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Abstract

Ribosomes catalyze protein synthesis via the translation cycle, in which the translation initiation is recognized
as a key step to regulate the process. The functional complexes of the bacterial ribosome undergo large
conformational changes during the initiation of protein synthesis. Dramatic progress in the elucidation of
ribosome structure by both X-ray crystallography and cryoelectron microscopy (cryo-EM) has provided
some of the best evidence for such changes. At the same time, detailed rate studies of initiation, even though
for the most part incomplete, have shown this process to be complex, multistep reactions, raising the question
of the extent to which specific structural changes can be assigned to specific steps described in the proposed
kinetic mechanism. By using fluorescence stopped-flow, quenched flow and FRET approaches to elucidate the
kinetic mechanism of initiation, particularly the formation of a 70S initiation, we have found that following
GTP hydrolysis by IF2 bound within a 70S complex, the G-domain moves toward L11-NTD, leading to
increased FRET efficiency, and that Pi is released following such movement. Our results also showed that two
G-proteins, IF2 and EF-Tu, can bind to the ribosome simultaneously during the transition from initiation to
elongation. In vitro fluorescence assays were also developed to identify biologically active thiopeptide
precursor compounds as potential new antibiotics. It is shown that some of these precursors represent novel
compounds with respect to their ability to bind to ribosomes. These findings provide not only insight into the
mechanism of action of thiopeptide compounds, but also demonstrate the potential of such assays for
identifying novel lead compounds that might be missed using conventional inhibitory screening protocols.
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ABSTRACT

MEASURES OF THE DYNAMICS OF G PROTEIN INTERACTION MH THE
RIBOSOME WITH APPLICATIONS TO ANTIBIOTIC SCREENING
Haiou Qin
Barry Cooperman
Ribosomes catalyze protein synthesis via the ta¢insl cycle, in which the translation

initiation is recognized as a key step to regullageprocess. The functional complexes of
the bacterial ribosome undergo large conformatichahges during the initiation of
protein synthesis. Dramatic progress in the elumdaof ribosome structure by both X-ray
crystallography and cryoelectron microscopy (cryd}bas provided some of the best
evidence for such changes. At the same time, ddtealte studies of initiation, even though
for the most part incomplete, have shown this gede be complex, multistep reactions,
raising the question of the extent to which speafructural changes can be assigned to
specific steps described in the proposed kinetichaeism. By using fluorescence
stopped-flow, quenched flow and FRET approachefucidate the kinetic mechanism of
initiation, particularly the formation of a 70Sfiaition, we have found that following GTP
hydrolysis by IF2 bound within a 70S complex, thel@nain moves toward L11-NTD,
leading to increased FRET efficiency, and thasReleased following such movement.
Our results also showed that two G-proteins, IR BR-Tu, can bind to the ribosome

simultaneously during the transition from initiatito elongation. In vitro fluorescence



assays were also developed to identify biologicadlive thiopeptide precursor
compounds as potential new antibiotics. It is shttvat some of these precursors represent
novel compounds with respect to their ability todto ribosomes. These findings provide
not only insight into the mechanism of action abgleptide compounds, but also
demonstrate the potential of such assays for iiyamgi novel lead compounds that might

be missed using conventional inhibitory screeniraiqrols.
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CHAPTER 1
INTRODUCTION



1.1 BACTERIAL PROTEIN SYNTHESIS

Protein synthesis occurs on large macromolecullaonticleoprotein complexes
named ribosomes in a process called translatioa ETkoli ribosome is composed of a
large 50S subunit and a small 30S subunit. Theelatgpsomal subunit is composed of
34 proteins and two RNAs, sedimenting at 5S and 288taining about 120 and 2,900
nucleotides, respectively. The small ribosomal sitbis composed of 21 proteins and a
RNA of approximately 1,500 nucleotides sedimentmd6S. It has three tRNA binding
sites designated as the aminoacyl (A), peptidyl 4Ryl exit (E) sites.

Translation consists of four phases: initiatiomngjation, termination, and ribosome
recycling. In prokaryotic cells, the initiation tinslation begins with the formation of a
“pre-initiation complex” that contains the 30S rdoonal subunit, mMRNA, initiator tRNA
(fMet-tRNA™®) and the initiation factors IF1, IF2, IF3. Thesetbrs and at least one
GTP molecule are necessary for the efficiency ahelify of translation initiation. In the
“pre-initiation complex” both mRNA and fMet-tRN2®, are randomly bound to the 30S
subunits, but do not interact with one another.yGafter a conformational change of the
30S ribosomal subunit which brings about a speaifieraction of the anticodon tRNA
and the initiation triplet of mMRNA is the functidn&@0S initiation complex” formed
(Gualerzi et al., 2001).

During the transition from the 30S to the 70S atitin complex, IF1 and IF3 are
ejected from the ribosome and IF2 hydrolyzes GTubs8quently, the initiation phase is

completed with the formation of first peptide bobetween the P-site bound initiator
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tRNA and the A-site bound aminoacyl tRNA (formatiohthe initiation dipeptide) and
the ribosome enters the elongation phase of tramsl|éGualerzi and Pon, 1990; Gualerzi
et al., 2000; Boelens and Gualerzi, 2002; Guakdrai., 2002).

The elongation cycle of protein synthesis cons$tshree major steps: 1) binding of
aminoacyl-tRNA to the A site, 2) peptide bond fotima, and 3) translocation of the A-
and P- site-bound tRNAs to the P and E sites, otispedy, accompanied by the
concomitant advancement of the mRNA by one codbwo elongation factors, EF-Tu
and EF-G, greatly accelerate steps 1 and 3: EFyTdelivering aminoacyl-tRNA (aa-
tRNA) in the form of the ternary complex (EF-GiIP-aa-tRNA) to the A site of the
elongating ribosome, whereas EF-G promotes thelteation step. Both EF-promoted
events are accompanied by GTP hydrolysis, thensitriGTPase activity of the factors
being greatly stimulated by the ribosome (Nishizaka Lipmann, 1966). Whether the
energy librated by GTP hydrolysis is used diretdlytRNA binding and translocation or
for the release of the factors has been a mattelebate for a long time. However, a
recent kinetic study (Rodnina et al., 1997; Sawigh et al., 2003) has shown that the
EF-G-dependent GTP hydrolysis drives translocafi@mtermeyer et al., 2004).

The termination step begins when a stop codon appedahe decoding site and is
recognized by either termination factor RF1 or RiRZdacteria), depending on its nature.
Ribosomal binding of these factors in responséé¢oappropriate stop codon in the A site
triggers the hydrolysis and release of the peptitken from the tRNA present in the P

site, yielding a post-termination complex havindeacylated tRNA bound to the mRNA
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in the P site and an empty A site. The turnoveRBfL and RF2 is promoted by factor
RF3, another G protein with properties similar mitiation factor IF2 and elongation
factors EF-G and EF-Tu. Transfer RNA and messeR)A need to be released from
the post-terminating ribosome to allow a new rowhgrotein synthesis to take place.
This recycling process requires another factor, ibesome recycling factor (RRF),

which acts in concert with EF-G and IF3 (Peskd.e2805; Zavialov et al., 2005).

1.2 INITIATION OF PROTEIN SYNTHESIS
Among the four phases that characterize proteirthggis, initiation is the step
displaying the most diversity between prokaryotid @ukaryotic cells and is regarded as

the rate-limiting and the most tightly regulate€psof translation (Mathews et al., 1996).

1.2.1 Initiation of protein synthesis in prokaryotes

As previously stated, in the 30S “pre-initiatiomgalex” the ribosome bound mMRNA
and the fMet-tRNA"® are not interacting with each other. The interactetween the
Translation Initiation Region (TIR) of the mRNA arbe 30S ribosomal subunit is
facilitated by an interaction with ribosomal protesl and by base pairing between the
anti-Shine-Dalgarno sequence of 16S rRNA and theeShalgarno sequence, when this
is present on the mRNA. The SD interaction was shtwbe mechanistically irrelevant
for the 30S initiation complex formation and foretselection of the mRNA reading

frame but to contribute to the efficiency of traigln (Calogero et al., 1988). In the “pre-
4



initiation complex” the mRNA occupies a ribosomatand-by” site corresponding to the
region where the SD interaction takes place amtifisequently shifted towards a second
site closer to the decoding site (Canonaco etl8B89; La Teana et al., 1995). These
processes are controlled kinetically by the iniatfactors IF1, IF2 and IF3 (Spurio, et

al., 1993). (Figure 1.1)

1.2.2 Initiation factor 1 (IF1)

IF1 is a small protein (8.1 kDa), encodedibfA, an essential gene iascherichia
coli (Sands et al., 1987). IF1 binds to both 30S subami, at least transiently, to 70S
monomers, thus it affects both association andodiason rates of 70S monomers
(Grunberg et al., 1975; van der Hofstad et al.,81®ottavio-Martin et al., 1979). IF1
enhances the affinity of the 30S subunit for IF2 #3 (Gualerzi and Pon, 1990) and
stimulates the activities of these factors (Pon @odlerzi, 1984). IF1 binds to the A-site
of the 30S subunit (Moazed et al., 1995; Carted.eR001) and it may prevent premature
access of aminoacyl-tRNA, thereby cooperating WEB to ensure that only fMet-
tRNA™®! binds to the P-site and interacts with the stgrtiadon of the mRNA. During
70S initiation complex formation IF1 is ejectedrfr®0S ribosomal subunit and this may
serve the dual purpose of opening the A site fodibig aminoacyl tRNA and weakening

the interaction of IF2 on the ribosome (Celanol etl®88; Gualerzi et al., 1989).



1.2.3 Initiation Factor 2 (IF2)

Bacterial IF2 is the largest initiation factor iradteria (i.e. 741 amino acids in
Bacillus stearothermophilus and 890 amino acids i&. coli) (Brombach et al., 1986;
Sacerdot et al., 1984). It is composed of 3 maggnents with a total of five structural
domains (Figure 1.2) (Gualerzi et al., 1991; Ro#ddk et al., 2000; Spurio et al., 2000).
These segments are: A) a variable N-terminal regidrich in Bst consists of the first
227 residues and is apparently dispensable fobamlc translational functions of the
factor (Cenatiempo et al., 1987; Gualerzi et 891); B) a highly conserved 40 kDa
segment including the highly conserved Gl domaron(f residue 228 to 412), which
contains all of the structural motifs charactecisti the family of GTP/GDP binding
proteins (Cenatiempo et al., 1987; Roll-Mecak et 2000) and the GIl domain (from
residues 413 to 520) which includeg-barrel module (al-Karadaghi et al., 1996; Roll-
Mecak et al., 2000); C) a 25 kDa C-terminal segneenssisting of two domains: the C-1
domain, rich in helical structures (Misslwitz et, d1997; Krafft et al., 2000; Spurio et al.,
2000), and the C-2 domain (from Glu632 to Ala741jich consists of the C-terminal
110 amino acids and contains the entire bindiregfsit the 3'-terminus of fMet-tRNA®
(Guenneugues et al., 2000; Krafft et al., 2000;r®pet al., 2000).

Part of my thesis work is directed toward underditag the dynamics of the
interaction between IF2 and fMet-tRIY&' as it exists in the binary complex, the 30S
initiation complex, and the 70S initiation compl@ertinent structural work of others is

discussed below.



IF2 forms a well-characterized binary complex witie acceptor end of fMet-
tRNA™® via its C2 domain (Meunier et al., 2000). this binary complex, residues
within the GIl peptide Asn 6Arg 645 ofE. coli IF2 (corresponding to Asn 46&lu
498 of B. stear.) were found to be close to the elbow region oftRNA (Wakao et al.
1989; Yusupova et al. 1996)ithin the 30S initiation complex, the linkage betm IF2
and tRNA is maintained by a tight interaction (sgaontinuous density in the cryo-EM
map) between the C2 domain of IF2, the conservedxa-nucleotide CAACCA end and
part of the acceptor steof the tRNA (Fig. 1.3), while the Gll domain of IFs&parates
from the elbow region of fMet-tRNX®. Within the 70S initiation complex, IF2 losses
contact with initiator tRNA and the GIll domain d¥2 remains distant from the elbow
region of the tRNA (Myaniskov et al., 2005). Oursults regarding the interaction
between IF2 and fMet-tRNA® are presented in Chapter 5.

Additionally, previous data from cross-linking awstiemical probing experiments
confirmed the existence of at least a partial @getetween the ribosomal-binding sites
of IF2, EF-G and EF-Tu (Heimark et al., 1976; Mah=t al., 1988; Porse et al., 1999;
Brandi et al.,, 2004). This localization has beenficmed by a more recent Cryo-EM
study which has localized IF2 on the ribosome (Al al. 2005). IF2 is a “GTP/GDP
binding protein” which stimulates ribosomal subwassociation, increases the affinity of
the 30S subunit for IF1 and promotes the adjustroefilet-tRNA™® in the ribosomal
P-site to allow the formation of the first peptidend (Grunberg-Manago et al., 1975).

This activity is accomplished through an acceleratif the codon-anticodon interaction
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in the ribosomal P-site (Gualerzi and Pon, 199Qyrigpet al., 2000) and is probably
because IF2 recognizes and binds the initiator tRN#e specific recognition of initiator
tRNA by IF2 is primarily due to the recognition thie formyl group, blocking the-NH2
group. Like all G-proteins, IF2 undergoes a confational change upon GTP hydrolysis

resulting to a proper contact of the fMet-tRN&and the ribosome (Myaniskov, 2005).

1.2.4 Initiation Factor 3 (IF3)

IF3 (20.7 kDa and 180 amino acids B coli) is encoded bynfC (Olsson et al.,
1996). IF3 displays multiple activities in the fation of the initiation complex. It acts as
a dissociation factor of 70S ribosomes by bindigptty to 30S subunits and shifting the
equilibrium of the 70S toward free subunits (Kaeengdt al., 1972; Gottlieb and Davis,
1975; Grunberg-Manago et al., 1975). This factep ahfluences the binding of IF1 and
IF2 to 30S subunits and also acts as a “fidelitgdd by destabilizing the non canonical

AfMet

initiation complex formed in the presence of théiator fMet-tRN and a non

canonical initiation triplet (i.e. AUU), or the ps#o-initiation complex formed in the

presence of aminoacyl-tRNAs or tRNAs other thanidtor fMet-tRNAM®!

(Pon and
Gualerzi, 1974; Hartz et al.,, 1989; Hartz et aP9@; Haggerty and Lovett, 1993;
Sussman et al., 1996). In addition, IF3 destalsli28S ternary complexes made with
leaderless mMRNA by promoting the dissociation oEfNRNA™® (Tedin et al., 1999).

