF2 and eIF5B (Figure 24, Meunier et al., 2000; Roll-Mecak et al.,
2000), although on the sequence level, the similarity to any of these domains is low.
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Figure 24: Superposition of domains IV from M. maripaludis SelB (magenta) and M. thermoautotrophicum eIF5B (blue). SelB domain IV is superimposed with the β barrel core from eIF5B
domain IV using the program LSQKAB (left, pairwise rmsdCα=1.7Å for 43 residues). The topologies of
both domains are closely related despite their low sequence homology. However, the SelB α7 helix
substitutes for a loop observed in eIF5B (middle and right).

3.9.3 Coupling of nucleotide exchange and tRNA binding in SelB
The comparison of the SelB:GDP and SelB:GppNHp structures revealed a shift of the
Switch 2 region, which is part of domain I and is formed by residues 68 – 80,
including helix α2 (Figures 23 and 25A). This conformational change was observed
for one of the four molecules in the SelB:GppNHp crystal (molecule A) where the
backbone electron density of this region is clearly visible (compare with Figure 17).
SelB domains II/III retain their “GTP-like” arrangement relative to domain I upon
nucleotide exchange, and the conformational change is restricted to the Switch 2
region. This is surprising because in EF-Tu, the shift of the Switch 2 region leads to a
large movement of domains II/III as a rigid body relative to domain I (Abel et al.,
1996; Berchtold et al., 1993; Kjeldgaard et al., 1993; Nissen et al., 1999; Polekhina et
al., 1996), thereby increasing the affinity for the tRNA by four orders of magnitude
(from 28 µM to 1nM, Dell et al., 1990) and enabling its efficient binding. This
implicates that in SelB, the coupling of nucleotide exchange with Switch 2 and
domain II/III movements is very different from EF-Tu.
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In order to investigate how the tRNA binding and Switch 2 helix movement are
coupled in SelB, we analyzed the Switch 2 region of SelB:GDP in more detail. We
found close contacts between the Switch 2 helix and loop β19 – β20 of domain III in
the SelB:GDP structure that are absent in EF-Tu:GDP due to the large domain
rearrangements upon nucleotide exchange and that are different in EF-Tu:GppNHp
(Figure 25A, Nissen et al., 1999; Polekhina et al., 1996). These contacts are formed
between residues Arg74/Ala75 from the Switch 2 helix and Met305/Ile307 from loop
β19 – β20 in domain III (Figures 23 and 25B). An additional contact is present between residues Arg74 and Arg262 (domain II), which together complex a sulfate
anion. It is interesting that in the ternary EF-Tu complex, residues Lys90 and Arg300,
corresponding to SelB Arg74 and Arg262, are directly involved in complexing the 5’
phosphate group of tRNA base G1, together with the neighbouring Asn91 (Ala75 in
SelB, Nissen et al., 1999). In SelB:GDP, the set of interdomain contacts may prevent
Arg74 and the neighbouring Ala75 from adopting a conformation that would allow
efficient binding of the 5’ phosphate, thereby defining its “OFF state” (Figure 25C).
Upon GTP binding, Arg74/Ala75 should become released for contacting the tRNA 5’
phosphate, and this is exactly what is observed in the Switch 2 region of SelB:
GppNHp (Figure 25A). The conformational change leads to a shift of the contact site
between the domain III loop and the Switch 2 helix by one helix turn, now exposing
Arg74 and Ala75 and defining the “ON state” of SelB. Altogether, this mechanism
may explain how under physiological conditions SelB binds Sec-tRNASec only in its
GTP state although there are no major conformational changes at the domain level
between this and the GDP-bound states.
Figure 25 (next page): Conformational changes in the Switch 2 region of SelB domain I induced
by GppNHp binding lead to the exposure of residues proposed to be involved in clamping the 5’
phosphate of the tRNA. (A) Comparison of the GDP and GTP conformations of SelB (molecule A,
left) and EF-Tu (right). In SelB, nucleotide exchange leads to a conformational change restricted to the
Switch 2 helix. Domains II, III and IV retain their relative positions, whereas the contact between
domain III and Switch 2 is shifted by one helix turn (red arrow). EF-Tu, in contrast, undergoes large
conformational changes that include, in addition to Switch 2, the movement of domain III towards the
Switch 2 helix (black arrows). (B) Stereo view of the Switch 2 helix in contact with domain II and III
from SelB:GDP (molecule C). Switch 2 residues Arg74 and Ala75 that may be involved in clamping
the tRNA 5’ phosphate are blocked by several contacts with residues from domains II and III. (C)
Model of the coupling between nucleotide and tRNA binding in SelB. In spite of adopting an overall
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“GTP-like” conformation, SelB:GDP binds tRNA with lower affinity because the 5’ phosphate binding
site is blocked by domain III (left). Upon GTP binding, the movement of the Switch 2 helix by one
helix turn leads to the exposure of the tRNA binding site and the formation of a ternary complex.
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3.9.4 Structural analysis of conserved residues in the aminoacylbinding pocket of SelB domain II
The core of the aminoacyl-binding pocket from M. maripaludis SelB is formed by
residues Asp191, His192 and Arg247, which are unique to SelB (Figures 23 and
26A). Asp191 and Arg247 are conserved among SelB molecules from all kingdoms,
whereas His192 is present in archaeal and eukaryotic SelBs and is substituted by an
Arg residue in most eubacterial SelBs (Figure 23). Residues His192 and Arg247 are
especially intriguing because they introduce two positive charges into the aminoacylbinding pocket and therefore might interact with the negatively charged selenol group
(Figure 26A). In order to check for such an interaction, we superimposed SelB
domain II with the corresponding domain from the EF-Tu:GppNHp:tRNACys complex
(Nissen et al., 1999) and investigated the positioning of the sulfur atom from the
cysteyl moiety, which would be similar to the selenol group in selenocysteine (Figure
26B). Interestingly, residue Arg247 of SelB occupies the position of the corresponding Asn285 in EF-Tu, which is in direct contact with the 3’ cysteyl moiety in the
ternary EF-Tu complex (Figure 26). Therefore, Arg247 adds a positive charge at a
critical position and is likely involved in compensating for the negative charge of the
selenol group (Figure 26B). SelB residue His192 (Arg in most eubacterial SelBs) is
localized similarly to the conserved Asp227 of EF-Tu, thereby replacing the negative
charge in EF-Tu by a positive charge (Figure 26B). Based on these observations, we
conclude that in SelB, either His192 or Arg247 would have the capacity to interact
with the Se- ion. However, it is also possible that both residues together are involved
in complexing and stabilizing the reactive selenol group.
Another important amino acid residue in SelB may be Phe51 (Tyr in eubacterial
SelBs). It is located in SelB domain I and protrudes into the aminoacyl-binding pocket
of domain II, thereby causing a steric clash with the cysteyl moiety modelled into the
binding pocket (Figure 26C). As a consequence, this residue would have to move out
of the pocket when selenocysteine binds. The inherent flexibility of Phe51 suggests
that this hydrophobic residue could serve as a lid to protect the highly reactive selenocysteine from oxidation. This is different from EF-Tu:GppNHp, where the corresponding His67 residue (Figure 26C) does not change location upon tRNA binding
(Kjeldgaard et al., 1993; Nissen et al., 1999).
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Figure 26: Aminoacyl-binding pocket of SelB and superposition with the corresponding EFTu:GppNHp:Cys-tRNACys region. M. maripaludis SelB is colored in magenta, EF-Tu in cyan, the
tRNA in grey and its terminal 3’Cys-A76 in red. Amino acids of E. coli SelB that in the mutational
analysis were replaced by the corresponding EF-Tu residues are labelled in black. (A) 2Fo-Fc electron
density map of the aminoacyl-binding pocket from SelB molecule C, contoured at 2.5 σ. Two positively charged residues (Arg247 and His192) may compensate for the negatively charged selenium. For
clarity, domain I and the deoxycholic acid molecule bound to the pocket have been omitted. (B and C)
Superposition of SelB and EF-Tu demonstrating the differences between key residues involved in
aminoacyl binding. As a reference, the sulfur atom of the cysteyl moiety is displayed as an orange
sphere. In SelB, Phe51 from domain I protrudes into the aminoacyl-binding pocket, thereby occupying
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the position of the modelled cysteyl side chain. (D) Mutational analysis of the aminoacyl-binding
pocket from E.coli SelB. A scheme of the lacZ reporter gene carried by plasmid pWT is shown in the
upper panel. The sequence of the UGA-SECIS cassette inserted into the 5’ portion of lacZ is depicted
as mRNA sequence in its predicted secondary structure. The fusion gene is transcribed from the lac
promoter (Plac). In the lower panel, an immunoblot analysis of cells expressing SelB variants with
exchanges in the aminoacyl-binding pocket is shown as a control. Aliquots of cells used to determine
the β-galactosidase activities listed in Table 13 were lysed and probed with anti-SelB antiserum. The
numbering of the lanes relates to the numbering of the respective plasmids as given in Table 13.

3.9.5 The conserved residues in the aminoacyl-binding pocket of
SelB domain II are important for specific selenocysteine
recognition in vivo
In order to analyse the importance of Phe51, His192 and Arg247, our collaborators
Martin Thanbichler and August Böck introduced point mutations at the corresponding
positions in E. coli SelB, which is biochemically well characterized and genetically
amenable (Materials and methods). In addition, due to its strict conservation among
all SelBs, Asp191 was also tested. The amino acids in E. coli SelB were mutated to
the corresponding EF-Tu residues (Tyr42→His42, Asp180→Glu180, Arg181→
Asp181, and Arg236→Asn236) in order to not only abolish the binding of SectRNASec, but also to promote the binding of Ser-tRNASec, which is rejected by wildtype SelB. Ser-tRNASec recognition was tested by transferring SelB alleles carrying
single mutations or combinations of these into E. coli strain AF90422/pWT, which is
unable both to synthesize SelB and to convert Ser-tRNASec into Sec-tRNASec due to
deletion of the selAB operon (Table 13). Similarly, recognition of Sec-tRNASec was
analysed in strain PT91300/pWT, which possesses a functional selA gene product but
lacks the selB gene. As a screening system, readthrough of an in-frame UGA codon
that interrupts the reading frame of a lacZ reporter gene and that is followed by the
SECIS sequence of the E. coli formate dehydrogenase H (fdhF) gene was assayed
(Figure 26D). The β-galactosidase activities measured for the respective transformants
are listed in Table 13.
Surprisingly, only a single variant containing the three mutations Tyr42→His42/
Asp180→Glu180/Arg236→Asn236 slightly increased Ser-tRNASec read-through
activity. All the other mutants were less active than wild-type SelB.
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Table 13: UGA readthrough activity of E. coli SelB variants containing amino acid exchanges
in the aminoacyl-tRNA binding pocket a
Readthrough activity (Miller Units) with
Plasmid

Mutations

pMB
pMT7
pMBD-1
pMBD-2
pMBD-3
pMBD-4
pMBD-12
pMBD-13
pMBD-14
pMBD-23
pMBD-24
pMBD-34
pMBD-123
pMBD-124
pMBD-134
pMBD-234
pMBD-1234

wild type
empty vector
Y42H
D180E
R181D
R236N
Y42H, D180E
Y42H, R181D
Y42H, R236N
D180E, R181D
D180E, R236N
R181D, R236N
Y42H, D180E, R181D
Y42H, D180E, R236N
Y42H, R181D, R236N
D180E, R181D, R236N
Y42H, D180E, R181D, R236N

Ser-tRNASec
8.9
1.5
7.9
4.4
0.8
6.2
3.1
1.0
4.2
0.5
6.0
0.5
0.9
21.8
0.4
0.7
0.9

Sec-tRNASec
273.4
0.6
397.7
375.7
232.0
334.0
469.4
336.4
163.8
15.2
495.1
0.7
214.9
544.2
0.0
0.2
1.4

a
Control plasmids or plasmids bearing mutated selB allels were transferred into AF90422/pWT and PT91300/pWT to measure
UGA readthrough with Ser-tRNASec and Sec-tRNASec, respectively, and β-galactosidase activities were determined (Miller,
1972). The results of at least three independent experiments, each of which was performed in triplicate, were averaged.

The majority of the variants were fully functional in the presence of Sec-tRNASec
or exhibited even slightly higher activity. Single replacements of Arg181→Asp181 or
Arg236→Asn236 (corresponding to His192 and Arg247 in our SelB structure) did not
affect SelB activity significantly. Strikingly, all variants in which both amino acids
were exchanged had lost their functionality. In addition, the read-through activity was
greatly reduced in the case of the Asp180→Glu180 / Arg181→Asp181 double
mutation. To check whether the loss of function might be caused by instability of
SelB, the transformants were tested with anti-SelB antibodies (Figure 26D). All 15
transformants, however, had comparable SelB levels. Therefore, it appears that the
presence of at least one positive charge in the aminoacyl-binding pocket of SelB is
required for function with Sec-tRNASec. Removal of both positive charges, however,
does not confer the capacity to accept Ser-tRNASec as a ligand. Taken together, all
these observations confirm the importance of Phe51, Asp191, His192 and Arg247 for
specific binding of Sec-tRNASec.
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3.9.6 Recognition of the tRNA backbone
SelB domain III contains an extended loop (Leu361-Asp-Leu-Pro-Pro-Thr-ThrLeu368, located between β25 and β26) that is strictly conserved among archaea and
may be present also in eukaryotes and eubacteria, although in eubacteria, a precise
alignment of this region is difficult to perform due to low sequence similarity (Figures
23 and 27A). Interestingly, the corresponding loop is considerably shorter in all EF1A
and EF-Tu structures available so far. In the ternary EF-Tu complex, it forms an
important, non-specific backbone contact with the tRNA (Figures 23 and 27A,
(Nissen et al., 1999). Superimposing SelB domain III onto EF-Tu in complex with
Cys-tRNACys allowed us to investigate possible interactions with the tRNA backbone
(Figure 27A). Based on this superposition, the SelB extension is able to contact a
large tRNA area, including residues C51, G52, G53, C62, G63, G64, and A65, which
form base pairs 8-12 of the tRNACys acceptor arm (Figure 27A and B).
Therefore, SelB would be able to contact the elbow region of canonical tRNAs.
Assuming that the acceptor arm of tRNASec forms a prolonged regular helix, the
corresponding bases in the secondary structure diagram of M. maripaludis tRNASec
would form the last two base pairs of the acceptor stem and the first three base pairs
of the T stem (G6-C67/G7-C66/G50-C64/G51-C63 and G52-C62, respectively,
Figure 27B). In principle, the loop in SelB domain III would even be long enough to
contact the last base pair of the extra long tRNASec acceptor arm (G53-C61) if it
adopts an extended conformation upon tRNA binding. In this case, SelB would
Figure 27 (next page): Superposition of SelB domain III with the corresponding EF-Tu domain,
which is involved in a tRNA backbone contact. (A) SelB (magenta) contains a loop that is
considerably extended in comparison with EF-Tu (cyan), where this region is involved in tRNA (grey)
binding. Contacts between SelB and the modeled tRNACys are colored in red. The base pair numbering
is according to tRNACys. In addition, the corresponding bases from M. maripaludis tRNASec are shown
in brackets. (B) SelB contacts with the modelled Cys-tRNACys from E. coli (right) and the derived
contact sites of SelB with M. maripaludis Sec-tRNASec (left) are colored in red in the secondary
structure diagrams of the tRNAs. Note the prolonged 13 bp acceptor arm of tRNASec is an important
difference to canonical elongator tRNAs. (C) Stereo view of the superposition of domains III from all
four SelB molecules in the asymmetric unit. (color code: molecule A, green; B, blue; C, magenta; D,
yellow). It shows that the loop extension (arrow) can adopt alternative conformations and might even
extend to the elbow region of Sec-tRNASec after tRNA binding, thereby measuring the length of the
tRNA acceptor arm.