This capacity of IF3 to act as a “fidelity factari the different cases has been shown to

occur when the factor is present in excess amougttthe ribosome, while when present
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at a stoichiometry equal to the ribosome, it steted translation regardless of the
initiation triplet present on the MRNA (La Teanaakt 1993; Pediconi et al., 1995).
Finally, IF3 stimulates the “shift” of mMRNA from éh'stand-by” to the P-decoding site of
the 30S subunits (La Teana et al., 1995).

Griogoriadou et al. (2007b) demonstrated that tiesgnce or absence of IF3 has, at
most, minor effects on the rate of 30SIC formatiming either AUG or AUU as the
initiation codon, and concludes that the high d#ffirof 1IF2 for both 30S subunit and
initiator tRNA overrides any perturbation of thedom-anticodon interaction resulting
from AUU for AUG substitution. In contrast, replasent of AUG by AUU leads to a
dramatic reduction in the rate of 70SIC (70S Ititia Complex) formation from 30SIC
upon addition of 50S subunits. Interpreting the&sults in the framework of a
guantitative kinetic scheme (Figure 5.3) leadshi® ¢onclusion that, within the overall
process of 70SIC formation, the step most affedigdsubstituting AUU for AUG
involves the conversion of an initially labile 70riBosome into a more stable complex.
In the absence of IF3, the difference between AWG AUU largely disappears, with
each initiation codon affording rapid 70SIC fornoati leading to the hypothesis that it is
the rate of IF3 dissociation from the 70S ribosatugng 70SIC formation that is critical
to its fidelity function. By FRET methods, Milon at. (2008) also proved that IF3 was
released during 70SIC formation. However, Antounakt(2006) reported that prior

release of IF3 from the 30S pre-initiation complexs required for 50S association. As



discussed further in Chapter 3, this discrepancganclusions might be explained by
different messenger RNAs used in these experiments.

IF3 is composed of two independent domains, C- &hkdterminal domains
connected by a lysine-rich flexible linker (Lamntiad., 1987; Fortier et al., 1994; Kycia
et al., 1995). Studies using cryo-electron micrpgccryoEM) suggest that both the C-
and the N- terminal domains of IF3 are locatedhim interface side of the 30S subunits
inside a region that involves many contacts wita 89S subunits in the whole 70S
ribosome (McCutcheon et al., 1999; Yusupov et24lQ1). In another study, the crystal
structure of a complex of T30S (30S subunitd othermophilus) with IF3C has shown
an alternative location for the C-terminal domaiink8. This crystal structure shows that
IF3C is located within a cavity close to the anii-&gion of the 16S rRNA (Pioletti et al.,
2001); the existence of this location is consisteith some data obtained by NMR
spectroscopy, mutagenesis, cross-linking, and pooting experiments (Petrelli et al.,
2003). If the N-terminal domain of IF3 is dockedthe 30S subunit near the P-site, there
is only limited space left for the binding of cogmaRNA in this site so that the
discrimination of the near cognate and non cogtRMA interactions by IF3N may be
explained by space exclusion principles (Pioldtale 2001). NMR (deCock et al., 1999)
and biochemical studies (Moreau et al., 1997) Heva that the linker region of IF3 is
extremely mobile. This flexibility is maintainedsal when both IF3C and IF3N are bound
to the 30S subunits and it has been suggestethéhatobile inter-domain linker may act

as a strap between the two domains, presumablydiosmitting signals between the two
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IF3 domains. However, work carried out by Petretlial. (2003) had shown that the C-

domain is necessary and sufficient for all IF3 timts, at least in vitro.

1.2.5 Initiator tRNA (fMet-tRNA ™e)

The kingdom-specific recognition and binding of tMBNA is one of the main
properties of bacterial IF2. Formylation of tH2 group of Met-tRNA" is catalyzed
by 10-formyltetrahydrofolate: L-methionyltRN" N-formyltransferase (the product of
fmt) and is essential for the interaction of initiat®RNA with IF2. Disruption offmt
results in an almost tenfold reduction of the gtowate and in a conditional lethal

phenotype (Guillon et al. 1992).

1.3 CRYO-EM STRUCTURES OF THE INITIATION COMPLEX

A cryo-EM density map of the 70S-IC from coli was recently obtained by using
GDPNP to stall progression of initiation by inhibg GTP hydrolysis (Figure 1.4) (Allen
et al., 2005). Interpretation of this map using X-ragustures of the components helped
to delineate their positions and binding modes, IF2 and fMet-tRNA"" were clearly
identified as filling the intersubunit space betwedke 50S and 30S subunits, confirming
the findings of biochemical studies of the initeticomplex (Marzgt al., 2003). The N2
domain of IF2, an important ‘anchor’ to the 30S f€aaet al., 2006) required for

optimal growth (Sacerdat al., 1992), was also found in the cryo-EM map.
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Translational fidelity is controlled on the sububy monitoring the base pairing
between the codon and anticodon in the process tkm@wlecoding. The decoding center
located at the upper part of the body and lowet parthe head of the subunit is
constructed entirely of RNA and contains, amongo#iements, the upper part of helix
44 and the 3' and 5 ends of the 16S rRNAe recognition and binding of the
translational initiation region (TIR) of the mRNAy bhe 30S ribosomal subunit depends
to various degrees on the structural elements oarenical TIR, which include the
initiation triplet (most frequently AUG), the pusrrich Shine-Dalgarno (SD) sequence
complementary to the 3"-end region of 16S rRNA, andpacer, of variable length,
separating SD and the initiation tripl&n interaction that is important for translation
initiation occurs at the 3’end of the 16S rRNA thaise-pairs with the SD sequence of
themRNA as shown in Figure 1.5.

Myasnikov et al. 2005 also resolved the assembleé& Titiation complex
comprising mRNA, fMet-tRNA"™ and IF2 with either a non-hydrolyzalf P analog or
GDP as shown in Figure 1.6. Upon GTP-to-GDP tramsitIF2 rotates counter-
clockwise along its long axis (Figure 1.6 B) angoaalong a perpendicular axis (Figure
1.6A, central arrow), resulting in the G domainmiimig upward and domain IV being
partially retracted from the A site. This leadsaamodified interaction pattern: upon
transition from the GTP-bound state to the GDP-ldosiate, IF2 loses the contact with
P-site tRNA, and interactions with decoding regamd the ribosomal GTPase domain

are reduced. The associated conformational chahtie sibosome is a slight rotation of
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the 30S subunit with respect to the 50S subuniaddition, the classical position of the
tRNA-EF-Tu complex on the ribosome (Figure 1.7A)ale et al.,, 2003) is not
compatible with the presence of IF2 (Figure 1.AB)ggesting that IF2 release is required
for the ribosome to enter the elongation phase. 9vikav et al. proposed that EF-Tu
induces the release of IF2 by shifting the reactguilibrium from the mRNA-fMet-
tRNA™eL|F2-GDP-70Sribosme  complex through the mMRNA-fVRNA™®-70S

ribosome initiation complex to the EF-Tu-70S ribwsoelongation complex.

1.4 FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET)

Fluorescence resonance energy transfer (FRET) asnsin Figure 1.8 is a
distance-dependent interaction between the eldctextited states of two dye molecules
in which excitation is transferred from a donor ewlle to an acceptor molecule without
emission of a photon. The efficiency of FRET is elggent on the inverse sixth power of
the intermolecular separation, making it useful rodéstances comparable with the
dimensions of biological macromolecules. The Férslestance, B at which the
efficiency is 50 %, is calculated by Equation 1.
Equation 1:

R =Ro (1/E -1)1/6 (1)

Equation 2:

R, (A) =[8.8 x 10° k> n™* @I M) @)
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Here (b is the quantum yield of the donor, n is the refi@cindex of water, 1.33

(Grossman, 1983)K~2is the dipole orientation factor and is set to &ueaof 2/3 for

donors and acceptors that randomize by rotatioiffalsébn prior to energy transfer. \J(
represents the spectral overlap between the floeneg emission spectra of the donor
and the absorbance spectra of the acceptor.

Thus, FRET is an important technique for investigata variety of biological

phenomena that produce changes in molecular proximi

1.5 THIOSTREPTON (ThS)

Recent studies have indicated that the positiotFafon the ribosome is at least
overlapping with that of EF-Tu and EF-G (La Teanaak 2001; Marzi et al. 2003;
Brandi et al. 2004; Allen et al., 2005; Myasnikiet al., 2005). Like IF2, also these
bacterial translation factors are GTPases andra@\vied in different steps of protein
synthesis. A number of antibiotics that inhibit {@a synthesis are thought to act by
preventing structural changes of the ribosome eoayuduring translation. ThS, binding
to the L11-binding region of the 23S rRNA, is orfetltem; this antibiotic is a potent
inhibitor of translocation and its action has bées focus of several studies which have
suggested different mechanisms of interference trditnslocation.

It has been reported by Rodnina et al. (1999), Th& does not interfere with EF-G
binding or with the single round of GTP hydrolydisit in subsequent steps which are Pi

release, tRNA translocation and dissociation offdwtor from the ribosome. However, a
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different mode of inhibition was proposed by Cameri al. (2002). Based on their
results, these authors concluded that ThS inhikihedproper interaction of EF-GTP
with the ribosome, probably by blocking an essémttamformational change within the
binding region. Also, Seo et al. (2004) proposeat tdded ThS slows down the initial
binding of EF-G, and prevents formation of the mstable EF-G complex.

Since, as mentioned above, IF2 is a GTPase whindsbto a ribosomal site
overlapping with that of EF-G, where upon GTP hygsis is triggered, the effect of ThS
on IF2 functions was also investigated and the losians regarding its effect are
controversial. In some studies, it has been cordutiat ThS inhibits the recycling of

IF2 off the ribosomes, either by freezing the facto the 70S ribosome (Lockwood et al.

1972; Lockwood et al., 1974; Sarkar et al., 1974by blocking the binding site on the
50S subunit for 30S initiation complex (Naaktgelost al., 1976). However, a recent
publication suggested that ThS decreases the igtabil the IF2-70S and IF2-50S
complexes without affecting the IF2-dependent lnigdof initiator tRNA to either the
30S ribosomal subunit or to the 70S ribosome newxgmting the adjustment of fMet-
tRNA™e in the P site sufficient to yield fMet-puromycinpiever, formation of the
initiation dipeptide was strongly inhibited by theesence of ThS (Brandi et al., 2004).
Furthermore, conflicting results were obtainedvidrat concerns the IF2-dependent
GTP hydrolysis; thus, in line with the report thhitostrepton prevents the coupling of
ribosomal subunits, it was reported that ThS inbilie IF2-dependent GTP hydrolysis

(Naaktgeboren et al.,, 1976) while other publicatidmve shown instead that this
15



antibiotic stimulates the GTPase activity of IFEolpably causing a more rapid turnover

of the factor (Cameron et al., 2002).

1.6 SIGNIFICANCE

As described above, functional complexes of thetdsel ribosome undergo large
conformational changes during the initiation oftpm synthesis. Dramatic progress in
the elucidation of ribosome structure by both X-&ystallography and cryoelectron
microscopy (cryo-EM) has provided some of the leestience for such changes. At the
same time, detailed rate studies of initiation,retleough for the most part incomplete,
have shown this process to be complex, multistapti@ns, raising the question of the
extent to which specific structural changes camdmgned to specific steps described in
the proposed kinetic mechanism.

To answer this question, our work has the followguogls: a) further elucidating the
kinetic mechanism of initiation using fluorescerstepped-flow, quenched flow, and
FRET approaches. In particular, a key step inatdn is the formation of a 70S
initiation complex (70SIC) and we will elucidateethiming and magnitude of a key
conformational change within the process of 70Sk@mation (Chapter 3); b)
characterize simultaneous binding of G-factor prste¢o the ribosome. We will follow
up our recent result showing that two G-proteifs2 bnd EF-Tu, can bind to the
ribosome simultaneously during the transition fromtiation to elongation by coupling

collaborative studies, using modeling to obtain teucture of the complex, with
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measurements designed to both capture the moveohdR2 as EF-Tu binds, and to
determine the importance of the stoichiometry bbsiomal protein dimer L7/L12 for the
process (Chapter 4); c) elucidate the mechanism IRE and fMet-tRNAY®
interactionduring 30SIC formation using a FRET aagh (Chapter 5) and d) using in
vitro fluorescence assays developed in the courdbi® work to identify biologically

active thiopeptide precursor compounds as potemtial antibiotics (Chapter 6).

17



—g—f i 4|
),
il
A
l"? ~ 0y |H- §i |
R TF;’\ : T WIJ
['] f
]olil Lu )
i f -
=T A— H{ E
\ i ‘wa 4 0/
W J Pitloase \ J
,u 1518 L
8/ 4M/s (iTPasa |
/s actvation EF-Tu Aocomodaton
Cocdon and GTP comformafianal and papidy|
recoihlin fydrolyais change transfar
p— (T R ™ 028 '|. )
{ | I 5 b bipge g bbbt ok e i ey
mppugeeld 2 [T TR | L\ ]
Vo) e gy by N W)
PLb e . 1R
M 3l

Figure 1.1. Scheme of the translation initiation esnts starting from “initiation

competent” 30S and free ligands (MRNA and fMet-tRNA"™") and ending with the

formation of the initiation dipeptide. Based on this model, the messenger RNA (mMRNA)
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and the initiator tRNA bind, independently and amdom order (steps A, A’, B, B’), to
the ribosomal subunit 30S onto which the initiatitactors IF1, IF2, IF3 and one
molecule of GTP are bound, to form the “pre-inibat complex 30S”. The interaction
between codon and anticodon occurs after the rihesandergoes a conformational
change induced by the initiation factors (steptaf process signals the transition to the
“initiation complex 30S”. Steps A, A’ B, B, are irapid equilibrium between them and
step C is the limiting step of the velocity of thetire process. Following this, a first-
order kinetic step occurs that is controlled inhbdirections by the initiation factors,
which guarantee the efficiency and the fidelitytlod initiation of protein synthesis. The
initiation complex 30S can either dissociate tociisnponents or bind the 50S ribosomal
subunit to form the “initiation complex 70S” (st&). This step is irreversible by the

ejection of initiation factors IF1and IF3.
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Figure 1.2. The three-dimensional structure of IF2as predicted by homology
modeling with the archaeal IF2/elF5B three-dimensioal structure (Roll-Mecak et al.,
2000). The three-dimensional structure of the Cefnain was taken from pdb file

1D1NA (Guenneugues et al., 2000). This figure spaeld from (Marzi et al., 2003)
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Figure 1.3.The interaction between IF2 and fMet-tRNA within the 30SIC.