88

Results

89

Results

essentially measure the length of the acceptor arm and select against the shorter
canonical tRNAs. The ability of the extended loop to adopt alternative conformations
can be nicely demonstrated by superimposing domains III from all four SelB
molecules in the asymmetric unit (Figure 27C).
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4. Discussion of the SelB structure
4.1 Interaction of SelB with Sec-tRNASec
Both SelB and IF2γ specifically recognize unique tRNAs, a situation that differs from
the general tRNA recognition by EF-Tu. This additional layer of specificity can be
achieved via recognition of the aminoacyl moiety and/or unique features of the tRNA
(Commans and Böck, 1999; Kapp and Lorsch, 2004).
As a consequence, residues forming the aminoacyl-binding pockets of SelBs and
IF2γs are significantly different from those encountered in EF-Tu (Roll-Mecak et al.,
2004; Schmitt et al., 2002). In SelB, the pocket contains two positively charged
residues, which likely compensate for the negative charge of the selenol group (Figure
26A). Furthermore, the reactive selenium may be shielded from the environment by
Phe51, which might close the pocket after Sec-tRNASec has bound to SelB (Figure
26C). Interestingly, we also found a deoxycholic acid molecule in the aminoacylbinding pocket. Its ring system is positioned similarly to the modelled terminal
adenosine, indicating that it may bind analogously to the base of the nucleotide.
The importance of several residues for selenocysteine binding was further
corroborated by the mutational analysis (Table 13). In fact, only a combination of
point mutations leads to a loss of function, and the specificity of SelB for SectRNASec cannot be easily changed towards Ser-tRNASec. This is an indication of a
complex recognition mechanism, which may also include subtle structural changes
transmitted to the acceptor arm of the tRNA and/or to other regions of SelB upon
binding of the selenol group.
In domain III of our SelB structure (Figure 27A), we found a loop considerably
extended in comparison to EF-Tu, where it mediates an important unspecific contact
with the backbone of the tRNA acceptor arm (Nissen et al., 1995; Nissen et al., 1999).
According to our model, this loop may contact the elbow region in the acceptor arm
of tRNASec. So far, this SelB region has escaped detection by alignment, probably due
to low sequence homology with EF-Tu, and has not been investigated yet. The strict
conservation of the loop in archaea and its presence in other species may be an indication for its importance. Furthermore, several types of amino acids found in this loop
are known to be involved in RNA binding in general (Klein et al., 2004). For specific
tRNASec recognition, the detection of the extra base pair present in tRNASec would be
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the simplest way. This would also explain why eukaryotic tRNASec substitutes for the
bacterial counterpart in E. coli, in spite of considerable sequence differences (Figure
4, Baron et al., 1994). However, in order to determine the exact interaction mode
between SelB and tRNASec, it will be necessary to analyze the function of the
extended loop by structural studies of the SelB ternary complex and to investigate the
role of the acceptor arm of tRNASec on the SelB interaction with genetic and
biochemical approaches. It is also possible that the corresponding domain III loop in
archaeal IF2γ (Roll-Mecak et al., 2004; Schmitt et al., 2002), which is shorter than in
SelB but longer than in EF-Tu, may be involved in specific binding of IF2γ to its
cognate tRNAiMet.
The amino acid residues involved in clamping the 5’ phosphate of the canonical
tRNAs in EF-Tu are partially conserved in SelB. Furthermore, the first base pair of
tRNASec is G1-C76, which is common for many elongator tRNAs. This suggests that
SelB binds the tRNASec 5’ phosphate in a similar manner as EF-Tu. The residues in
the Switch 2 helix that may be critical for the interaction with the 5’ phosphate are
blocked in the SelB:GDP structure by tight contacts with domain II and III.
Consequently, in order to bind tRNASec, these residues have to be released. We
observed a GppNHp induced movement of the Switch 2 helix in one of the
SelB:GppNHp molecules in the crystal, leading to the exposure of these residues
(Figure 25A). However, two other non-crystallographically related molecules were
found to be in the SelB-apo form, whereas a fourth, although GppNHp-bound,
retained the GDP conformation of Switch 2. This may be an indication that the
Switch 2 GDP and GTP conformations are energetically very close. Considering that
archaeal SelB has low affinities for both nucleotides (Kd of 0.4 µM for GDP and 0.1
µM for GTP, Rother et al., 2000), it is reasonable to assume that GTP binding unlocks
the Switch 2 helix for clamping the 5’ phosphate of the tRNA. However, for a stable
Switch 2 GTP conformation, a concerted binding of the tRNA 5’ phosphate may be
necessary.
The other part of SelB domain I that may adopt alternative conformations after
nucleotide exchange is the Switch 1 region (residues 31 – 49, Figure 23). In SelB, this
region is considerably shorter than in EF-Tu, where it sterically prevents contacts
between domain I and aa-tRNA in EF-Tu:GDP and contacts the tRNA (and presumably also the ribosome) in the ternary complex (Abel et al., 1996; Nissen et al.,
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1999; Polekhina et al., 1996). In one of the SelB molecules in the crystal lattice
(molecule C), the first half of the Switch 1 region (called A’) adopts an extended loop
conformation different from both EF-Tu:GDP and EF-Tu:GppNHp, whereas the
second half (A’’) forms a short helix comparable to EF-Tu:GppNHp. Although the
Switch 1 region of SelB:GDP, in contrast to EF-Tu:GDP, would not sterically prevent
tRNA binding, it is unlikely that this conformation is functional since the helix is
placed away from domain I and stabilized by a neighbouring molecule in the crystal
lattice. Therefore, the flexible Switch 1 region (as indicated by high temperature
factors, Figure 20) probably adopts a discrete conformation only upon tRNASec or
ribosome binding.

4.2 Function and evolution of SelB domain IV
In bacterial SelB, domain IV is responsible for the direct interaction with the SECIS
element (Figure 28B, Fourmy et al., 2002; Kromayer et al., 1996; Yoshizawa et al.,
2005). It consists of four winged helix (WH) domains (Figure 28A, Selmer and Su,
2002), which are also commonly known as DNA binding proteins (Gajiwala and
Burley, 2000), and recognizes the SECIS element with its C-terminal motif (depicted
here as IVd, Figure 28B, Yoshizawa et al., 2005). It has been demonstrated in E. coli
that the GTPase of SelB is stimulated in the presence of the 70S ribosome, and that
this activity could be enhanced in the presence of a SECIS element (Hüttenhofer and
Böck, 1998). The authors suggested that the SECIS element induces a conformational
change in SelB, which in turn stimulates its intrinsic GTPase activity. There are also
indications for interdomain communication in the other direction: Isolated domain IV
binds more tightly to the SECIS element than full-length SelB, and Sec-tRNASec
binding stimulates the SECIS affinity of full-length SelB (Thanbichler et al., 2000).
Selmer and Su (2002) proposed that the conformational change occurs at the elbow
region (hinge region) of the L-shaped domain IV (Figure 28A), thereby mediating the
communication between the tRNA and SECIS mRNA binding sites in bacterial SelB
and regulating the formation of the ternary complex, which can deliver the tRNA to
the translating ribosome (Selmer and Su, 2002).
Interestingly, such a communication between domain IV and the tRNA binding
part of SelB was also found in eukaryotes, but instead of SECIS recognition, the
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binding of SelB to the adapter protein SBP2 was affected: The presence of SectRNASec enhanced the coimmunoprecipitation of SelB with SBP2, and isolated SelB
domain IV, but not full-length SelB, was able to bind SBP2 (Zavacki et al., 2003).
What would be the mechanism of such a SelB domain IV-mediated sensor
mechanism in eukaryotes (or archaea)? Figure 22B shows that the flexible hinge
region of archaeal SelB is located at the region connecting domains III and IV. A
conformational change after tRNA or SBP2 binding might be communicated from
domain IV to the rest of the molecule via this hinge region, similarly as proposed for

Figure 28: Structures of SelB domain IV from the bacterium Moorella thermoacetica. (A) The
structure of isolated SelB domain IV from bacteria (Selmer and Su, 2002) shows four repetitive winged
helix (WH) motivs (depicted as domains IVa – IVd). (B) The structure of a complex between a domain
IV fragment (green) and the SECIS element (Yoshizawa et al., 2005) reveals that the RNA-protein
contact is mediated exclusively by domain IVd. (C) The comparison with SelB domain IV from M.
maripaludis indicates that in archaea (and, based on homology, in eukaryotes), SelB domain IV adopts
a β barrel fold that is completely unrelated to the bacterial counterpart.
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the bacterial system. In spite of the fact that the structures of archaeal and bacterial
SelB domain IV are completely different (Figure 28C), there are still some analogies
between the two domains: First, the overall size of bacterial domain IVd and archaeal
domain IV is approximately similar. Second, it is interesting to note that, due to the
unusual structure of archaeal domain IV, the distance of its attachment point to the
core of the protein and the tip of domain IV of both the bacterial and archaeal SelBs is
approximately the same (~ 55 Å), in spite of the large difference in size of the two
domains. This might suggest a similar mode of ribosomal binding and action in all
kingdoms, in spite of evolutionary differences (see below).
In contrast to the direct SECIS binding of domain IV in bacteria, eukaryotic SelB
domain IV interacts with SBP2, which serves as an adaptor protein and binds both the
SECIS element and domain IV (Allmang et al., 2002; Zavacki et al., 2003). The
structural homology between domains IV of M. maripaludis SelB and Methanobacterium thermoautotrophicum IF2/eIF5B (Figure 24, Roll-Mecak et al., 2000) or
Bacillus stearothermophilus IF2 (Meunier et al., 2000) and the observation that
domain IV of bacterial IF2 binds RNA (Guenneugues et al., 2000) suggests that
domain IV in archaeal SelB is involved in RNA binding. It could directly recognize
the SECIS element as observed in bacteria, and not via an adapter protein, as it is the
case in eukaryotes. This would also be consistent with the observation that the Cterminal region of domain IV, which is responsible for the interaction with SBP2 in
eukaryotes (Zavacki et al., 2003), is considerably shorter in archaeal SelB sequences
(compare the alignments in Figure 23). Furthermore, attempts to find an archaeal
functional or sequence homologue of SBP2 have not been successful so far (Rother,
2001). However, neither a direct binding of full-length SelB from M. jannaschii to
archaeal SECIS elements (Rother et al., 2000) nor a specific SECIS binding capacity
of isolated domain IV from M. maripaludis (Silvija Bilokapić, personal
communication) could be detected so far (see below).
The observation that the C-terminal domain from M. maripaludis is structurally
completely unrelated to the one from Moorella thermoacetica (Figure 28, Selmer and
Su, 2002; Yoshizawa et al., 2005) suggests that bacterial and archaeal SelB domains
IV have evolved convergently. Although the structure of bacterial domain IV has
been solved in isolation and in complex with the SECIS element, it is not clear
whether the positioning of this domain relative to the rest of the factor will resemble
the one observed in archaeal SelB presented here. Domains IV in bacteria and archaea
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could have been acquired independently and may have adapted in parallel for the
recoding of the composite selenocysteine codon during evolution. In the eukaryotic
translation machinery, SelB may have lost its original capacity for direct SECIS
binding as it acquired an adapter protein. The fact that the adapter protein exists in
eukaryotes but not in archaea may be due to the large distances between the internal
stop codons and eukaryotic SECIS elements.

4.3 Structural similarity with eIF5B
Analyzing the results from the Dali structural similarity search, we were surprised to
find that not only domain IV of IF2/eIF5B showed structural homology with the
corresponding domain of the SelB molecule, but that additionally both molecules
adopt a similar overall domain arrangement referred to as a “molecular chalice”,
previously only observed in the case of eIF5B, and that in both proteins, domain IV
adopts the same relative position and orientation to the first three domains (Figure 29,
Roll-Mecak et al., 2000). Furthermore, domains I and II of the two factors are
homologous, as it is the case for many G proteins involved in translation. This
structural similarity at the level of overall shape raises the question of parallels
between initiation and “elongation via anti-termination”, which are not immediately
obvious.
During eukaryotic translation initiation, eIF5B:GTP promotes the joining of the
large ribosomal subunit by binding to the small subunit, which carries tRNAiMet in the
P site and eIF1A in the A site (Pestova et al., 2000; Shin et al., 2002). Upon assembly
of the 80S ribosome, the release of eIF5B:GDP from the ribosome is thought to be
triggered by GTP hydrolysis, thereby leaving a ribosome competent for elongation.
During this process domain IV of eIF5B binds to IF1A with a C-terminal domain IV
extension that is not present in SelB (Marintchev et al., 2003; Olsen et al., 2003).
The remarkable similarity of domains IV and of the overall molecular shape
between SelB and eIF5B raises questions of whether the two factors interact with a
common set of spatially separated binding sites on the translating ribosome and
whether their domains IV have a related function. Is it possible that domain IV of the
eIF5B initiation factor is contacting directly or indirectly the mRNA, as in SelB? Such
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Figure 29: “Molecular chalice” shape of both SelB from M. maripaludis (magenta) and eIF5B
from M. thermoautotrophicum (blue). SelB:GDP and eIF5B:GDP share homologies for domains I, II
and IV. The two molecules are similar in size and show a comparable overall domain arrangement.
This structural homology may indicate a related mode of interaction with the ribosome.

an interaction may be beneficial in preventing linear diffusion of the initiation complex away from the start codon following the release of eIF2αβγ. Interestingly, Kozak
(1990) observed that downstream secondary hairpin structures in the mRNA facilitate
the recognition of start codons in a suboptimal context. Such an interaction would
only be possible if domain IV is projected towards the mRNA entrance site on the
30S subunit, which would not exclude the observed interactions with eIF1A mediated
via the unstructured C-terminal tail of eIF1A that could extend more than 70 Å in
length (Marintchev et al., 2003). Under the reasonable assumption that initiation
factor eIF5B, elongation factors EF-Tu and SelB bind to the GTPase center of the 70S
ribosome in a similar manner, domains IV of eIF5B and SelB are optimally positioned
for the interaction with mRNA, as discussed in the next section.
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4.4 Model of SelB bound to the ribosome
Stark et al. (2002) and Valle et al. (2003) investigated the structure of EF-Tu in complex with GppNHp, Phe-tRNAPhe and kirromycin on the 70S ribosome by cryoelectron microscopy and interpreted the 3D reconstructions using the high resolution
X-ray crystallographic structures. This conformational state of the ribosome corresponds to the situation when SelB:GTP:Sec-tRNASec ternary complex is bound to the
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Figure 30 (previous page): Model of SelB bound to the GTPase activating centre of the 70S
ribosome prior to the release of the tRNA. (A) Superposition of SelB domains I-III with the
corresponding domains from the EF-Tu:GDP:Phe-tRNAPhe:kirromycin complex bound to the 70S
ribosome. For the modeling, the sarcin-ricin loop of the 50S ribosomal subunit (grey, Ban et al., 2000)
and protein S12 from the 30S subunit (yellow, Ogle et al., 2001) were superimposed with the coordinates that describe the environment of the ternary EF-Tu complex bound to the 70S ribosome (Valle et
al., 2003). After superposition of SelB (green) with EF-Tu (red), SelB domain IV points towards the
mRNA entrance cleft of the small ribosomal subunit. The A/T state Phe-tRNAPhe from the EF-Tu
complex is depicted in blue. CP: Central Protuberance, L11: L11 region of the large subunit. In the
right panel, the ribosome is rotated into the more familiar crown view. For clarity, EF-Tu and the small
ribosomal subunit have been omitted from the model. (B) In this schematic representation, the crown
view of the 50S subunit is shown as in (A). Domain IV of SelB (green), which points towards the
mRNA entrance cleft formed by the 30S subunit (yellow outline), would allow SelB to bind the SECIS
element located in the 3’ untranslated region of the mRNA (red) either directly or via an adapter
protein. Sec-tRNASec (blue) bound to SelB:GTP would recognize the internal UGA stop codon located
in the A site of the small ribosomal subunit (shown in the shape of a traffic “stop signal”). The usual
UAA or UAG stop codon of the gene is indicated with a red dot, and the tRNAs located in the P and E
site are depicted in magenta and brown, respectively. L1: Large ribosomal subunit protein L1, CP:
Central Protuberance, L11: L11 region of the large subunit.