The tRNA decoding stem is bent towards the mRNA @hti-codon is shown in green;
the residual density next to it corresponds to &G start codon shown in dark
green).Notably, the 3" CCA end of the tRNA (inseriew from 50S side) is kinked
towards IF2 domain IV (C2) compared to a classtBMA (in yellow), as seen from
differential protein/RNA density contouring levelshown in pink and orange).

(Simonetti 2008)
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Figure 1.4. TheE. coli 70S-IC (50S subunit removed for clarity) is shown wth fitted
X-ray structures of IF2 (red), IF1 (blue), fMet-tRNA™®' (green) (Allen et al., 2007)
The cryo-EM map of the N2 domain is also depictesi,well as a model of the N1
domain based on the NMR structure (Laursen eR@04). The arrows on the model of

the N1 domain indicate its inherent mobility.
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Figure 1.5. MK27 mRNA on the 70S ribosome with thenRNA model (yellow)
docked. The Shine-Dalgarno (S/D) helix (magenta) and the#d P-site codons (orange
and red, respectively) are viewed from the tophef30S ribo- (green). It is adapted from

Yusupova et al., 2001.
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Figure 1.6. Comparison of the GTP- and GDP-bound ates of IF2, illustrating the
conformational change and spatial shift of IF2 andhe associated conformational
change of the ribosome upon GTP hydrolysigA) Superposition of the IF2-GMPPCP-
30S subunit complex on the IF2-GDP-30S subunit derB) Stereo representation of
IF2 in the two superposed states; the tRNA is shasva green ribbon (Myasnikov et al.,

2005).
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Figure 1.7. tINRA-EF-Tu complex on the ribosome (Aand the superimposed state of
EF-Tu and IF2 (B)(Valle et al., 2003; Myaniskov etal., 2005).In (B), EF-Tu is in

green and IF2 is in orange.
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Figure 1.8. Schematic representation of the FRET getral overlap integral.

26



CHAPTER 2
MATERIALS AND METHODS FOR CHAPTERS 3-5
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2.1 PREPARATIONS

2.1.1 Preparations of the ribosomes and subunits

AMT77 ribosome

60-70 grams frozen cells from rifampicin-resistdat coli AM77 strain only
containing ribosomes that lack L11 suspended im0Buffer (20 mM Tris-HCI pH7.5,
100 mM NHCI, 10 mM MgAg, 0.5 mM EDTA, and 3 mM 2-mercaptoethan@ME)
were opened by French press (10,000-12,000 psowed by two centrifugations at 15k
rpm for 30 min and 60 min, respectively to obtdie supernatant S30. S30 was layered
on top of 1.1 M sucrose in buffer 1 (20 mM Tris-H@7.5, 500 mM NKECI, 10 mM
MgAc,, 0.5 mM EDTA, and 3 mMBME) and centrifuged at 30k rpm ( Beckman rotor Ti

45) for 21 hr.

The pellets were resuspended in 35 mL buffer 1laaded on top of 10 mL 1.1 M
sucrose in buffer 1, ready for the centrifugatian3@k rpm for 21 hr. This step was
repeated twice, and the final pellets were dissbinebuffer 2 (10 mM Tris-HCI pH7.5,
60 mM NH,CI, 8mM MgAc, 0.25 mM EDTA, 3 mMBME, and 5% sucrose). The tight
couple 70S ribosomes were isolated by centrifugatioa Beckman Ti 15 rotor (20k
rom, 16 hr) on a gradient from 10% to 50% sucraséuffer 2. The 70S peak was
collected (Seo et al., 2004), and the ribosomee welleted (Beckman Ti 70.1, 40k rpm,
18 hr), resuspended in buffer (20 mM Hepes pH 305nM NH,CI, 30 mM KCI, 6 mM
MgCl,, and 4 mMBME), frozen in small aliquots by liquid nitrogemcdastored at -86C.

28



JE105 ribosome

JE105 ribosome with a single L12 dimer (a gift frdbm. Sanyal at Uppsala
University) is a genetically recombined E. coliastr, for which the last 30 nucleotides of
the L10 gene of the wild-type E.coli strain (MG1§%ere replaced with AmpR gene. As
a result, all the ribosomes from this strain camdi L10 protein with 10 amino acids
deleted from its C-terminus, which is the bindintg $or one L12 dimer (Mandava et al.,
2007). The preparation of JE105 ribosomes grovithempresence of 80 ug/mL ampicillin
was the same as for the AM77 ribosome except thaM6Mg®* was used in the zonal

sucrose gradient, as for normal tight-couple isohat

L7/L12-depleted ribosome

500 pmole MREG600 70S ribosome in 500 pl buffer (i@ Tris-HCI pH7.5, 1.0 M
NH4CI, 20 mM MgC} and4 mM BME) was mixed with 250 pl cold ethanol with stigin
on ice for 10 min, followed by the addition of ashdéional 250 pl ethanol and continued
stirring on ice for another 5 min. The solution wasntrifuged at 110k rpm for 40min.
The process was repeated and the pellet was dessatvbuffer W (50 mM Tris-HCI

pH7.5, 70 mM NHCI, 30 mM KCI, 7 mM MgC} and1l mM dithiothreitol/DTT).

50S and 30S subunits

Tight couple 70S ribosome pellet was dissolvedufids 3 (20 mM Tris-HCI pH 7.5,

200 mM NH,CI, 2 mM MgCb, and 2 mMBME) and the subunits were isolated by zonal
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centrifugation in a Beckman Ti 15 rotor (20k rprg, Hr) on a gradient from 10% to 50%
sucrose in buffer 3. Based on the (B0 nm profile, 50S subunits were pooled and
pelleted in Ti 45 rotor at 30k rpm for 21 hr. Seggaly 30S subunits were pooled and

pelleted in Ti 70.1 rotor at 56.6k rpm for 18 hr.

Reconstituted 50S subunits

50S subunits containing Cy5-labeled L11 (denote®“5) were prepared by
incubating L1£*°(1 nmol, measured as Cy5) with 1 nmol of 50S-L1Ausiits in buffer
4 (25 mM Tris pH 7.6, 30 mM NI, 70 mM KCI, 7 mM MgC}, and 1 mM DTT) for
15 min at 37C. Unbound L1%*° and any residual unincorporated dye were remoyed b
ultracentrifugation for 18 h through a 1.1 M suerazishion in buffer 4 in rotor type
70.1Ti at 220000g, yielding 565 which contained 1.0+0.2 Cy5/subunit. A control
reconstitution experiment performed with wild-tyWdRE 600 50S subunits resulted in a
Cy5:50S subunit ratio of <0.2. 50S subunits redarnsd from 503" subunits and

unlabeled L11 (denoted 589 were prepared similarly.

2.1.2 Protein preparations

E. coli IF1, IF2, IF3 and B. stearothermophilus IF2 (Bst IF2) (Figure 2.2)

Preparation oE. coli IF2 is as described in Pan et al., 2006.
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~8 grams of transformel. coli cell pellets for IF1, IF3 oBst IF2 (Grigoriadou et al.,
2007a) were suspended in buffer (10 mM Tris pHBO’mM NH,CI, 10 mM MgAGg, 5
mM BME, 0.1 mM phenylmethylsulfonyl-fluoride/PMSF, a@d. mM benzamidine) was
broken by French press (10,000-12,000 psi) andibgyed in the SS-34 rotor at 14k rpm
for 1hr. The solid ammonium chloride was added he supernatant to bring its
concentration to 1 M, followed by the centrifugatio a Beckman Ti 45 rotor at 25k rpm

for 17 hr to get the S-150 supernatant.

The S-150 supernatant of IF1 or IF3 was dilutech\itvolumes of Buffer 5 (20 mM
Tris-HCI pH7.1, 1.0 mM EDTA pH 7.0, and 10% glyckroontaining no NHECI) and
loaded onto a PC column (Whatman P11, cellulossytate) equilibrated with Buffer 5
0.1 M NH,CI. The column was washed by Buffer 5 containing . NH4Cl and eluted
with a linear gradient from 0.1 M to 0.7 M NEI in buffer 5. Fractions containing IF1,
as seen on a 17% SDS-PAGE gel, or fractions cantpifr3, as seen on a 12.5% SDS-
PAGE gel, were combined and dialysed against Bufeontaining 6 M Urea, 0.05 M
NH4CI. The pool was then loaded onto a PC column gxated in Buffer 5 containing 6
M Urea, 0.05 M NHCI, washed with the same buffer and eluted witimear gradient
from 0.05 M to 0.3 M NHECI for IF1 or a linear gradient from 0.05 M to WANH,CI for
IF3 in the same buffer. The fractions containing 6t IF3, as seen by SDS-PAGE
analysis, were combined, diluted with 3 volume®Baffer 5 containing no NkCI, and

loaded onto a PC column of 1-2 ml bed volume, dmaited with Buffer 5 containing
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0.1M NH,CI, for concentration. The column was eluted withffBr 5 containing 1 M
NH,4CI and fractions of about 2 mL were collected. Eoas were pooled on the basis of
Azsonm and further purified on either a Sephadex G5@rool (IF1) or a Sephadex G75
column (IF3). In each case the column was pre-gmaied with Buffer 5 containing 0.2
M NH4CI, and eluted with the same buffer.

The S-150 supernatant of IF2 was diluted with Quuads of Buffer 5 (containing no
NH4CI) and loaded onto a PC column (~40 mL, Whatman, R&llulose phosphate)
equilibrated with Buffer 5 containing 0.1 M NEI. The column was washed by Buffer 5
containing 0.1 M NECI and eluted with a linear gradient from 0.1 MOté M NH,Cl in
Buffer 5. Fractions containing IF2, as seen on aSI¥%-PAGE gel, were combined and
dialysed against Buffer 6 (20 mM Tris-HCI pH 8, 0riM EDTA pH 8.0, 60 mM KCl,
0.1 mM PMSF, and 0.1 mM Benzamidine). The pool wes loaded onto a Mono Q
column (~1 mL) equilibrated in Buffer 6, washed witle same buffer and eluted with a
gradient from 60 mM to 800 mM Nj&l in the same buffer. The fractions containing,IF2
as seen by SDS-PAGE analysis, were combined atygsé@against the storage buffer
(20 mM Tris-HCI pH 7.1, 200 mM NI, 0.1 mM EDTA, 5% glycerol, and 5mM
BME). Typical SDS-PAGE analyses of IF1, IF2 and #8 shown in Figure 2.2.

The activities of initiation factors were tested the amount of°S-fMet-tRNA™M®!
bound to 30S pre-initiation complexes as a functbradded factor. All the initiation
factors promoted the binding of fMet-tRNK' with a plateau value of 0.8-1.0 fMet per

ribosome. These assays also helped to establishighe concentrations of initiation
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factors used in the experiments to reach saturagmgls of fMet-tRNAY®" bound.
Sample data are shown in Figure 2.5.

L11

The method was as described in Seo et al., 2006avmodification. In the Ni-NTA
resin purification step under the native conditiendescribed in QIAGEN handbook, the
S100 protein in Buffer 7 (50 mM NaRQ,, 300 mM NacCl, 10 mM imidazole, 4 mM
BME) from ~8 g cell pellets (The N-terminus His-tagdell was engineered in Pet-14b
vector and was transformed into BL21(DE3)pLysS lstistin and the sequence is shown
in Figure 2.4) was loaded to ~3 ml bed volume of\NIA column (2x1cm). The His-
tagged-L11with impurities (about 6 mg) was eluted duffer 7 containing 250 mM
imidazole, followed by the two dialyses, first aggtiBuffer 8 (20 mM Tris-HCI pH7.1, 1
mM EDTA, 6 M Urea, 100 mM NECI) without MgC} to get rid of P@* and to prevent
the precipitation of Mg(PO4), when then against Buffer 8 with 20 mM Mg@tded
The sample was finally loaded onto a MonoS FPLGQumol (~1mL) using the linear
gradient buffer (20 mM Tris-HCI pH7.1, 1 mM EDTAMG6Urea, 100-800 mM N&CI)
to separate the target His-tagged L11 from thedrigholecular-weight protein. The His-
tagged L11 (~3 mg) elutes out around 150 mM,BHSDS-PAGE analysis showed L11
to be the major protein (Figures 2.3A and B).

L7/L12
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The supernatant from the preparation of L7/L12-egnl ribosome was precipitated
by acetone (the volume ratio of acetone: superhata’®:1) on ice for 10 min and
centrifuged at 15k rpm for 20 min. The pellet wassdlved in buffer (50 mM Tris pH7.6,
30 mM NHCI, 70 mM KCI, 7 mM MgC4, and 1 mM DTT). The L7/L12 can be

visualized on a 16.5% SDS-PAGE gel (Figure 2.3C).

2.1.3 Preparation of mRNA

MRNA (Figure 2.1) was prepared from JM109 cellnsformed with pTZ18
plasmid containing the 022 sequence under a T7 @ennwhich were provided by Dr.
C. Gualerzi (University of Camerino). The plasmidsaextracted from the cell using the
Qiagen Plasmid Maxi kit, and linearized by the niebn enzyme Hindlll.In vitro
transcription was conducted using the EPICENTRE Ksopbe T7 Flash Transcription
Kit. mRNA was isolated from other components in teaction mixture by precipitation
with 2.5 M LIiCl on ice (30 min), followed by two le&nol precipitation (2.5 volume of
100% ethanol and 1/10 volume of 0.3 M NaAc pH5.2 at -20 °C). The purity was
confirmed by urea-PAGE gel (Figure 2.3D), and tbecentration was determined by
absorption at 260 nm using extinction coefficiefit0004 mg/A260. The activity of
mRNA was tested by the amount of fMet-tRNMA bound to the ribosome as a function

of mMRNA concentration (Figure 2.5).