GTPase activating centre of the large subunit and interacts with the UGA Sec codon
in the decoding centre of the small subunit via the Sec-tRNASec UCA anticodon.
Furthermore, at the pre-translocation state of the elongation cycle, SelB should be in
contact with the SECIS element, thereby receiving the recoding signal. In order to
visualize the approximate positioning of SelB domain IV with respect to the ribosome
at this state of the elongation cycle, we superimposed domains I-III with the corresponding ribosome bound EF-Tu domains (Figure 30A). According to this modelling,
domain IV of SelB points towards the mRNA entrance cleft, formed by the small
ribosomal subunit, and is optimally positioned to recognize the SECIS element
(Figure 30B).
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4.5 Final conclusions and prospects
Recently, considerable advances have been made in elucidating the mechanisms of
selenoprotein synthesis in all three kingdoms of life by using genetic, biochemical and
structural approaches. However, we are still far from complete understanding of the
underlying biological concepts and mechanistic details.
In bacteria, which contain the simplest selenocysteine insertion machinery, the
aspects of the interaction between SelB and Sec-tRNASec and the SECIS element are
fairly well understood (Thanbichler and Böck, 2001). However, in spite of the determined structures, it remains unclear how SelB domain IV is linked to the Sec-tRNASec
binding part and how its binding to a SECIS element is communicated to the rest of
the factor (Hüttenhofer and Böck, 1998). Furthermore, there is some experimental
evidence that Sec incorporation is an inefficient process (Suppmann et al., 1999), but
the competition between release factors and SelB is still poorly understood. With the
structure determination of higher-order SelB complexes, including the ribosomebound factor, these crucial questions will hopefully be answered.
In eukaryotes, the situation is even more intricate: An additional SBP2 adapter
protein and several internal UGA codons per gene, which are located at a large
distance from the SECIS element, are present. This adds a level of complexity that
even allows the regulation of protein expression by terminating at different stop
codons (Copeland, 2003). In this manner, several protein isoforms can be synthesized
from one mRNA (Ma et al., 2002). Another process that regulates selenoprotein
expression is nonsense-mediated decay (NMD) of mRNAs. In this process, mRNAs
containing premature stop codons are rapidly degraded. As selenoprotein mRNAs fit
the rules for being subject to NMD (Sun et al., 2001; Sun et al., 2000), there has to be
a mechanism that prevents it from happening (Copeland, 2003). Finally, due to
mRNA circularization in eukaryotes, the 5’ and 3’ ends of the mRNA are in close
proximity. This loop formation is a consequence of the interaction between release
factors, initiation factors and polyA-binding protein (Sonenberg and Dever, 2003).
Therefore, the SECIS/SBP2 complex present in the 3’ UTR would also be close to the
initiation machinery, which raises questions about its possible participation in
initiation (Copeland, 2003).
Interestingly, our archaeal SelB structure reveals a translation elongation factor
that is an EF-Tu/IF2γ/IF2/eIF5B hybrid molecule. The high degree of structural
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similarity between SelB and IF2γ and the close phylogenetic relationship of the two
factors (Foster, 2005; Keeling et al., 1998) suggests that both proteins have evolved
from a common ancestor molecule. This, together with the chalice shape observed for
both SelB and eIF5B and the similar fold of domain IV (Roll-Mecak et al., 2000)
again raises interesting questions about the connection between Sec incorporation and
initiation: What are the similarities between the two processes and how did they
evolve? How are they related to the EF-Tu/EF-G mediated elongation?
The comparison of our SelB structure with EF-Tu demonstrates striking
differences in regions critical for tRNA binding. In order to investigate these regions
further, the solution of the structure from SelB in complex with Sec-tRNASec would of
course be very valuable. Unfortunately, the production of the selenocysteylated
tRNA, which is a prerequisite for recognition by SelB, is complicated due to the
reactivity of the selenium. However, based on our structure, the importance of these
regions now can be further analysed with genetic and biochemical experiments such
as domain swapping between the factors and mutational analysis of functionally
relevant regions in SelB. For this purpose, M. maripaludis is an excellent model
organism: Although the archaeal Sec incorporation system is more complex than in
bacteria, its regulation may be simpler than in eukaryotes, but still offers the
advantage of being closely related. The in vitro and in vivo investigation of these
processes is possible in M. maripaludis due to full sequence availability, established
expression systems and genetic manageability (Gardner and Whitman, 1999;
Hendrickson et al., 2004; Rother et al., 2003; Rother et al., 2001a; Tumbula and
Whitman, 1999).
One important unresolved question is whether in archaea, SelB binds the SECIS
element directly or via an SBP2-like adapter molecule. Filter binding assays or gel
retardation experiments using in vitro transcribed SECIS elements and purified fulllength M. jannaschii SelB did not show any direct SECIS:SelB interaction (Rother,
2001; Rother et al., 2000). In order to find an SBP2 homologous factor, Rother also
performed affinity purification experiments using immobilized, in vitro transcribed
SECIS mRNA and S100 protein extracts (Rother, 2001). However, none of the eluted
proteins was unique to methanogens, making them unlikely candidates for selenoprotein biosynthesis. One factor was investigated in more detail but bound the SECIS
element unspecifically. A further candidate could be coimmunoprecipitated together
with M. jannaschii SelB from crude extract. The protein was also not unique to
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methanogens and was not further investigated. It should also be mentioned that none
of the candidates displayed any homology to eukaryotic SBP2.
Based on our structure, we performed gel retardation experiments with different in
vitro transcribed SECIS mRNAs and isolated SelB domain IV from M. maripaludis
(see Appendix for constructs). They revealed a weak but unspecific RNA binding
capacity of domain IV (Silvija Bilokapić, personal communication). These experiments do not completely exclude a direct, specific SECIS binding but may indicate a
dependence on other factors such as the ribosome or Sec-tRNASec for successful
SECIS recognition. In addition, the RNA binding could simply be negatively
influenced by the experimental setup. Therefore, in order to directly demonstrate a
possible SelB domain IV – SECIS interaction, we have planned soaking and cocrystallization experiments with full-length SelB and different in vitro transcribed
SECIS elements. This is possible because the SelB crystal form currently available in
our lab contains large solvent channels, and several domains IV in the crystal lattice
are exposed to the solvent region, which might allow the binding of the SECIS
element. Furthermore, the different SECIS constructs can be overproduced in
sufficiently large amounts for crystallization purposes (Silvija Bilokapić, personal
communication).
Finally, the Sec incorporation could be mechanistically analogous to the recently
discovered process of cotranslational incorporation of the 22nd amino acid pyrrolysine
(Pyl) into proteins through recoding of the UAG (amber) stop codon in several
Methanosarcina species (Atkins and Gesteland, 2000; Ibba and Söll, 2002).
Interestingly, no selenoproteins have been detected in Methanosarcina so far
(Kryukov and Gladyshev, 2004). However, the genome contains a translation
elongation factor gene that has specific characteristics of SelB but lacks domain IV. It
will be interesting to see whether this factor has the capacity to specifically recognize
Pyl-tRNAPyl and decode the UAG stop codon (Dieter Söll, personal communication).
The structure of SelB described here offers a good starting point for future investigation of Sec incorporation and the other related translational processes by a combination of genetic, biochemical and structural approaches in all three descents.
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Appendix

5.1 Coding region and physicochemical properties of
recombinant full-length SelB used for crystallization
5.1.1 Restriction map of plasmid pTHisJJSelB
The coding region of the selB gene from M. maripaludis strain JJ was cloned into
expression vector pT7His using the StuI and EcoRI restriction sites, which resulted in
plasmid pTHisJJSelB (Figure 31).
StuI

3925 bp

EcoRI

Figure 31: Restriction map of plasmid pTHisJJSelB. ORF (a) codes for the recombinant, His-tagged
SelB protein, whereas ORF (b) encodes for the β-lactamase (ampR) gene.

5.1.2 Promotor and coding region of the M. maripaludis SelB gene
cloned into the pTHis expression vector (pTHisJJSelB)
legend:

blue:
purple:
green:
red:
orange:
underlined:
bold:

T7 promotor
transcription start (+1)
Shine-Dalgarno sequence
start codon
his-tag
stop codon
StuI and EcoRI restriction sites

TTCTGATAGA
GTTTCCCTCT
TGCATCACCA
AAAAATATTA
GCTTTCAAAA
TGCCAGAATC

CTTCGAAATT
AGAAATAATT
TCACCATCAC
ATCTTGGAAT
GTTTTAACTG
TCAAAAACGT

AATACGACTC
TTGTTTAACT
TCTATCGAGG
TTTTGGACAC
AAATTGCATC
GGAATTACAA
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ACTATAGGGA
TTAAGAAGGA
GAAGGCCTCA
ATCGATCACG
AACTTCGGCA
TAGATATCGG

GACCACAACG
GATATACATA
TATGGACTTT
GAAAAACGAC
CACGATAAAC
TTTTTCAGCA

Appendix

TTTAAACTTG
TGATTTAATT
TGATTGTGGT
ATGTTAATTC
GTCTGATAAT
AGTCCATTTT
ATTTCCGCAA
AACTACGTTG
AAATGCCGCT
ACTGGAACTA
TCTTCCAATA
AAAGTGTTAT
GGAGTTGATG
TACTAAATTA
ATATTTTTAA
GGAATGTTGA
TGGCAAAACG
AATGCTACTG
GATAGGGTAT
TTGCGGTCAT
TTAAAAAAGA
ACCGTAATCG
CGGTGAAGAA
GAACTTTTGG
GAAAACCGTG
ATTCGCGCCC

AAAATTATCG
AGGGCTGTAG
TGATGCAAAA
TCGACCACTT
GCAGGAACTG
ACAATCAACA
AAACTGGATT
AATAATGCAG
TGACCACGCA
TTAACAAGGG
AATATGTCTA
GGAAGCAAAA
CAAAACAGAT
CAGACTGTTG
GTACAATTTA
TAGTTCCTGC
GAAGAAAATA
CGCATTTGAA
TAATTACAAG
GGTTTAATCG
AGTACTGCGT
ATGGGCTGGC
ATATCTATTG
AACGAAGGGT
ACAAGGTAAT
GGGGATCCTC

TATAACTTTA
TAAGTGCTGC
GAAGGGCCAA
TAACATTCCA
AAGAGATCAA
CACAATTTAA
TGGTGTGGAT
AAATTATTAG
TTTCCTATAA
AATTGTAAAA
CGAAAGTTAG
GCGGGTGACA
CTATCGAGGA
ATAAAATAGT
ACTCCAAAAA
AGTTGCAGTT
TAATTTTAAA
CTCGAAGAAA
GCTTGATCTT
AGGAATTTAA
GAAGGAAAAG
TCAATCAAAG
AAGGAAAAGA
CTTTTAACTG
ATTAAACAGG
TAGAGTCGAC