2.1.4 Fluorescence labeling of proteins and tRNA
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L119%°

The L11 was concentrated to 2-5 mg/mL (Centricon-Y0), exchanged into the 50
mM Tris-HCI pH 7.5, 400 mM NECI buffer by a NAP-5 column (Sephadex G-25
medium, 0.9x2.8cm) at a final concentration of Img/11. 1 mL of this solution was
reacted at 37C with 50 ul of ~10 mM Cy5 (Figure 2.3, GE Healthejgin DMF, added
dropwise with stirring. After incubation for 1h 3T °C, the reaction was quenched with 3
uL 14 M 2-mercaptoethanol and excess dye was rednbyegel filtration on G-25
column (1cm X 35cm, Sigma), pre-equilibrated infeu{20 mM Hepes pH7.6, 20 mM
MgAc,, 400 mM NHCI, 1 mM EDTA, and 4 mMBME), and concentrated using
Centricon-10 filters with membrane YM10.

|F2%3

The Bst G378C-IF2 mutant was concentrated in buffer (50 mNs—HCI pH7.5,
800 mM NH,CI, 2 mM tris(2-carboxyethyl)phosphine/TCEP, anthid EDTA pH8.0),
and labeled in buffer (50 mM Tris—HCI pH 7.5, 80MnNH4CI, 0.01% (v/v) Triton X-
100) at a concentration ef15uM with a 50-fold molar excess of Cy3 maleimide
(Figure 2.3, GE Healthcare). After incubation fon #vith stirring at room temperature,
the reaction mixture was kept in the cold room aigit. The reaction was terminated by
addingBME to a final concentration of 35 mM. Excess dyeswemoved by gel filtration
on G-25 column (1cm X 35cm, Sigma) pre-equilibrateduffer (20 mM Tris—HCI pH
7.5, 200 MM NHCI, 1 mM DTT, 0.1 mM EDTA pH8.0, and 5 % (v/v) ghrol), and
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concentrated using Centricon filters with membrafid30. Labeled protein had a
stochiometry of 0.9 to 1.0 Cy3/protein, calculatesing aesso, cys 0f 150,000 M*cm™

(GE Healthcare). IF2 concentration was estimatethéyBradford assay.

Cy5-fMet-tRNA™ME

tRNA™! from E. coli acquired from Chemical Block (Moscow) was fluoesity
labeled with Cy5 hydrazide (Figure 2.6)(GE Healtk¢avia reduction of D-loop
dihydrouridines with NaBland replacement of the resulting ureidopropandats @y5
hydrazide (Figure 2.7). The procedure is similath® one described for preparation of
yeast tRNA"{prfl16/17) (Wintermeyer and Zachau, 1979; Winteraregnd Zachau,
1974). My colleague Stanislav Kirrillov refined thprotocol. 20 puL of NaBkl (100
mg/mL in 0.01 M KOH) was added to 10 A260 unit BfNA dropwise, followed by
incubation on ice for 60 min. The reaction was pampby lowering the pH to 4-5 by
gradually adding 6 M acetic acid. After precipit@tithis mixture twice with 2.5 volume
of 100% ethanol and 1/10 volume of 20 % KAc (pHab)20 °C, the pellet was dissolved
in 20 uL NaAc pH 3.7 and mixed with 5 pL of Cy5 (€2&M) in DMSO and incubated
at 37 °C for 2 hr. To increase the labelling effi@y, the reaction mixture was dried by
lyophilyzer for 15 min and redissolved in 100 pLtera Then the pH was adjusted to 7.5
by Tris-HCI, and the mixture was extracted with phlethree times to remove extra dye.

The resulting sample was precipitated by 2.5 volwin&00% ethanol and 1/10 volume
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of 20 % KAc (pH6.5) at -20 °C for two times (pH6aMas used instead of pH5.0 to

prevent the dissociation of Cy5), and was dissolvwesater.

2.1.5 Aminoacylation (charging) of tRNAs

Unlabeled and Cy5-labelel. coli tRNA™® were charged and formylated with
partially purifiedE. coli tRNA synthetase containing MetRS and formyl trarefe by
incubating 20uM tRNA™®t 80 uM [**S]-methionine (2000 dpm/pmol), 720 folinic
acid (as a formyl donor), and 1/10 volume of crédeli aminoacyl-tRNA synthetases
in 100 mM Tris-HCI pH7.8, 4 mM ATP, 20 mM Mg& 11 mM EDTA, 10 mM KCl, and
7 mM BME at 37°C for 30 min. The reaction was ended by additiord/aD volume of
20% KAc (pH5.0). The samples were extracted by [Lime of phenol (saturated with
Tris buffer, pH4.3, from Fisher) to remove proteiasd other components, with the
second extraction by 1 volume of chloroform to remophenol. Then ethanol
precipitation was carried out (2.5 volume of 1008taeol, -20 °C overnight). The pellets
after centrifugation were dissolved in 50 mM NaA¢i16.0), and further purified by an
FPLC MonoQ chromatography using 0 — 1 M NaCl im&d NaAc (pH5.0) (Rodnina et

al., 1994). The tRNA was eluted at about 0.7 M NacCl

2.2 COMPLEX FORMATION
All complexes were made up in Buffer A (25 mM THEI pH 7.5, 70 mM NHCI,

30 mM KCI, 7 mM MgC$, 1 mM DTT) at 37°C unless otherwise specified.
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30S Initiation complex (30SIC) was always formed by incubation of 1.0reqf 30S
subunits with 1.5 equiv of IF1, IF3, and fMet-tRA{#, 3.0 equiv of mMRNA, and various
amounts of IF2. 30SICs made up with Eco-IF2, B&:IBnd Bst-IF2*® are denoted
30SIC° 30SIC™ and 30SIE” respectively.

Ternary complex (TC) was formed by incubation of 1.0 equiv 8] Phe-tRNA™
with 1.5 equiv of EF-Tu, 20@M GTP, phosphoenolpyruvate (Roche Diagnostics) (1.5
mM), and pyruvate kinase (Roche Diagnostics) (Ogdlinfor 15 min unless otherwise
specified. The TC concentration was calculatechasoncentration offi] Phe-tRNA™

70S Initiation complex (70SIC) was preformed by incubation of 30SIC (@\8 with

50S subunits (0.pM) in buffer A.

2.3 KINETICS

All concentrations specified in the text and figutegends refer to final
concentrations after mixing unless otherwise spestifand were performed at 20 in
buffer A (25 mM Tris, pH7.6, 30 mM NH4CI, 70 mM KCf mM MgCI2, and 1 mM
DTT) or polyamine buffer (20 mM Hepes pH7.6, 150 nakimonium acetate, 4.5 mM

MgAc,, 0.05 mM spermine, and 2 mM spermidine)

2.3.1 Instrumentation
Two rapid mixing devices frequently used in my kioestudies are quenched

flow and stopped flow (Figure 2.8). In a quenchexvfapparatus, two solutions are
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rapidly mixed and the reaction is stopped by a ghengy reagent after a certain amount
of time. The samples can then be analyzed by vanoeans. In a stopped flow apparatus
two solutions are rapidly mixed, and the reactiorerotime can be monitored by
observation techniques such as UV-Vis absorptiargréscence, and light scattering.
Our quenched flow (Kintek) and stopped flow (SX.18M stopped-flow
spectrofluorometer (Applied Photophysics) have deasks of 5 ms and 1 — 2 ms,

respectively, giving sufficient time resolution faost of the changes we monitor.

2.3.2 Equilibrium Fluorescence

Solutions were excited at 540 nm, and emission masitored from 560 to 720 nm
(SPEX Fluorolog-3, Jobin Yvon Inc.). 70SIC compiosis are indicated in the legends.

All solutions were pre-incubated 5 min. atZDbefore spectra were recorded.

2.3.3 Light scattering, IFZY*fluorescence, 509" fluorescence, and Pi release
Measurements were performed in either an SX.18Myp{#d Photophysics) or a
KinTec SF-2004 stopped-flow spectrophotometer Ipydranixing of 30Somplexes with
50S subunits. For light scattering, the excitati@s at 395 nm and output was monitored
using a KV455nm long-pass filter (Schott). For 982 fluorescence and 5065
fluorescence, excitation was at 540 nm and out@s mvonitored at 567 nm and either at
670 nm or using a 680 £ 10 nm bandpass filter,eetbygely. In Pi release, phosphate

released during 70S initiation complex formationswaonitored on the stopped flow
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apparatus using MDCC-PBP. 30SIC complex was rapidked with 50S subunit. The
30SIC solution also contained MDCC-PBP (gM), Pi MOP (7-methyl guanosine, 0.6
mM), and purine nucleoside phosphorylase (0.9 mhit/ in Pi release experiments
(Brune et al., 1994). MDCC was excited at 436 nm aronitored using a 455 nm long

pass filter.

2.3.4 GTP hydrolysis

GTPase measurements used®’P] GTP. Aliquots were quenched with 0.6 M
HCIO4, 1.8 mM KH,PO, solution, and ¥P] Pi was extracted into ethyl acetate as a
dodecamolybdate complex. (Rodnina et al., 1999; [&aand Wollenberger, 1958)
Background due to the ribosome-independent GTReasaty of Bst IF2 was subtracted
(Severini et al., 1991). In these experiments, HuBunits in one syringe were mixed
with IF2.GTP alone, or with IF2.GTP as part of 8GSIC in the other. We attribute the
lower GTPase/IF2 stochiometry in the 50 S experintersurface inactivation of IF2 in
the syringe before mixing. One would expect thigeafto be reduced in the 70 S

experiment, since much of the IF2 surface woulthlmged within the 30SIC

2.3.5 Poly(U)-dependent poly (Phe) synthesis
The assay was carried out as described (Wang et2@D7), except that 70S
ribosomes were formed by pre-incubation of 50S siiby0.5 uM) with 30S subunits

(1.0 uM) for 15 min at 37C.
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2.3.6 Formation of fMet-puromycin

All kinetics experiments were carried out at infeufA at 25 °C unless otherwise
specified. Given below are concentrations afterimgix0.5 uM initiation complex was
rapidly mixed with 10 mM puromycin on the quencbwl apparatus. Reactions were
quenched with 0.3 M NaAc pH 5.2%§]-fMet-puromycin was extracted into ethyl

acetate and radioactivity was determined.

2.3.7 fMetPhe formation

Ternary complex was formed by pre-incubating 5 uMTai, 1 mM GTP, 1.5 mM
phosphoenolpyruvate, and 0.5 mg/L pyruvate kinaseah additional 3 min and then
incubating with 1 uM JH]-Phe-tRNA™™ for 3 min at 37 °C. 0.2 uM ternary complex
(defined by fH]-Phe-tRNA™™ concentration) was rapidly mixed with 0.4 uM iatton
complex on a Kintek quench flow apparatus at 25R€actions were quenched with 5 M
NH4OH, lyophilized, taken up in 500 pl of water, andited with water from an
analytical grade cation exchange column (Bio-Radlvs(8, 400 ul) that had been
prewashed with 0.01 M HCI and water. Dipeptide eduin the flow-through and ~5

column volumes and radioactivity was determined stintillation counter.

2.3.8 Formation of fMet-Phe-puromycin
For fMetPhe-puromycin formation, 30SIC was rapidiixed with 50S, TC, and EF-

G for varying times, followed by rapid addition ofnemycin and further incubation for 5
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seconds. Reaction was quenched by addition toale4ubes pre-filled with 0.3 M
sodium acetate (pH 5.2), fMetPhe-puromycin wasaetéd into ethyl acetate, arfd-

radioactivity was determined.

2.3.9 Co-sedimentation and SDS-PAGE analysis expenrents

SDS-PAGE analyses were performed on i) 70SIC coxegldi) PRE complexes and
iii) POST complexesin each case, the final solution was loaded onfold sucrose
cushion and centrifuged for 40 min at 110 krpm gsinmicro-ultracentrifuge (Sorvall
Discovery M120SE). The pellet was then dissolved®irifer A and subjected to SDS-
PAGE analysis. 70SIC complexes were formed by mgixifS, 1 uM; IF1, IF2, IF3,
fMet-tRNA™®, 1.5 pM; 022mRNA, 3 uM; GTP 200 pM and incubatiatgd7°C for 15
min. TC was formed by mixing EF-Tu, 6 uM; Phe-tRNIA3 pM; phosphoenolpyruvate,
1.5mM; pyruvate kinase, 0.0005 mg/ml; and GTP 200 at 37 °C for 15 min. PRE
complex was formed by adding 70SIC (0.30 uM) to @60 pM) (both final
concentrations), followed by incubation at 37 for 2 min. In experiments containing
kirromycin, kirromycin was added to 70SIC and inatgdal for 5 min prior to TC addition.
POST complexes were formed by mixing 70SIC com@exdgh TC and EF-G in the
presence of GTP. The stoichiometries of IF2 andTEFE0-sedimenting with ribosomes

were determined by comparison with standard samples

2.3.10 Western blotting
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Running SDS-PAGE gel: The protein sample was rua @6.5% SDS-PAGE gel at
100 volts for ~3 hr in the cold room in which thestained protein markers (Invitrogen)
were used to indicate the approximate molecularsmafs bands observed on the
membrane. The inner chamber of the apparatus Wled fivith Tris-glycine running
buffer containing the antioxidant NUPAGE, (Invitesg which is added to minimize
degradation of the proteins.

Transfer:A PVDF membrane (LC2005, Invitrogen) was soakedh&thanol for 30
sec and rinsed for three times with distilled watdre 4 blotting pads, the resolving gel,
the PVDF membrane and the filter paper (LC2005itdogen) equilibrated with transfer
buffer( 25 mM Tris-HCI, 192 mM Glycine and 10% matiol) were assembled in the
following order, on the cathode side of the apperatwo blotting pads, filter paper,
equilibrated gel, equilibrated membrane, filter g@apand two blotting pads. A glass
pipette could be used to squeeze the bubbles betirdinsfer module was tightly placed
in the tank in which the inner chamber was filledhwthe transfer buffer and the outer
chamber was filled with the cold water. The trangfigg was conducted at 30 volts for 1
hr in the cold room.

Probing: After the apparatus was disassembled, nieenbrane was incubated in
blocking buffer (10% milk powder in 100 mM Tris-H@H7.5, 150 mM NaCl, and 0.1%
Tween 20) at room temperature (RT) for 1 hr. Trecking solution was poured off and
the diluted primary anti-L7/112 antibody (a gifofn Dr. Wilson, University of Alberta)

in blocking buffer was added to incubate at RT Xadnr or in the cold room overnight.
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The membrane was rinsed by TBST buffer (100 mM-H@& pH 7.5, 150 mM NacCl,
and 0.1% Tween 20) four times by incubating it I&r min with agitation at RT each
time. The use of larger volumes of TBST would redtlte background. The secondary
Ab(Rabbit anti-sheep IgG-HRP, Santa Cruz Bioteabgy) in blocking buffer was
poured over the membrane and incubated for 1 RTawith agitation. The wash steps
were repeated and the blot from the membrane vealyte be developed.

Enhanced Chemiluminescence Development. Two solsiti@uminol/Enhancer and
stable peroxide buffer, both obtained from Thernshé&r) were mixed in equal parts and
the blot was incubated in the above solution fayuld min. The blot was wrapped in a

plastic sheet and exposed to film (Fujifilm LAS-8)0

2.3.11 Native 0.5% agarose/3% acrylamide gel

A 15 mL solution containing 6% acrylamide, 50 mMisfiHCI pH 8.0, 0.2 mM
MgCl, and 0.2% ammonium persulfate(APS) was pre-incubatteb°C for 20 min and
then mixed with 15 mL 1% agarose, followed by theih incubation at 45C. Prior to
pouring into the gel assembly, tetramethylethylégm®ihe(TEMED) was added to
promote gel formation. The whole assembly was kephe cold room for 10 min and
taken out to the RT for 1 hr. Samples were loaddd the gel and run in buffer (25 mM
Tris-HCI, pH 8.0 and 0.1 mM Mgg)lat 100 volts in the cold room for 2 hr. The gelsw
stained with 0.2% methylene blue in 7.5% acetid asid destained in 1% acetic acid

(Griaznova and Traut, 2000).
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2.3.12 Data analysis

Apparent rate constants and microscopic constantspiecific kinetic schemes were
determined using the programs Igor-Pro (Wavemé@tremsd Scientist (MicroMath
Research, LC), respectively. The latter allows glofitting of multiple experimental
parameters to a specific scheme, and requiresgeitinitial values of rate constants.

The Forster distandg, was calculated from eq 1, whepe is the quantum yield of
30SIC™3  n is the refractive index of water ( = 1.3), k? is a dipole orientation factor,
and was set equal to 2/3 assuming random orientatid the fluorophores (Lakowicz,
1999; dos Remedios and Moens, 1995) 3 is the spectral overlap integrgh was
determined by comparing the integrated fluorescaic@0SIC**to that of a standard,
Rhodamine B, as described (Lakowicz, 1999), yigldirvalue of 0.57 + 0.03(A), equal
to 4.66 x 10° M™cm®, was determined from the fluorescence and absoripectra of
30SIC® and 508", respectively (Seo et al., 2006). These valuempearalculation of
R, equal to 60 + 5 A, in good agreement with oth@oreed values of 50 — 60 A for the

Cy3:Cy5 pair 83, 34).

R (A) = [8.8 x 10°K* ™ o-JN)] ™ (1)
FRET efficiencyE, was calculated from eq 2, whd¥g, andF, are the background-
corrected fluorescences of the donor/acceptor qadr the acceptor alone, respectively,

on irradiation at the excitation wavelengif,{ of the donor (540 nm) and detection at
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the emission maximum of the acceptot,(670 nm),fp is a fractional labeling of donor

(equal to 1.0), andx andep are the extinction coefficients of donor and atoceptiex.

c {a(@)}[ Foa(A) _1I 1 j 2
&N Fud) AT,
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Figure 2.2 SDS-PAGE analyses d&. coli IF1 (A) and IF3 (C) and Bst IF2 (B). (A)
The fractions from the Sephadex G50 column areomra 17% gel. (B) The fractions
from the MonoQ column are run on an 8% gdile first lane is a purified IF2 sample and
the second lane is a partially purified samplemieoMonoQ chromatographyrhe Mono

Q step removes a minor impurity barely visible am¢ 2 (C) The fractions from the
Sephadex G75 column are run on a 12.5% SDS-PAGE gel
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L7/L12

' - —» MRNA

Figure 2.3. PAGE and MALDI analyses.For the PAGE analyses, the bands shown for
the purified samples were the only ones seen ifuthgel. (A) 14% SDS-PAGE analysis
of L11 protein after MonoS column. The first lasehe initial sample, the second lane is
the flow-through, and the subsequent lanes arectfiected L11-containing fractions.
The dual bands might be due to proteolysis of duting preparation of sample for
PAGE analysis because only one peak at 16895 daalculated His-tagged L11 MW
16.922 kD) was observed by MALDI analysis of thend8-purified fractions (B)(C)
16.5% SDS-PAGE analysis of L7/L12 protein (left éanstripped from wild type

ribosome (right lane). (D) Urea-PAGE analysis of 2ARPGmRNA.
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Figure 2.4. The sequence of His-tagged L11.
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Figure 2.5. The activities of fMet-tRNAM®' (A), mRNA (B), IF1 (C), IF2 (D) and
IF3(E) binding to pre-30S initiation complex.[**S]-fMet-tRNA™®" was incubated with
30S subunit, IF1, IF2, IF3, GTP in buffer A at 37 for 15 min followed by filtration on
nitrocellulose filters. The experiments used difer concentrations of fMet-tRNX
(A), mRNA (B), IF1 (C), IF2 (D), or IF3 (E). Fadhe components that were not varied,
the concentrations were 0.30 uM 30S, 0.45 pM 45 @M 1IF2, 0.45 uM IF3, 0.9 uM

MRNA, 0.45 pM P°S]-fMet-tRNA™M®!,
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Figure 2.6. Structures of Cy3 and Cy5(A) Cy3 or Cy5 maleimide. (B) Cy3 or Cy5
hydrazide.
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Figure 2.7. The labeling scheme (Pan et al., 2009Reductive cleavage of
dihydrouridine by sodium borohydride, yielding ®igopropanol, has been described by

Cerutti and Miller (1967).
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CHAPTER 3
IF2 INTERACTION WITH THE RIBOSOMAL GTPASE-
ASSOCIATED CENTER DURING 70S INITIATION
COMPLEX FORMATION
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3.1ABSTRACT

Addition of an E. coli 50S subunit containing a &gbeled L11 N-terminal domain
(L11-NTD) within the GTPase-associated center (GA€)an E. coli 30S initiation
complex containing Cy3-labeled B. stearothermogghititiation factor 2 (Bst-IF2), leads
to rapid development of a FRET signal. FRET efficigincreases as the initially-formed
70S ribosome is converted to the 70S initiation glex (70SIC) (Grigoriadou et al.,
2007), demonstrating the ability of IF2 to inducenformational change within the
inherently flexible GAC. Movement of IF2 toward LNITD following initial 70S
ribosome formation is analogous to movement of EFfetBbwing its binding to the
ribosome (Seo et al., 2006). However, the rate witich such movement occurs has a
much weaker dependence on GTP hydrolysis for 12 flor EF-G, perhaps reflecting
the more critical role of GTP hydrolysis in trarstion than in 70SIC formation. The
increase in FRET efficiency can also be used toitmothe fidelity function of initiation
factor IF3 during 70SIC formation and provides evide that conformational changes in
the ribosome resulting from IF2-GTPase modulate flk&tion. While Bst-1F2 is fully
functional as a substitute for E. coli IF2 in fota of E. coli 70SIC, relative reactivities
toward dipeptide formation of 70SICs formed withe ttwo IF2s suggests that Bst-

IF2.GDP is more difficult to displace from the GAl@an E. coli IF2.GDP.
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3.2 INTRODUCTION

Initiation factor 2 (IF2) is a G-protein that ptag crucial role in the initiation of
procaryotic protein synthesis, interacting directhjth fMet-tRNA™' favoring its
decoding in the P-site, and physically linking tB@S and 50S subunits in the 70S
initiation complex (70SIC) (Gualerzi and Pon, 19%pelens and Gualerzi, 2002;
Ramakrishnan, 2002; Laursen et al., 2005; Guaktral., 2001). It shares a common
binding locus on the ribosome, the GTPase assdceeter (denoted GAC), with other
G-proteins utilized in protein synthesis, such Emgation factor G (EF-G). The GAC
includes 23 S rRNA helices 42-44, the associatedeprs L11, L10, and at least one
L7/L12 protein (Li et al.,2006; Connell et al., 2007). Cryoelectron microscégryo-
EM) studies have indicated that both ERSGP and IFASTP binding to the ribosome
are accompanied by large conformational changethenribosome, and that, in both
cases, further conformational changes in the rimeg®-protein complex are seen
following GTP hydrolysis (Agrawal et al., 1999; Axgval et al., 2001; Myasnikov et al.,
2005; Allen et al., 2005).

The N-terminal domain of L11 (L11-NTD) is a padiarly mobile portion of the
ribosome that, following GTP hydrolysis, approacttesG’ domain of EF-G (Agrawal et
al., 2001; Diaconu et al., 2005; Schuwirth et 2005). In earlier work utilizing single-
turnover fluorescence resonance energy transfeETFRneasurements, we determined
that rapid movement of the G’ domain toward L11-NWhin the E. coli ribosome

requires prior GTP hydrolysis and, via branchinghpays, either precedes Pi release
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(major pathway) or occurs simultaneously with itir{or pathway) (Seo et al., 2006). In
this latter work fluorescent groups were placedhlenCys 38 within L11-NTD and on a
suitable residue within the G’ domain.

Here we utilize a similar approach to determine twe there is a comparable
movement toward L11-NTD of the G1l-domain of IF2lfacks a G’ domain) during
70SIC formation from 30S initiation complex (30Sl@nd 50S subunit. The cryo-EM
structures of 70S complexes containing fMet-tR\fA mRNA and either IF2.GDPCP (a
nonhydrolyzable analogue of GTP) or {IEDP (1) result in an estimated distance of 50
— 55 A between the-carbons of residue 378 in IF2 and residue 38 ifh (Higure 4.1),
quite suitable for probing by measurement of FRHEHitiency. Accordingly, we employ
50S subunits containing protein L11 labeled witt6Gy position 38 (denoted LYF)
andB. stearothermophilus IF2 (Bst-1F2) labeled with Cy3 at position 378 (d&sd Bst-
IF2°¥3) (Marzi et al., 2003).

Substituting Bst-IF2 for Eco-IF2 has been showfatilitate the characterization of
translation intermediates, due to the higher dtgtof the complexes that Bst-IF2 forms
with E. coli ribosomes and ribosomal subunits as compared kRathlF2 (Marzi et al.,
2003; La Teana et al., 1996). Such substitutiomeasonable in view of substantial
evidence that Bst-IF2 is functionally interchandealwith Eco-IF2 inE. coli protein
synthesis. Thus, Bst-IF2 complementsEarcoli infB null mutationin vivo (E. Caserta
and C. Gualerzi, private communication). In addition vitro studies demonstrate the

near equivalence of Eco-IF2, Bst-IF2, and Bst<¥2n binary complex formation with
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E. coli fMet-tRNA™®' (Wu and RajBhandary, 1997), in stimulating of Aldépendent
fMet-tRNA™® binding to E. coli 30S subunits and 70S ribosomes (Brombach et al.,
1986) and in kinetic measures of 70SIC formatioa Tleana et al., 1996; Grigoriadou et
al., 2007; work reported herein).

We find that FRET efficiency increases as the 7i®somes formed initially
from 30SIC and 50S subunits are transformed into/ASIC, and that the rate of such
increase depends on GTP hydrolysis, parallelingltesbtained with EF-G. We further
demonstrate that the increase in FRET efficienay loa used to monitor the fidelity

function of the initiation factor IF3 during 70SfGrmation.

3.3 RESULTS

In the work described below we use the FRET sifpaiveen a 30SIC containing
Bst-IFX¥® and a 50S subunit containing I¥ito monitor the relative movement of IF2
with respect to L11 during 70SIC formation. Below first demonstrate that, with minor
qualifications, Bst-IF2*® and L1£*° are acceptable functional analogues of Eco-IF2 and

unlabeled L11, respectively, before presentingkRIET results.

3.3.1 Bst-IF2 and Bst-IF2¥* as functional analogues of Eco-IF2 with respect to
70SIC formation and reactivity
In the presence of IF3, 30S association with 508usitis to form 70SIC is

completely dependent on the presence of IF2 (Gadou et al., 2007). Here we carry
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out four rapid kinetics measures (increase in ligbattering, IF2-dependent single
turnover GTP hydrolysis and subsequent Pi reldasecasein fMet-tRNA™® (prf20)
fluorescence) that we previously employed in forating a detailed quantitative kinetic
scheme for 70SIC formation from 30SIC and 50S sith@rigoriadou et al., 2007) to
compare the functionalities of Eco-IF2 (3081%, BSt-IF2 (30SIE%), and Bst-IF2¥3
(30SIC™3) in this process. We also compare the reactivitfethe three 70SICs formed
in dipeptide formation. Our results show that afee 30SICs have similar rates of 70SIC
formation, but that the reactivity of the 70SICdipeptide formation is somewhat faster
in the presence of Eco-IF2 vs. either of the BRsIF

The increase in light-scattering on addition of BD® 50S subunit is well described
as a 2-phase process (Figure 3.2A), with the ¢ostesponding to initial binding of the
50S subunit to 30SIC to form a labile 70S compled the second reflecting conversion
to the more stable 70SIC. These two phases hawwapprate constants LS1 and LS2.
Initial 70S formation is followed by GTP hydrolygisigure 3.2B), with an apparent rate
constant (GTP1) that is similar to or somewhat &nahan LS1. Pi release proceeds via
a lag phase, with an apparent rate constant Pillasiin magnitude to LS2, followed by
the Pi release step, with an apparent rate consti@n{Figure 3.2C). The increase in
fluorescence of fMet-tRNX®(prf20) on 70SIC formation, which could not be measl
for Bst-IFF¥® because of fluorophore interference, is also ptedeby a lag phase
(Figure 3.2D), with apparent rate constants fohbahases, fMetl and fMet2, that are

similar in magnitude to the values of Pil and Pi2.
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Values for each of the apparent rate constantsiomaat above are collected in Table
1. From these values, as well as by direct inspeaif Figures 3.2A-D, we conclude that
70SIC formation proceeds in a very similar mannéh weither 30SIE®®, 30SIC®, or
30SIC*3. Some small quantitative differences includeger overall light scattering
changes falling in the order Bst-[#3 > Bst-IF2> Eco-IF2, and GTP1 values decreasing
in the order Eco-IF2>BSt-IF2> Bst-1EZ.

The functionality of the three 70SIC complexes MefPhe-tRNA™ formation
following addition of the Phe-tRNA®EF-Tu.GTP ternary complex was determined
either following rapid mixing of each of the presized 30SICs with 50S subunits and
the cognate TC, or following rapid mixing of each tbe pre-formed 70SICs with
cognate TC (Figure 3.2E, Table 3.2). Comparabletirgges (k'qp) were found following
the first protocol, with apparent rate constanliinigin the order 30SIE® (0.28 + 0.06 s
) > 30S1¢¥3 (0.18 + 0.06 $) ~ 30SICG* (0.14 + 0.03 %). On the other hand, the second
protocol, while leaving the apparent rate constéiity,) for 30SIC" essentially
unchanged (0.12 + 0.02" leads to a marked increaseykfound with 30SIE® (1.6 +
0.2 §h.