GTTGATGCAC
AGATATAATC
AAACACAGAC
ATAATCGTTG
AAGAACTGAA
AAAACAGTTC
GAACTTAAAA
AAATACTGAA
AAGGGGCCGG
GTAGGTGATG
GAGTATACAG
GAGTTGGAAT
TGTATTTTAA
TGCTAAAATA
TGAAAGTTCA
CCGTTTAAAA
TGAAGTAATT
AGGTTTTAGC
CCACCAACAA
ACCAATAAAA
TTAAAATCGA
GTTGCAGCTG
TATTGTTGGA
CAGAATTTAG
CTTAGAAGAT
CTGCAGCCCA

CCGGACACGC
GATCTTGCAT
TGGGGAACAC
TGATTACAAA
ATGATTATGA
AATCATTCCA
ATTTGATTAT
AGCTATTTTA
AACTGTTGTA
AATTAAAAGT
TATTTCAAAG
GGCAATTCAG
CTTCAAAAGA
AAAATTTCAG
TTTGAATGTT
AAGTTACATT
TCGGGAAACG
AGAAGTTGGA
CACTTAGAAT
GACTTAAATA
TAAGGGAAGA
AAAAATTAAT
AAAATAAAAG
CGGAAATGTT
GGGGTTAAGA

5.1.3 Codon frequency of the recombinant M. maripaludis selB gene
(483 codons including stop)
fields: [triplet] [frequency: per thousand] ([number])
UUU 31.1(
UUC 2.1(
UUA 37.3(
UUG 10.4(

15)
1)
18)
5)

UCU 10.4(
UCC 4.1(
UCA 16.6(
UCG 4.1(

5)
2)
8)
2)

UAU
UAC
UAA
UAG

8.3(
4.1(
2.1(
0.0(

4)
2)
1)
0)

UGU
UGC
UGA
UGG

2.1(
6.2(
0.0(
2.1(

1)
3)
0)
1)

CUU 24.8(
CUC 4.1(
CUA 0.0(
CUG 6.2(

12)
2)
0)
3)

CCU 6.2(
CCC 2.1(
CCA 18.6(
CCG 4.1(

3)
1)
9)
2)

CAU 12.4(
CAC 22.8(
CAA 6.2(
CAG 10.4(

6)
11)
3)
5)

CGU
CGC
CGA
CGG

8.3(
0.0(
2.1(
0.0(

4)
0)
1)
0)

AUU
AUC
AUA
AUG

60.0(
24.8(
33.1(
22.8(

29)
12)
16)
11)

ACU 37.3(
ACC 2.1(
ACA 16.6(
ACG 12.4(

18)
1)
8)
6)

AAU
AAC
AAA
AAG

33.1(
12.4(
82.8(
18.6(

16)
6)
40)
9)

AGU 8.3(
AGC 4.1(
AGA 14.5(
AGG 12.4(

4)
2)
7)
6)

GUU 49.7(
GUC 0.0(
GUA 20.7(
GUG 6.2(

24)
0)
10)
3)

GCU 12.4(
GCC 2.1(
GCA 41.4(
GCG 2.1(

6)
1)
20)
1)

GAU 41.4(
GAC 12.4(
GAA 62.1(
GAG 6.2(

20)
6)
30)
3)

GGU 18.6(
GGC 2.1(
GGA 49.7(
GGG 8.3(

9)
1)
24)
4)

The translation exception table is standard. Codons that are rare in E. coli are highlighted in bold.
The codon frequency of the M. maripaludis selB gene was analysed with the tool provided under
www.kazusa.or.jp/codon/countcodon.html.
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5.1.4 Physicochemical properties of the recombinant SelB protein
Protein parameters were calculated using the PROTPARAM-tool from the ExPASY
server (http://www.expasy.ch/tools/protparam.html, Gasteiger et al., 2005). Residues
belonging to the C-terminal His-tag are numbered negatively to zero and are highlighted in bold.
Protein sequence:
-13
47
107
167
227
287
347
407
467

MHHHHHHSIE
IDIGFSAFKL
LDHFNIPIIV
NLIITTLNNA
TKVRSIQYFK
DIFKYNLTPK
KVLAEVGDRV
DGLAQSKVAA
WG

1
GRPHMDFKNI
ENYRITLVDA
VITKSDNAGT
EIIRNTESYF
ESVMEAKAGD
MKVHLNVGML
LITRLDLPPT
EKLIGEEISI

NLGIFGHIDH
PGHADLIRAV
EEIKRTEMIM
KMPLDHAFPI
RVGMAIQGVD
IVPAVAVPFK
TLRICGHGLI
EGKDIVGKIK

GKTTLSKVLT
VSAADIIDLA
KSILQSTHNL
KGAGTVVTGT
AKQIYRGCIL
KVTFGKTEEN
EEFKPIKDLN
GTFGTKGLLT

EIASTSAHDK
LIVVDAKEGP
KNSSIIPISA
INKGIVKVGD
TSKDTKLQTV
IILNEVISGN
IKKEVLREGK
AEFSGNVENR

Number of amino acids: 482
Molecular weight: 53204.1
Theoretical pI: 9.00
Amino acid composition:
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

(A)
(R)
(N)
(D)
(C)
(Q)
(E)
(G)
(H)
(I)
(L)
(K)
(M)
(F)
(P)
(S)
(T)
(W)
(Y)
(V)

28
18
22
26
4
8
33
38
17
57
40
49
11
16
15
23
33
1
6
37

5.8%
3.7%
4.6%
5.4%
0.8%
1.7%
6.8%
7.9%
3.5%
11.8%
8.3%
10.2%
2.3%
3.3%
3.1%
4.8%
6.8%
0.2%
1.2%
7.7%

Total number of negatively charged residues (Asp + Glu): 59
Total number of positively charged residues (Arg + Lys): 67
Atomic composition:
Carbon
Hydrogen
Nitrogen
Oxygen
Sulfur

C
H
N
O
S

2380
3914
650
693
15
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LPESQKRGIT
KTQTGEHMLI
KTGFGVDELK
ELKVLPINMS
DKIVAKIKIS
ECYCAFELEE
VKIDKGRTVI
DKVILNRLRR
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Formula: C2380H3914N650O693S15
Total number of atoms: 7652
Extinction coefficients:
Conditions: 6.0 M guanidium hydrochloride
0.02 M phosphate buffer
pH 6.5
Extinction coefficients are in units of

M-1 cm-1 .

The first table lists values computed assuming ALL Cys
residues appear as half cystines, whereas the second table
assumes that NONE do.

Ext. coefficient
Abs 0.1% (=1 g/l)

276
nm
14390
0.270

278
nm
14254
0.268

279
nm
13970
0.263

280
nm
13610
0.256

282
nm
13040
0.245

Ext. coefficient
Abs 0.1% (=1 g/l)

276
nm
14100
0.265

278
nm
14000
0.263

279
nm
13730
0.258

280
nm
13370
0.251

282
nm
12800
0.241

Estimated half-life:
The N-terminal of the sequence considered is M (Met).
The estimated half-life is: 30 hours (mammalian reticulocytes, in vitro).
>20 hours (yeast, in vivo).
>10 hours (Escherichia coli, in vivo).
Instability index:
The instability index (II) is computed to be 29.32
This classifies the protein as stable.
Aliphatic index: 106.56
Grand average of hydropathicity (GRAVY): -0.078
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5.2 Coding region and physicochemical properties of
recombinant SelB domain IV used for SECIS binding
experiments, and sequences of the SECIS elements
5.2.1 Cloning of the 6xHis-tagged, isolated domain IV from the M.
maripaludis selB gene cloned into a pET28b expression vector
Starting from plasmid pTHisJJSelB, a fragment containing the coding region of the
core from M. maripaludis SelB domain IV was amplified by PCR using the primer
pair 5'-GGTACAACATATGCTGCGTGAAGG-3' (5’ primer) and 5’-CTGGAA
GCTTACTAGTTTAATATTACCTTG-3’ (3’ primer), thereby creating the 5’NdeI
and 3’HindIII restriction sites (marked in bold). After digestion with both enzymes,
the fragment was ligated into an equally digested pET28b expression vector (Novagen) carrying an N-terminal 6xHis-tag and a T7 promoter for protein expression.

5.2.2 Restriction map of plasmid pET28b with the cloned domain IV
of M. maripaludis SelB
The restriction map of plasmid pET28b with the cloned NdeI/HindIII fragment carrying domain IV of SelB from strain M. maripaludis JJ is shown in Figure 32.
NdeI
HindIII

5528 bp

Figure 32: Restriction map of plasmid pET28b with the cloned NdeI/HindIII fragment. ORF (h)
corresponds to the coding region of SelB domain IV. The length of the recombinant protein including
the N-terminal 6xHis-tag is 92 aa. ORFs (a) and (b) correspond to the lacI (lac repressor) and kanR
(kanamycin resistance) genes, respectively.
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5.2.3 Promotor and coding region of the M. maripaludis SelB domain
IV fragment cloned into the pET28b expression vector
legend:

AATTAATACG
CTAGAAATAA
GCCATCATCA
ATGCTGCGTG
TGGGCTGGCT
TATCTATTGA
ACGAAGGGTC
CAAGGTAATA
CACCACCACT

blue:
purple:
green:
red:
orange:
underlined:
bold:
ACTCACTATA
TTTTGTTTAA
TCATCATCAC
AAGGAAAAGT
CAATCAAAGG
AGGAAAAGAT
TTTTAACTGC
TTAAACTAGT
GAGATCCGGC

T7 promotor
transcription start (+1)
Shine-Dalgarno sequence
start codon
his-tag
stop codon
NdeI and HindIII restriction sites

GGGGAATTGT
CTTTAAGAAG
AGCAGCGGCC
TAAAATCGAT
TTGCAGCTGA
ATTGTTGGAA
AGAATTTAGC
AAGCTTGCGG
TGCTAACAAA

GAGCGGATAA
GAGATATACC
TGGTGCCGCG
AAGGGAAGAA
AAAATTAATC
AAATAAAAGG
GGAAATGTTG
CCGCACTCGA
GCCCGAAAGG

CAATTCCCCT
ATGGGCAGCA
CGGCAGCCAT
CCGTAATCGA
GGTGAAGAAA
AACTTTTGGA
AAAACCGTGA
GCACCACCAC
AAGCTGAGTT

5.2.4 Physicochemical properties of the isolated SelB domain IV
Protein parameters were calculated using the PROTPARAM-tool from the ExPASY
server (http://www.expasy.ch/tools/protparam.html, Gasteiger et al., 2005). Residues
belonging to the C-terminal His-tag are highlighted in bold. N-terminal protein
sequencing revealed the absence of the first methionine. Therefore, the parameters
were calculated without this residue. The residue numbering of the SelB domain IV
corresponds to the one of the full-length protein.
Protein sequence:
392
GSSHHHHHHS SGLVPRGSHM LREGKVKIDK GRTVIDGLAQ SKVAAEKLIG EEISIEGKDI
432 VGKIKGTFGT KGLLTAEFSG NVENRDKVIL N
Number of amino acids: 91
Molecular weight: 9760.1
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Theoretical pI: 9.40
Amino acid composition:
Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

(A)
(R)
(N)
(D)
(C)
(Q)
(E)
(G)
(H)
(I)
(L)
(K)
(M)
(F)
(P)
(S)
(T)
(W)
(Y)
(V)

4
4
3
4
0
1
7
13
7
8
7
10
1
2
1
8
4
0
0
7

4.4%
4.4%
3.3%
4.4%
0.0%
1.1%
7.7%
14.3%
7.7%
8.8%
7.7%
11.0%
1.1%
2.2%
1.1%
8.8%
4.4%
0.0%
0.0%
7.7%

Asx (B)
Glx (Z)
Xaa (X)

0
0
0

0.0%
0.0%
0.0%

Total number of negatively charged residues (Asp + Glu): 11
Total number of positively charged residues (Arg + Lys): 14
Atomic composition:
Carbon
Hydrogen
Nitrogen
Oxygen
Sulfur

C
H
N
O
S

425
703
131
130
1

Formula: C425H703N131O130S1
Total number of atoms: 1390
Extinction coefficients:
As there are no Trp, Tyr or Cys in the region considered, your protein
should not be visible by UV spectrophotometry.
Estimated half-life:
The N-terminal of the sequence considered is G (Gly).
The estimated half-life is: 30 hours (mammalian reticulocytes, in vitro).
>20 hours (yeast, in vivo).
>10 hours (Escherichia coli, in vivo).
Instability index:
The instability index (II) is computed to be 15.62
This classifies the protein as stable.
Aliphatic index: 90.99
Grand average of hydropathicity (GRAVY): -0.453
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5.2.5 Primers used for the in vitro transcription of different SECIS
elements
For the in vitro transcription of archaeal SECIS element mRNA, sequences were
either chosen from the 3’UTR of the M.maripaludis vhuD or the M. jannaschii fruA
gene (Rother et al., 2001a). Of each SECIS element, two constructs were made: The
longer one contained the complete stemloop, whereas the other was shortened to a
hairpin loop still including the bases necessary for efficient selenoprotein synthesis in
vivo (Rother et al., 2001a).

T7top_primer
5’P--TAATACGACTCACTATA-3’OH
M.m.vhuD_20+T7
-----GCGGGGAACCAAAAGGACUCGc--------3’OH
3’OH-ATTATGCTGAGTGATAT-----CGCCCCTTGGTTTTCCTGAGCg--------5’P
M.m.vhuD_32+T7
AUUUUGCGGGGAACCAAAAGGACUCGUAAAAU---3’OH
3’OH-ATTATGCTGAGTGATATTAAAACGCCCCTTGGTTTTCCTGAGCATTTTA---5’P
M.j.fruA_20+T7
-------GGGGAACCCGAAAGGGACCC--------3’OH
3’OH-ATTATGCTGAGTGATAT-------CCCCTTGGGCTTTCCCTGGG--------5’P
M.j.fruA_34+T7
GCCUCGAGGGGAACCCGAAAGGGACCCGAGUGGC-3’OH
3’OH-ATTATGCTGAGTGATATCGGAGCTCCCCTTGGGCTTTCCCTGGGCTCTCCG-5’P

Remarks: The DNA primers used for the in vitro transcription with T7 RNA polymerase are in bold,
with the T7 promoter sequences underlined. The expected RNA transcripts are shown in ITALICS. For
the elimination of a G·U mismatch at the base of the shorter vhuD SECIS construct, one base (lower
case lettering) was mutated.
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5.3 Calculation of Matthews coefficients for SelB crystals
using the “Matthews Probability Calculator”
+-----------------------------------------------------------------------------+
| Unit cell dimensions in A, deg(o) and cubic A :
|
+-----------------------------------------------------------------------------+
|
a
b
c
alpha
beta
gamma
volume
|
| 146.0000 146.0000 297.0000
90.000
90.000
120.000
5482678.5
|
+-----------------------------------------------------------------------------+
| Space group P 31 1 2
, space group number 151, Laue class -31m , z= 6
|
+-----------------------------------------------------------------------------+
| System as decoded from unit cell dimensions : hexagonal
|
| is consistent with space group P 31 1 2
: trigonal
|
+-----------------------------------------------------------------------------+
+-----------------------------------------------------------------------------+
| Found 12 possible solutions :
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 17.18 A**3/Dalton
|
| Estimated solvent content is
92.84 %
|
| Estimated asymmetric unit contents
3970 atoms, 489 residues, 53 kDa |
| Estimated cell contents
159600 electrons (F000) from protein
|
|
1908773 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 8.59 A**3/Dalton
|
| Estimated solvent content is
85.68 %
|
| Estimated asymmetric unit contents
7940 atoms, 978 residues, 106 kDa |
| Estimated cell contents
319200 electrons (F000) from protein
|
|
1761542 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 5.73 A**3/Dalton
|
| Estimated solvent content is
78.52 %
|
| Estimated asymmetric unit contents
11910 atoms, 1468 residues, 159 kDa |
| Estimated cell contents
478800 electrons (F000) from protein
|
|
1614311 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 4.29 A**3/Dalton
|
| Estimated solvent content is
71.36 %
|
| Estimated asymmetric unit contents
15880 atoms, 1957 residues, 212 kDa |
| Estimated cell contents
638400 electrons (F000) from protein
|
|
1467080 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 3.44 A**3/Dalton
|
| Estimated solvent content is
64.19 %
|
| Estimated asymmetric unit contents
19850 atoms, 2447 residues, 266 kDa |
| Estimated cell contents
798000 electrons (F000) from protein
|
|
1319849 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 2.86 A**3/Dalton
|
| Estimated solvent content is
57.03 %
|
| Estimated asymmetric unit contents
23820 atoms, 2936 residues, 319 kDa |
| Estimated cell contents
957600 electrons (F000) from protein
|
|
1172618 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 2.45 A**3/Dalton
|
| Estimated solvent content is
49.87 %
|
| Estimated asymmetric unit contents
27791 atoms, 3425 residues, 372 kDa |
| Estimated cell contents
1117200 electrons (F000) from protein
|
|
1025387 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 2.15 A**3/Dalton
|
| Estimated solvent content is
42.71 %
|
| Estimated asymmetric unit contents
31761 atoms, 3915 residues, 425 kDa |
| Estimated cell contents
1276800 electrons (F000) from protein
|
|
878156 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 1.91 A**3/Dalton
|
| Estimated solvent content is
35.55 %
|
| Estimated asymmetric unit contents
35731 atoms, 4404 residues, 478 kDa |
| Estimated cell contents
1436400 electrons (F000) from protein
|
|
730925 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
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+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 1.72 A**3/Dalton
|
| Estimated solvent content is
28.39 %
|
| Estimated asymmetric unit contents
39701 atoms, 4894 residues, 532 kDa |
| Estimated cell contents
1596000 electrons (F000) from protein
|
|
583694 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 1.56 A**3/Dalton
|
| Estimated solvent content is
21.23 %
|
| Estimated asymmetric unit contents
43671 atoms, 5383 residues, 585 kDa |
| Estimated cell contents
1755600 electrons (F000) from protein
|
|
436463 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
| Vm of protein (Matthews coeff.) is 1.43 A**3/Dalton
|
| Estimated solvent content is
14.07 %
|
| Estimated asymmetric unit contents
47641 atoms, 5873 residues, 638 kDa |
| Estimated cell contents
1915200 electrons (F000) from protein
|
|
289232 electrons from bulk solvent (based on .375 e/A**3)
|
+-----------------------------------------------------------------------------+
+-----------------------------------------------------------------------------+
| N(mol)
Prob(N)
Prob(N)
Vm
Vs
Mw
|
|
for resolution overall
A**3/Da
% solvent
Da
|
+-----------------------------------------------------------------------------+
|
1
0.00
0.00
17.18
92.84
53200.00
|
|
2
0.00
0.00
8.59
85.68
106400.00
|
|
3
0.00
0.00
5.73
78.52
159600.00
|
|
4
0.01
0.02
4.29
71.36
212800.00
|
|
5
0.07
0.08
3.44
64.19
266000.00
|
|
6
0.21
0.22
2.86
57.03
319200.00
|
|
7
0.36
0.36
2.45
49.87
372400.00
|
|
8
0.28
0.26
2.15
42.71
425600.00
|
|
9
0.06
0.05
1.91
35.55
478800.00
|
| 10
0.00
0.00
1.72
28.39
532000.00
|
| 11
0.00
0.00
1.56
21.23
585200.00
|
| 12
0.00
0.00
1.43
14.07
638400.00
|
+-----------------------------------------------------------------------------+