The latter difference may be related to the moablsetbinding within the 70SIC of
Bst-IF2GDP than Eco-IFE&DP (La Teana et al., 1996; Qin et al., in prepamnt Thus,
productive binding of TC leading to dipeptide fotina requires, at a minimum,
movement of IF2 away from its canonical positiorthivi the 70SIC (Myasnikov et al.,

2005), allowing TC binding to the GAC, if not fuF2 dissociation from the ribosome.
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Such movement (or dissociation) might be partiallye-determining for dipeptide
formation when 50S subunit and TC are added simedtasly to 30SIC, consistent with
earlier results of Tomsic et al. (Tomsic et al.0@)) but might already be completed, at
least for the more weakly bound Eco-1F2, when TCadgled to pre-formed 70SIC,

resulting in more rapid dipeptide formation.

3.3.2 508" as a functional analogue of wt-50S with respect t60SIC formation and
reactivity

Having established the functionality of 3081€; we next use 30%° to compare
50S™° with wt-50S with respect to three single-turnokiretic (GTP1 and the apparent
rate constants for dipeptide and fMet-puromycinnfation) and three single-turnover
stoichiometric (GTPase, dipeptide, fMet-puromyamé¢asures of 70SIC formation and
reactivity. The results, as displayed in FigureA3B3and Table 3.2 (along with more
limited results for 508* and 503! show 508* to be a good functional analogue of
wt-50S, with the only significant difference in #eesix measures being found for the
value of Ky, (fMet-Phe formation), 0.18 + 0.06'sand 0.07 + 0.01Sfor wt-50S and
50S™°, respectively. Furthermore, pre-formed 70S ribossrhave virtually identical
activities in poly(U)-dependent poly(Phe) synthesikether made with wt-50S or 565
subunits (Figure 3.3C).

There is a significant decrease in the GTPase hituiwetry obtained with 505"

subunits (Figure 3.3A, Table 3.2), consistent vétrlier results showing that 565
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subunits are somewhat defective in forming 70Skenfr30SIC (Naaktgeboren et al.,
1976; Gtz et al., 1980 However, even the 503" subunits show appreciable activity in
polyPhe synthesis (Figure 3.3C), in agreement esitier results (Cundliffe et al., 1979,

Cohlberg et al., 1976).

3.3.3 FRET changes accompanying 70SIC formation fro 30SIC*® and 50$°

The experiments described above establish the fasationality of 30SIE** and
50S™° in 70SIC formation, making it likely that the FREKperiments described below
that measure FRET during the combination of thesediiled subunits will be relevant
for understanding the process of 70SIC formati@mfrnative, unmodified subunits.
Long term incubation (15 min, 3T) of 30SIC* containing a fluorescent donor (D),
with 50S™° subunits containing a fluorescence acceptor (&lts in formation of the
double-labeled 70SIC (DA sample) and the generatioa strong FRET signal (Figure
3.4A), with considerable decreases and increasedomor and acceptor fluorescence
signals, respectively, as compared with the fluzerse of the D (30Sf¢3 plus 50$™)
and A (30SIC* plus 508"°) samples. In fact, the donor decrease shown inr&igA
underestimates FRET efficiency, given the intringge in donor fluorescence that
accompanies 70SIC formation when 309f0s rapidly mixed with unlabeled 56'
subunits (Figure 3.4B). By contrast, there is noresponding change in acceptor
fluorescence when 30STe& replaces 30SI€° (Figure 3.4B). The similarity in acceptor

fluorescence intensity at the two 308YE€ concentrations employed in Figure 3.4A
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indicates that essentially all of 588is taken up within the 70SIC at the higher 30SIC
concentration. These results permit calculationaoFRET efficiency in the 70SIC

complex of ~50% by application of eq 2 (Chapter 2).

3.3.4 Changes in FRET vs. changes in light scattag during 70SIC formation

Strong evidence that the FRET signals seen inr€igu are a direct consequence
of 70SIC formation is provided by results in Fig@®& A showing no such appearance of
a FRET signal, measured as the increase in Cy%eficence, when fMet-tRN¥! is
omitted from the reaction mixture. This is in aatavith recent results showing that, in
the presence of IF3, fMet-tRNI&" is required for 70SIC formation (Grigoriadou et, al.
2007; Antoun et al., 2004; Antoun et al., 2006).

The increase in light scattering on formation oSKD from 30SIC and 50S subunit
provides another measure of 70SIC formation (Gragtwu et al., 2007). Comparison of
the time dependence of the increase in FRET efiiigidfor the complete system (i.e.,
including fMet-tRNA™®") with the corresponding increase in light scatigrimeasured
on identical samples (Figure 3.5A), clearly showat tboth increases proceed in more
than one phase, with both showing an initial rapithse that is somewhat more
pronounced for the light scattering change (Grighou et al., 2007) than for the FRET
change. As with FRET change, the rapid increadggin scattering is abolished when

fMet-tRNA™e is omitted.
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The experiments shown in Figure 3.5A were condusiigl both IF2Y* and 508°
subunits present in excess over 30S subunits. UWthdee conditions, the time courses of
FRET and light scattering increases are directlynmgarable, with virtually all 30S
subunits in the sample containing #2as part of the 30SIC and all 308t€interacting
with 50S™¥°. Other conditions, such as those employed in EidiB (30S > IF2”° >
508" 50S > 30S > IF27), lead to multiphasic increases in light scatigtinat reflect
sample heterogeneity and are unsuitable for dyreximparing increases in FRET and
light scattering. Thus, slow phases of light scatte are observed when either 50S
subunit concentration is limiting, due to the preseof a minor fraction (< 20 %) of 50S
subunits that lack L11 (50%") and form 70SIC complexes only very slowly (dat n
shown —see alsNaaktgeboren et al., 19767 @ et al., 1989), or when I€2 is limiting,
since 30S initiation complexes formed in the preseof IF3 but lacking IF2 also form
70SIC very slowly (Grigoriadou et al., 2007). Swatmple heterogeneity is not a problem
for FRET measurements, which only measure rapid@@d8rmation events between
30SICs containing Bst-IF¥ and 50S subunits containing L41 The rate of Pi release
is also shown in Figure 3.5B for direct comparigoth the rate of FRET increase.

The results in Figures 5A and 5B can be globatlyofithe minimal Scheme 1 (Figure
3.5C), in which an initial binding reaction to forn@S ribosomes (step 1), giving rise to
a FRET signal with concomitant GTP hydrolysis (Fegi3.2B, 3.3A), is followed by a
conformational change (step 2), resulting in foiorabf 70$ ribosomes, from which Pi

is released (step 3). In carrying out this fittihg light scattering increase due to 0S
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708, or 70SIC formation is assumed to be identicaltGn et al., 2004). Constraining
the FRET efficiencies to also be the same forralt¢ 70S species led to poor fits to the
FRET data. However, setting the relative FRET &fficy (RFE) for 70SIC equal to 1.0
and allowing the RFEs of the other 70S speciesetdliffierent led to best-fit values of
0.57 and 1.00 for 7Q@nd 70%, respectively. This point is made graphicallyhe inset

to Figure 5A which shows that the ratio, normaliZeRET change: normalized light
scattering change, increases as, 1®8onverted to 7QSand does not change thereafter.
We conclude that the L11-NTD gets closer to thed@thain of IF2 as 7Q$s converted

to 705, and that this movement follows GTP hydrolysis pretedes Pi release.

3.3.5 GTP hydrolysis accelerates the increase in ER efficiency following 70S
formation

The previous conclusion led us to examine wheBiEP hydrolysis was required
for the increase in FRET efficiency within the 76@mplex by replacing GTP with its
nonhydrolyzable analogue GDPNP. We initially attéedpto compare light scattering
and FRET changes in the presence of GDPNP undditmms (50S > IF2 >30S) exactly
paralleling those we had used in the presence & @Igure 3.5A). As seen in Figure
6A, replacement of GTP by GDPNP during 70SIC foraratleads to only a small
decrease in the magnitude of light-scattering iasee with little change in the rate of
such increase. However, these conditions are ntatbdéel for measuring FRET changes

during 70SIC formation, since a rapid and significehange in FRET signal is seen even
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in the absence of 70S formation (i. e., with fMeNA™® omitted, Figure 3.6B),
presumably reflecting direct binding of Bst-ff2GDPNP to 50%”. No such signal is
seen in the presence of GTP (Figure 3.5A), becalue rapid hydrolysis of GTP within
the 50S.IFZGTP complex, and the relatively weak binding of-(BRP to 50S subunits
(Grigoriadou et al., 2007).

Accordingly FRET experiments were carried out uncnditions (30S > IF2 >
50S) minimizing 50S.IF2.GDPNP formation, as seenth® very small FRET change
when fMet-tRNAY® is omitted (Figure 3.6C). Under these conditichs, total FRET
change seen with GDPNP is similar to that seen @iil?, but the time development is
different, with the initial rise occurring slighttiaster with GDPNP and the full FRET
change occurring much more slowly.

The light scattering results in the presence ofPGP were well fit assuming
biphasic kinetics. In contrast, fitting the FREBults required three phases, and show an
approximate doubling in the apparent FRET efficiedaring the slow third phas&a,
~0.2 % when, on the basis of the light scattering restiittle additional 70S formation
would be expected. Taken together, the resultsignré 3.6A and 3.6C are consistent
with a kinetic scheme for 70SIC formation in thegence of GDPNP that is similar to
Scheme 1 for GTP (Figure 3.5C), except that steppdd be reversible and the increase
in FRET efficiency following 70S formation occuratér in the process. It would thus

appear that GTP hydrolysis accelerates, but iseaséntial for, the movement of L11-
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NTD toward the G1 domain of IF2 as the initial 76@nplex formeds converted to

70SIC.

3.3.6 FRET monitoring of the fidelity function of IF3

Earlier we showed that the rate and magnitude ksglattering increase provided a
sensitive measure of the ability of IF3 to discnate between a canonical (AUG) and a
non-canonical (AUU) initiation codon in 70SIC fortiwan (Grigoriadou et al., 2007b).
The increase in FRET efficiency accompanying 70$d@nation also provides a
sensitive probe of such discrimination (Figure 3.Thus, in the presence of IF3,
substituting AUU (trace 3) for AUG (trace 1) leaddarge decreases in both the rate and
extent of FRET efficiency increase, whereas indbsence of IF3 the apparent rate is
little affected, and the extent of increase is seha increased (traces 2 and 4). Identical

trends were observed for light scattering chan@egy6riadou et al., 2007b).

3.4 DISCUSSION

IF2 is a G-protein that is part of the 30SIC, amddtained within the 70SIC that is
formed following reaction of the 30SIC with the 5868bunit (Myasnikov et al., 2005;
Allen et al., 2005). Here we show that FRET measerd of IF2 interaction with L11-
NTD can be used to monitor the relative motion@fand the GTPase activation center
during the process of 70SIC formation. We measurRET efficiency of 50% for the

70SIC complex, corresponding to an approximater@ipbore-fluorophore distance of 60
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A, equal to B (see Chapter 2). This value is in reasonable doweih the distances of 50
— 55 A between tha-carbons of residue 378 in Bst-IF2 and residuendglil that can be
estimated from cryo-EM structures of 70S comples@staining fMet-tRNA"®", mRNA
and either IF2.GDPCP (another nonhydrolyzable apuedoof GTP) or IFZDP
(Myasnikov et al., 2005), since the distances betwe dyes would be expected to be
somewhat greater than the distances betweem-tabons to which they are attached.

Although IF2GDP binds to 70S ribosomes less tightly than@®2 (Grigoriadou et
al., 2007), consistent with the cryo-EM resultsMyasnikov et al. (Myasnikov et al.,
2005) that indicate substantial differences in dkerall interaction of IF2 with the 70S
ribosome following GTP hydrolysis and Pi releadee tesultspresented in Figure 5
indicate that the G1 domain of IF2 moves closera@M.11-NTD as part of the process
by which the complex initially formed from 50S aswdion with the 30SIC, 7Q&DPPi
in Scheme 1 (Figure 3.5C), is converted into th&,7BDPPi complex, preceding Pi
release and 70SIC formatiowe estimate this distance reduction as ~ 12 A jege,
from 72 A to 60 A.

R=R,(= -1°(3)
E

Scheme 1 is a minimal kinetic scheme that accoqu#sititatively for the results
presented in Figure 3.5. It is fully consistenthwihe more complete scheme for 70SIC
formation that we proposed earlier (Grigoriadowlet 2007;Grigoriadou et al., 2007b),
with the one minor change that the binding of 36%i@ 50$*° is 2 - 3 fold weaker

than to wt-50S. This earlier work, which employedaumarin derivative of Bst-IF2,
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labeled at position 451, and fMet-tRNE(prf) (Figure 3.2D), demonstrated that
conversion of the initially formed 70S complex t6SIC required two conformational
changes, corresponding approximately to steps 2 Zand Scheme 1, with step 2
involving a change in IF2 fluorescence and stepwliving a change in fMet-tRNK®
fluorescence.

Results presented in Figure 3.7 show that FRET gdgmoan be used to demonstrate
the ability of IF3 to discriminate between a camah(AUG) and a non-canonical (AUU)
initiation codon in 70SIC formation and are coraistwith the notion, proposed by us
earlier (Grigoriadou et al., 2007b), that such wismation occurs during 70SIC
formation. This notion has recently received digbport from some rate measurements
of Milon et al. 2008 showing that 70S formationnfr@0SIC precedes IF3 dissociation,
and contrasts with results of Antoun et al. (Antatnal., 2006) indicating that IF3
dissociation from 30SIC precedes 70S formations Itikely that the reason for this
apparent disagreement has to do with the strongrilgmce of the rates of these two
processes on mRNA sequence. Thus, both our eé@iegoriadou et al., 2007b) and
current studies and those of Milon et al. 2008 @ygdl ribosomes programmed with
022mRNA, which has a relatively short Shine—Dalgasequence (4 nt) separated from
the AUG initiation codon by a long spacer (9 ntdaaffords relatively rapid 70SIC
formation. However, Milon et al. also found thatusf 002mRNA, which has a long
Shine—-Dalgarno sequence (9 nt) and a shorter saaa), leads to much slower 70S

formation, which proceeds at the same rate as i§sbdation, consistent with the results
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of Antoun et al. 2006, who used an mRNA simila@@@mRNA.

The 70S ribosome is a labile structure that undesgmnformational changes on the
binding of the G-proteins EF-G and IF2. Cryoelectnicroscopy studies (Myasnikov et
al., 2005; Allen et al., 2005) have shown not ahigt G-proteins bind to the same site on
the 70S ribosome via their G(GTPase)-domains, Isottaat the conformational changes
that result from G-protein binding as a GTP compénd from hydrolysis of the
ribosome-bound GTP to GDP are similar for suchginst This has led to the suggestion
that ribosomal GTPases take advantage of the smtrifeexibility of the ribosome to
induce conformational changes that promote movermEntRNA and tRNA across the
ribosome surface during the various steps of tlmepr synthesis cycle (Myasnikov et
al., 2005; Frank et al., 200Cprnish et al., 2008).

Our current and earlier related studies providenstrevidence that the analogy
between the structures of the complexes that at tem G-proteins, IF2 and EF-G, make
with the ribosome is maintained on a dynamic leagelivell. In particular, the kinetics of
FRET efficiency increase between fluorescent déxiga of L11-NTD and either IF2
(labeled in the G1 domain, this work) or EF-G [leokein the G’-domain (Seo et al.,
2006) have two important points in common: 1) FR#HfIciency increases, indicating a
movement of the G-proteins toward L11-NTD, follogi® TP hydrolysis and prior to Pi
release (Figure 3.5); and 2) the rate of attainmémihe higher FRET efficiency state is
considerably decreased on substitution of a nomhyzible analogue for GTP, although

the total increase in FRET efficiency is maintaingigure 3.6C). These two points
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provide strong evidence that at least some of thdocmational changes attributed to
GTPase activity are triggered by the hydrolysisp stiself, in accord with earlier
suggestions (Tomsic et al., 2000; Rodnina et 8B71 Savelsbergh et al., 2003), that the
high FRET efficiency state is the preferred modeGsprotein binding to the 70S
ribosome, and that the conformational change nacgésr the attainment of that state is

accelerated by GTP hydrolysis rather than by Rias.
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IF2-378

Figure 3.1. Distance between L11 residue 38 and IF2esidue 378 in a
70S.IF2GMPPCP  fMet-tRNA™ mRNA complex. According to a cryoelectron

microscopy structure (EMD-1172, Myaniskov et a003).
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Figure 3.2. Measures of 70SIC formation and reactity using different 30SICs. (A)
Light scattering. (B) GTP hydrolysis; (C) Pi releagD) fMet-tRNAM(prf) fluorescence;
(E) fMetPhe-tRNA"™ formation. Experiments in (A), (C), and (D) weraried out by
rapid mixing of the various 30SICs with wt-50S snoitsl in a stopped-flow
spectrofluorometer. In all experiments except thiosée) with pre-formed 70SIC, 30S
and 50S subunits were present in final concentratad 0.3 uM and 0.5 uM, respectively.
Preformed 70SIC in (E) was present at 0.3 uM. Ofimal concentrations were: IF2:
0.15 UM (A), (E); 0.45 uM (B) — (D). GTP: 100 pM }AC), (D); 36 pM (B); 200 pM

(E). TC: 1.0 uM (E).
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Figure 3.3. Measures of 70SIC formation and reactivity using dferent 50S

subunits. (A) GTP hydrolysis; (B) fMetPhe-tRNA®and fMet-puromycin formation; (C)
Poly (U)-dependent polyPhe synthesis. fMetPhe-tRRfsrmation was carried out by
rapid mixing of 30SIE” with 50S subunits and Phe-tRREEF-TU.GTP ternary
complex. Final concentrations were: 50S, 0.5 puMs,30.3 uM; IF2, 0.15 pM. Other
final concentrations were: GTP: 36 uM (A); 200 uB);(puromycin, 2.5 mM (B). (C)
see Materials and Methods. Results with wt-50S 508-** parallel those reported

earlier.
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Figure 3.4. FRET between L1%"° and Bst-IF2*in the 70SIC complex.(A) After
70SIC formation. (B) During 70SIC formation. Ex¢itan was at 540 nm. DA samples
contain 30SI€”® and 508" D samples contain 30St® and 508"; A samples
contain 30SI1E%and 508*. In (A) 30SIC and 50S subunits were incubated7iC3for
15’ prior to the taking of fluorescence spectranaFiconcentrations were: 30S, 0.3 uM
(hatched lines) or 0.6 M (smooth lines); Bst-IF2Bat-IFFY3, 0.15 (hatched lines) or
0.3 UM (smooth lines); 5¢8 or 50$*°, 0.14 pM; GTP, 100 pM. In (B) 30SICs were
rapidly mixed with 50S subunits. The D and A saraple&re monitored at 567 nm and
670 nm, respectively. The DA samples were monitoatédboth wavelengths, as
indicated. Final concentrations were: 30S, 0.30 IF2; 0.25 uM; 50S, 0.18 uM; GTP,

100 pM.
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Figure 3.5. Measures of 70SIC formation on combinip 30SICY® and 50$Y*:
FRET, light scattering, and Pi formation. (A) Direct comparison of FRET (green
trace, acceptor fluorescence — excitation 540 nronitoring 670 nm) and light
scattering (blue trace — irradiation at 436 nm; nooimg via a 455 nm cutoff filter)
changes during 70SIC formation. Both traces weterdened for an identical solution
having the following final concentrations: 30S, @u8l; Bst-IF2*, 0.45uM; 50S™°,

0.60uM. For ease of comparison, the changes in eacle wadwe normalized to the total
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change seen at the plateau for each measureme@ts)- The ratio of normalized FRET
change to normalized light scattering change igtedain the inset. When fMet-tRNYS!
was omitted, virtually no changes were seen ireelBRET (red trace) or light scattering
(yellow trace). (B) FRET changes (green, red, dné braces) and Pi formation (orange
trace). Final concentrations employed: green aadge traces: 30S, Oud/; Bst-IF2ZY?
0.45uM; 50S™°, 0.60uM:; blue trace: 30S, 0.6M; Bst-IFZ¥® 0.50 pM; 508*°, 0.18
uM; red trace: 30S, 0.8M; Bst-IF2¥® 0.25 pM; 508%°, 0.50uM. FRET changes are
normalized for the total change seen at the plateathe green trace, as in (A). The Pi
release is normalized for the total change sedmegtlateau, achieved at ~ 5s. Final GTP
concentration in (A) and (B), 100 uMAIl solid black lines are fits of the data to
Scheme 1. (C)Scheme 1, the minimal scheme accounting quantdgtifor 70SIC

formation in the presence of GTP.
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Figure 3.6. Measures of 70SIC formation when GDPNIpeplaces GTP.(A) Light
scattering increase during 70SIC formation (bluecdr GTP; green trace, GDPNP).
Inset: extension of results to 10 s. (B) FRET é&ficy and light scattering increases
during 70SIC formation measured in the presenc€GDPNP. FRET efficiency, blue
and red traces in the presence or absence of IeAT®, respectively. Light
scattering, green and yellow traces in the presamcabsence of fMet-tRNX®,
respectively. (C) FRET efficiency increases durm@$IC formation. Blue trace: higher
30SIC concentration in the presence of GTP; grewh artange traces, higher 30SIC

concentration in the presence of GDPNP in the paser absence of fMet-tRNA,
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respectively; red trace, lower 30SIC concentraiiorithe presence of GDPNP. Inset:
Expanded time scale. Final concentrations in (A) @) were 30S, 0.3M; Bst-IFZY?,
0.45uM; 50S°*°, 0.60uM. Final concentrations in (C) were 30S, QM; Bst-IF2* 0.5
uM; 50S° 0.18uM (blue and green traces —higher 30SIC) or 30SpM3Bst-IF2**,
0.25 uM; 50S™° 0.18 uM (red trace — lower 30SIC). Final GTP or GDPNP
concentration in (A) — (C), 100 uM. Solid blackdmare fits of the GDPNP results to
either a two-phase (light scattering) or three-ph@SRET) reaction. Fitted parameter
values are: light scatteringkapps, 35 = 5 8, kappa 1.10 + 0.03'S; FRET, higher 30SIC -
Kappy, 20 = 1 &, Kappz 2.2 = 0.1 8, kappa 0.19 + 0.01 &: relative FRET efficiency
amplitudes; phase 1, 0.46 + 0.05: phase 2, 0.510%: (phase 3, 1.00. FRET, lower
30SIC -Kapp, 16 £ 1 &, kappa 1.9 * 0.1 8, Kkeppz 0.19 + 0.01 §: relative FRET

efficiency amplitudes; phase 1, 0.64 = 0.08: ptia<e47 + 0.06: phase 3, 1.00.
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In the presence of CTF 1
— AUGmRENA +IF3
AUGmEMA -IF3
= AUUmRNA +IF3
— AlUUmHANA -IF3

FRET(a.u.)
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Figure 3.7. FRET monitoring of the fidelity function of IF3. The effect of IF3 on the
rate and extent of FRET efficiency increase whenAkJG initiation codon is replaced
by AUU. 022AUG-mRNA, +IF3, blue trace; 022AUG-mRNAIF3, orange trace;
022AUU-mRNA, +IF3, green trace; 022AUU-mRNA, -IF3ed trace. Final

concentrations were: IE# 0.15 pM; 30S, 0.3 pM; 56%, 0.14 uM; GTP, 100 pM.
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Table 3.1. Functionality of different 30SICs with espect to 70SIC formation and

reactivity

Apparent rate 30SIC* 30SIC® 30SICY
constant (3)
LS1 61+5 82+5 65+ 3
LS2 10+1 8+1 10+1
GTP1 64 + 13 53+8 40 +2
fMetl 4.1+ 0.4 5.2+0.5 -
fMet2 1.6 +0.3 21+0.2 -
Pil 7.0+05 7.0+05 70+05
Pi2 1.5+0.1 1.3+0.1 1.4+0.1
K ap 0.28 + 0.06 0.14+0.03 0.18+0.06
K* dp 1.6 +0.2 0.12+0.02 -

& reaction conditions as described in the legerféidgare 3.2

P dipeptide formation, rapid mixing of 30SIC with 588bunits and cognate TC

¢ dipeptide formation, rapid mixing of 70SIC withgrtate TC
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Table 3.2. 50S subunit function in 70SIC formationapparent rate constants and

reaction stoichiometries

Parameter wt-50S 50%" 505 50SY°
GTP1 () 41 +3 23+6 37+9 29+6
Pi/lF2 0.85+0.05| 0.48+0.04 0.83+0.07 0.8330.
k'’ ap(SY) 0.18 + 0.06 - - 0.07 £ 0.01
fMetPhe/IF2 | 0.65 + 0.07 - - 0.66+ 0.04
K purdSY) 0.42 +0.05 - - 0.33+0.04
fMet-puro/IF2 | 0.75 +0.03 - - 0.65 + 0.03
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CHAPTER 4
SIMULTANEOUS BINDING OF G-PROTEINS TO THE
RIBOSOME
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4.1 ABSTRACT

Procaryotic ribosomal protein synthesis is caroet with the aid of four G-proteins
(IF2, EF-Tu. EF-G, RF3) which share a common bigdotus within the 70S ribosome
that includes protein L11. Such sharing has leadh® commonly held view that
simultaneous stable binding of two G-proteins te tibosome is impossible, and that a
ribosome-bound G-protein must dissociate beforecarsd G-protein can bind. Here we
use FRET experiments that measure IF2—-L11 intemaetithin the ribosome as well as
ribosome:G-factor co-sedimentation experimentseimahstrate that IF2 and EF-Tu can
coexist stably on the ribosome, and that IF2 andsEfan coexist at least transiently. We
present a three-dimensional model demonstrating lsoeh coexistence could be
achieved and consider the role that multiple copfegbosomal protein L7/L12 may play
in multiple G-protein binding to the ribosome anddstor exchange during polypeptide

elongation.
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4.2 INTRODUCTION

Procaryotic ribosomal protein synthesis is caroatdwith the aid of four G-proteins,
initiation factor 2 (IF2), elongation factors EF-&ad EF-G, and ribosomal release factor
3 (RF3). These factors participate in each of the flistinct stages of protein synthesis:
initiation (IF2), culminating in the formation of0% initiation complex (70SIC);
elongation, proceeding via an alternation betweestganslocation (PRE) complex
formation (EF-Tu) and post-translocation (POST) ptam formation (EF-G);
termination (RF3), involving the hydrolytic cleawagf complete polypeptide from
peptidyl tRNA bound to the ribosome; and ribosomeycling (EF-G), resulting in the
reformation of 50S and 30S subunits, the latteabbgpof re-initiation on a new mRNA.
Cryoelectron microscopic (cryo-EM) structures (Ageh et al.,, 1998; Klaholz et al.,
2004; Stark et al., 2000; Stark et al., 2002; Vatlal., 2003a,b; Myasnikov et al., 2005;
Allen et al., 2005) show these four protein facttwysshare a common binding locus,
mainly located at the intersubunit space of the iiB&ome and spanning two adjacent
but distinct sites on the 50S subunit, the so-dalBfPase associated center (denoted
GAC and including 23S rRNA helices 42-44 and thepamted proteins L11, L10, and at
least one of the four L7/L12 proteins) and the isancin loop (SRL) comprising 23S

rRNA nucleotides (2646-2674) (Li et al., 2006; @Gelh et al., 2007).

An important and currently unresolved questiothiss mechanism by which one G-

protein is exchanged for another as protein syrgheeves between these four stages, or,
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during the elongation stage, as EF-Tu and EF-G &ltainatively to the ribosome. It has
long been accepted that simultaneous stable birafibgo G proteins to the ribosome is
impossible. Thus, the failure of early attemptsohtain evidence for a stable complex
containing both EF-Tu and EF-G (Richman and Bodl&y2; Mesters et al., 1994) and
the strong overlap between the binding sites forGEBnd EF-Tu seen by cryo-EM
(Agrawal et al., 1998, 1999a; Stark et al., 200@]l&/et al., 2003a,b; Mitra and Frank,
2006; Connell et al., 2007) have led to current e®df the elongation stage [e. g.,
Sergiev et al.,, 05a; Berk and Cate, 2007] in whitthG must dissociate from the
ribosome before EF-Tu, in the form of a ternary ptex (TC) (aa-tRNA.EF-Tu.GTP)
can bind. Similarly, the release of IF2 from the&S7Atbosome following GTP hydrolysis
has been deemed essential by some workers for fiormaf the first peptide bond
(Lockwood et al., 1972; Caldas et al., 2000; Mykawiet al., 2005), which requires TC
binding, with comparison of cryo-EM structures oitiation and elongation complexes
indicating an incompatibility for simultaneous bing of IF2 and EF-Tu (Myasnikov et

al., 2005).