Figure 33: Graphical representation of the calculated Matthews coefficients VM (left) and the
estimated solvent content (right) for SelB crystals containing different numbers of molecules per
asymmetric unit. The graphs are obtained from the Matthews Probability Calculator program which is
available online (http://www-structure.llnl.gov/mattprob/, Kantardjieff and Rupp, 2003).
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5.4 Results from a Dali search performed using only the
Cα atoms of the initial model from SelB domain IV
For the Dali search (http://www.ebi.ac.uk/dali/, Holm and Sander, 1993; Holm and
Sander, 1996), only the Cα atoms of SelB domain IV were used. Therefore, the search
was sequence independent. The structural homologues of the translation factor family
are highlighted in bold.
NR. STRID1 STRID2 Z
RMSD LALI LSEQ2 %IDE REVERS PERMUT NFRAG TOPO PROTEIN
-----------------------------------------------------------------------------------------------1: 8788-C 8788-C 20.3 0.0
83
83 100
0
0
1 S
submitted structure
2: 8788-C 1sky-B

6.2

2.5

60

479

10

0

0

9 S

f1-atpase (f1-atp synthase)

3: 8788-C 1sky-E

5.7

1.9

59

470

7

0

0

9 S

f1-atpase (f1-atp synthase)

4: 8788-C 1g7r-A

4.3

3.7

69

559

6

0

0

7 S

translation initiation
factor if2eif5b fragment

5: 8788-C 1dar

4.3

2.6

61

615

7

0

0

7 S

elongation factor g (ef-g)

6: 8788-C 1d1n-A

3.7

3.0

65

98

5

0

0

8 S

initiation factor 2
fragment

7: 8788-C 1kk1-A

3.5

3.1

60

397

3

0

0

8 S

eif2gamma mutant

8: 8788-C 1bd0-A

3.5

3.3

70

381

3

0

0

10 S

alanine racemase
biological_unit

9: 8788-C 2pia

2.8

3.2

61

321

8

0

0

8 S

phthalate dioxygenase
reductase (e.C.1.18.1.)

10: 8788-C 1agj-A

2.7

3.2

60

242

5

0

0

7 S

epidermolytic toxin a

11: 8788-C 1qq4-A

2.6

3.3

57

198

7

0

0

6 S

alpha-lytic protease
fragment mutant

12: 8788-C 1qfj-A

2.5

3.8

58

226

3

0

0

8 S

flavin reductase
biological_unit

13: 8788-C 1cqx-A

2.5

3.2

65

403

5

0

0

9 S

flavohemoprotein

14: 8788-C 1ndh

2.4

3.1

62

270

3

0

0

10 S

15: 8788-C 1fdr

2.4

3.0

57

244

5

0

0

9 S

16: 8788-C 1i18-A

2.2

4.1

57

97

4

0

0

8 S

Cytochrome b=5= reductase
flavodoxin reductase
(ferredoxin reductase)
mutant

riboflavin synthase alpha
chain fragment
-----------------------------------------------------------------------------------------------Remarks:

STRID1: internal code of submitted structure (SelB domain IV)
STRID2: PDB code of compared structure
Z:

Z-score, expected strength of structural similarity. Note that Z-scores

RMSD:

positional root mean square deviation of superimposed CA atoms in

LALI:

total number of equivalent residues

LSEQ2:

length of the entire chain of of the equivalent structure

%IDE:

percentage of sequence identity (meaningless in this case because only

with Z < 2.0 are structurally dissimilar.
angstroms

Ala CA atoms were submitted)
REVERS: number of fragments matching in reverse direction
PERMUT: number of topological permutations (loop reconnections)
NFRAG:

total number of equivalenced fragments

TOPO:

S, sequential connectivity of equivalenced fragments
N, non-sequential alignment

PROTEIN: protein name of compared structure
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5.5 Structural prediction for SelB domain IV using PROF
The results from the PROF prediction program (available online under (http://cubic.
bioc.columbia.edu/predictprotein/, Rost, 2000) are shown. Sheets are indicated in
blue, the α7 helices are highlighted in red, and loops are defined either as empty
spaces or in green.
Abbreviations in the secondary structure prediction
AA:

amino acid sequence

PROF_sec:

PROF predicted secondary structure: H=helix, E=extended (sheet), blank=other (loop)

Rel_sec:

reliability index for PROFsec prediction (0=low to 9=high)
Note: for the brief presentation strong predictions marked by '*'

SUB_sec:

subset of the PROFsec prediction, for all residues with an expected average accuracy > 82% (tables in
header)
NOTE: for this subset the following symbols are used:
(L) is loop (for which above ' ' is used)
(.) means that no prediction is made for this residue, as the reliability is: Rel < 5

O_3_acc:

observerd relative solvent accessibility (acc) in 3 states: b = 0-9%, i = 9-36%, e = 36-100%.

P_3_acc:

PROF predicted relative solvent accessibility (acc) in 3 states: b = 0-9%, i = 9-36%, e = 36-100%.

Rel_acc:

reliability index for PROFacc prediction (0=low to 9=high)
Note: for the brief presentation strong predictions marked by '*'

SUB_acc:

subset of the PROFacc prediction, for all residues with an expected average correlation > 0.69 (tables in
header)
NOTE: for this subset the following symbols are used:
(I) is intermediate (for which above ' ' is used)
(.) means that no prediction is made for this residue, as the reliability is: Rel < 4

pH_sec:

'probability' for assigning helix (1=high, 0=low)

pE_sec:

'probability' for assigning strand (1=high, 0=low)

pL_sec:

'probability' for assigning neither helix, nor strand (1=high, 0=low) O_2_acc: observerd relative solvent
accessibility (acc) in 2 states: b = 0-16%, e = 16-100%.

PROF_acc:

PROF predicted relative solvent accessibility (acc) in 10 states: a value of n (=0-9) corresponds to a
relative acc. of between n x n % and (n+1) x (n+1) % (e.g. for n=5: 16-25%).
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Secondary structure observed in molecule C of PDB entry 1wb1
AA
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HHHHH EEEEEEEEEEEE
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HHHHHH EEEEE
EEEEEEEE
EEEEEE
EEEEEEEEEE
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β29
α7
β30
β31
β32
β33

Secondary structure prediction with PROF
PROF results (summary)
AA
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Rel_sec
SUB_sec
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0.9
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0.6
0.5
0.4
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0.5
0.4
0.3
0.2
1.0
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0.6
0.5
0.4
0.3
0.2
100%
81%
64%
49%
36%
25%
16%
9%
4%
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