Each of the four G-protein proteins binds to thmsomes more tightly as a GTP
complex than as a GDP complél2: La Teana et al., 1996; Luchin et al., 1999;
Myasnikov et al., 2005; Grigoriadou et al., 2DQEF-Tu: Pape etal., 1998EF-G: Pan
et al., 2007 (RF3: Gao et al., 2007, Zavialov et al., 2p0O@ading to the plausible

hypothesis that such weakened binding allows digson of one G-protein from the
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ribosome prior to the association of anott@ryo-EM structures of ribosome complexes
containing either IF2.GDPCP (a non-hydrolyzable lagaof GTP) or IF2.GDP are

consistent with this hypothesis (Myasnikov et 2005).

On the other hand there is some evidence thaGwooteins can bind simultaneously
to the 70S ribosome, IF2 and EF-G, from the workatkwood and Maitra (1974), and
two copies of EF-G, from rapid kinetics resultooaf own (Seo et al., 2004). In addition,
the fact that the first peptide bond can be formegghrdless of GTP hydrolysis (Tomsic et
al., 2000) led Brandi et al. (2004) to speculatat tf¥2 and EF-Tu could be bound
simultaneously to the ribosome, with IF2 slidingt@ming so as to occupy a position in

which no steric clash with EF-Tu would occur.

Here we use results from FRET and co-sedimentai@eriments to demonstrate
that neither added TC nor EF-G displaces IF2 froenritbosome as it transitions from the
70S initiation complex (70SIC) to the elongatioaga of polypeptide synthesis, and that
EF-Tu and IF2 are able to bind simultaneously stable fashion to the ribosome. The
implications of these findings for the general disesof G-protein factor exchange are

considered.

4.3 RESULTS

4.3.1 FRET evidence for simultaneous binding to 708bosomes of Bst-IF2 and

either EF-Tu or EF-G
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Elsewhere (Qin et al., 2009) we have shown thah#&bion of functional 70SIC
from 30SIC complexes containing Bst-IF2 labelechvilly3 (Bst-IF2¥?) at position 378
in the G1 domain (Marzi et al., 2003), denoted 8%} with 50S subunits containing
ribosomal protein L11 labeled in position 38 withire N-terminal domain (L11-NTD),
denoted 509°, is accompanied by the generation of a FRET sjgliagnostic of IF2
interaction with L11-NTD within the 70S ribosomehish persists even after GTP bound
to Bst-IF2 is hydrolyzed and Pi is released, withestimated fluorophore-fluorophore
distance of ~ 60 A. Sample results demonstratingedsed donor (Cy3) fluorescence
coupled with enhanced acceptor fluorescence (Cy®)shown in Figure 1A. These
results indicate that Bst-IE£.GDP is stably bound to 70SIC, consistent with mece
direct visualization of this complex obtained bya@EM (Myasnikov et al., 2005).
Ribosome-bound Bst-IE¥ can be readily exchanged with Bst-IF2 in soluti@s,
evidenced by the large increase in donor fluoresseand decrease in acceptor
fluorescence on Bst-IF2 addition (Figure 4.1B). Hwer, both donor and acceptor
fluorescence change to only minor extents, on smdibf even large molar excesses of
Phe-tRNA™EF-Tu.GTP ternary complex (TC) (Figure 4.1B, Figjdr4). Although such
addition has been shown to afford dipeptide forama{iQin et al., 2009), leading to PRE
complex formation, the results in Figure 4.1B doé mie out the possibility that IF2 first
dissociates from the ribosome, permitting TC bigdiand then reassociates with the

ribosome following EF-Tu.GDP dissociation.
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To investigate this point further, we determiné@ tdynamics of both FRET
change, as monitored by acceptor fluorescence,apid rmixing of 30SIE” with
solutions of 508" containing varying quantities of TC and EF-G, aimdparallel, of
fMetPhe and fMetPhe-puro formation, using rapid rge assays. These experiments
were conducted in two buffers that have been uséehsively in studies of ribosome
function, Buffer W (Figure 4.1C), a relatively higtg®* (7 mM) buffer which allows for
high stoichiometries of tRNA bindin@Pape et al., 1998; Savelsbergh et al., 2003; Pan et
al., 2006, 200y and polyamine buffer (Figure 5.1D), which employdower Md¢*
concentration in the presence of spermine and sgere and increases the accuracy of
tRNA recognition(Rheinberger and Nierhaus 198#)d stabilizes the binding of E-site

tRNA (Agrawal et al., 1999b; Dinos et al., 2005).

In the experiment shown in Figure 4.1C in Buffer iVg rapid rise in acceptor
fluorescence corresponding to 70SIC formation, seehe absence of TC, is followed
by a small decrease for reactions carried out e ghesence of saturating TC, which
results in fMetPhe formation and PRE complex foramatThe apparent rate constant for
this decrease, 0.076 + 0.003, s essentially identical to the apparent ratestamt for
fMetPhe formation, 0.08 + 0.01ssuggesting that Bst-1E® re-orients within the 70S
ribosome on TC binding, permitting dipeptide formmatand PRE complex formation.
Added TC has almost no effect on the rise in acreforescence in the first phase of

reaction, and does not lead to a sharp transieqt ir fluorescence thereafter, strongly
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suggesting that IF2 remains bound to the ribosohreughout the process. For
experiments conducted in polyamine buffer (FigurgD3, neither added TC, nor the
combination of added TC and EF-G, which moves fMetERNA " to the puromycin-

reactive P- position as a result of POST complemétion, have appreciable effects on
the change in acceptor fluorescence that acconpatti8IC formation. These results
strongly suggest that IF2 remains bound to thesobhwe throughout the first elongation
cycle, which involves 70SIC conversion to PRE ca®plhich is in turn converted to

POST complex.

Overall, the experiments presented in Figure 4ekgmting compelling evidence
that either EF-Tu or EF-G can coexist on 70S ribos®with IF2, at least transiently, but
leave open the question of whether either EF-THFG can stably co-exist with IF2 on

the ribosome. This point is addressed directlywelo

4.3.2 Co-sedimentation evidence for stable simultaousbinding to 70S ribosomes of

IF2 and EF-Tu

Direct evidence for stable simultaneous bindingk# and EF-Tu to the ribosome
was obtained by sucrose cushion co-sedimentatipergrents, in which quantitative
SDS-PAGE analysis was performed on the proteinsaebetd from ribosomal pellet.
Shown in Figure 4.2 are results from 5 separatem@xents, in which the pre-incubated
ribosomal sample, prior to ultracentrifugation, @ned: 1) 70SIC; 2) 70SIC + TC; 3)
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70SIC + TC + kirromycin; 4) 70SIC + TC + EF-G.GTahd 5) 70SIC + TC + EF-G.GTP
+ fusidic acid + puromycin. Here, kirromycin or tllembination of fusidic acid and
puromycin is added to stabilize EF-Tu.GDFolf et al., 1977; Parmeggiani et al., 1985)
or EF-G(Seo et al., 2006) binding to the ribosome, respelgt In the absence of these
added antibiotics, neither EF-Tu nor EF-G is botmthe ribosome stably enough to be
retained on ultracentrifugation. These experimgreamit the conclusions that i) IF2
within 70SIC is bound tightly enough to cosedimeith the ribosome (lane 1); ii) EF-Tu
binding to the ribosome in the presence of kirromytoes not displace bound IF2 (lane
3); and iii) EF-G binding in the presence of fusidicid leads to a weakening of IF2

binding but not a complete removal (lane 5).

More quantitative conclusions can be made for tteask related experiments from
the results summarized in Table 4.1. The resultsvghat using> 1.5-fold excess of Bst-
IF2 in forming 70SIC results in stoichiometric netien of Bst-IF2 in the pelleted
ribosome (experiment #9) and this stoichiometrlitie affected by addition of excess
TC in either the presence or absence of kirromgexperiment #s 3, 4, 10). Futhermore,
the sum of the stoichiometries of Bst-IF2 and EFtffat co-sediment with the ribosome
clearly exceeds 1.0 (1.3 — 1.6 for experiment #s42, demonstrating clearly that at least
some of the sedimented ribosomes must contain lbmthd EF-Tu and bound Bst-IF2.
The failure of added TC to displace Bst-IF2 frore tibosome in the co-sedimentation

assay contrasts with the ability of Bst-IF2 addeanf solution to displace ribosome
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bound Bst-IF2. This is shown by a large reductiorthe amount of Bst-IF2° co-
sedimenting with ribosomes, as determinedAay,.m in the presence of added Bst-1F2

(Table 4.2), in results paralleling those presemegigure 4.1B.

In contrast to the high retention of Bst-IF2 (expemt #1), no detectable IF2 co-
sediments with 70SIC made with E#e2.GTP, with or without added TC and
kirromycin (experiment #s 5 and 6). Since GTP bowitti IF2 is rapidly hydrolyzed to
GDP with release of Pi (Tomsic et al., 2000; Grgdou et al., 2007), the co-
sedimentation results clearly demonstrate thatiB&iGDP is more stably bound to 70S
ribosomes than Eco-IF2.GDP, as suggested by dtindies (La Teana et al. 1996; Qin et
al., 2008). However, when 70SIC is made with GDFNRlace of GTP, Eco-IF2 is
stoichiometrically retained (0.9 per ribosome). sThesult recalls those of Luchin et al.
(1999) showing that, although wt-IF2 does not cosedt with 70S following GTP
hydrolysis, such co-sedimentation is found for He®-variants with inhibited GTPase
activity. Strikingly, the high stoichiometry of cedimenting IF2.GDPNP is not reduced
in the presence of added TC and kirromycin, wheasults in the co-sedimentation of 0.5
equivalents of EF-Tu (experiment # 8). Thus, Hep-br Bst-IF2 can be bound to the

70S ribosome simultaneously with EF-Tu.

Although binding of EF-G.GTP to the ribosome duritrgnslocation has no
apparent effect on the IF2-L11 FRET signal (FigdtéD), it does lead to a clear

decrease in the stoichiometry of co-sedimenting (B$eriment #s 11, 12 and 13). We
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interpret the two sets of results as indicating th@ and EF-G can bind concurrently to
the ribosome, but that bound EF-G weakens IF2 baduch that it is not fully retained

during ultracentrifugation through a sucrose cushibhis interpretation is supported by
the lack of effect on retained IF2 of using a laegeess of EF-G (experiment #s 12 and
13), or of adding fusidic acid and puromycin (exmpent #13). However, because EF-G
is less well retained during ultracentrifugationarthis EF-Tu in the presence of
kirromycin, we lack the clear-cut proof of thisenpretation that would be provided by a

combined stoichiometry of co-sedimented IF2 and3&Eif-excess of 1.0/ribosome.

4.3.3 A model for simultaneous binding of IF2 and E-Tu to the ribosome.

Comparison of the observed 70S binding sites oiffEKas a kirromycin-stalled
complex, Valle et al., 2003a) and IF2.GDP (Myasuilad al., 2005) shows there to be
substantial steric overlap, leading the the comatushat their mutual positions on the
ribosome are incompatible (Figure 4.3A). Howevéeré are several possibilities for
how the binding site of IF2 might be rearrangedalow coexistence with EF-Tu in a
mixed complex on the ribosome. One attractive maglshown in Figure 3B, in which
the electron density map obtained by Valle et2008a) (emd-1055 in the EM-Database)
is used as a framework in which to position IF2asao avoid steric clashes with either
ribosomal components or EF-Tu. Here, relatively animovements of the IF2 G2-G3,

C1 and C2 domains (for IF2 nomenclature see Sintiogetl., 2008) allow IF2 to be
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bound simultaneously with EF-Tu, while retaining igeneral position within the
intersubunit space. Such minor movements are densiwith the at most minor changes
seen in IF231L11%Y° FRET efficiency on either TC or EF-G binding (Figut.1). In the
model EF-Tu makes strong contacts with the GAC 3Ré&, and presumably at least one
CTD of L7/L12 (Valle et al., 2003a). IF2 retairts strong contacts with the 30S subunit
via its NTD (Caserta et al., 2006) and contactsessvregions of the 50S subunit,
including H69, L14, and L19/H95 via the C2, C1, &domains, respectively.

H69 of 23S rRNA is believed to assist tRNA movemieoim A- to P- and P- to
E-site during translocation (Yusupov et al., 2004|le et al., 2002; Valle et al., 2003a;
Schuwirth et al., 2005; Korostelev et al., 2006|n&e et al., 2006; Yusupova et al.,
2006; Li and Frank, 2007). Within the A/T site tRNAdopting a bent conformation,
contacts only the tip of H69 via its hinge regiosetvieeen the D and anticodon stems
(Valle et al., 2003a). A particularly interestirepture of the model is that it positions the
C2 domain of IF2 as a virtual continuation of H8fhere it is well-positioned to assist
movement of tRNA from the A/T site to the A sitdléaving GTP hydrolysis and EF-Tu
dissociation. Here the charge distribution of [E2; in which a continuous negative
surface is surrounded by patches of positive resideigure 4.3C), would allow sliding

of the tRNA in place.

4.4 DISCUSSION
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The experiments displayed above provide compekivigence that IF2 and EF-Tu
can coexist stably on the ribosome, and that IFRERG can coexist at least transiently.
Stable coexistence of IF2 and EF-Tu, in the presesfcthe antibiotic kirromycin, is
demonstrated by the co-sedimentation experimentguare 4.2. Transient coexistence
for both elongation factors is demonstrated byfthlere of either the TC or EF-G.GTP
to substantially decrease the IF2-L11 FRET signdidich occurs exclusively via IF2
interaction with L11 as part of a 70S complex (@iral., 2009), while at the same time
affording both EF-Tu-dependent fMetPhe formationl &+-G dependent translocation
(Figures 4.1C, 4.1D). Here it is worth emphasizthgt the co-sedimentation assay,
though quite rigorous in providing clear stoichidne evidence for G cofactor
coexistence on the ribosome, is likely to be ovestiygngent as an indicator of what
complexes exist in solution, since more labile andihermodynamically weaker
complexes that do not survive ultracentrifugatioii mot be seen in this way. Thus, a
longer-lived ribosome complex containing both IFRI&EF-G is not excluded by our

results.

The FRET experiments demonstrating transient st&xce were carried out with a
Cy3-labeled variant of Bst-IF2 rather than of EE@-IHowever, Bst-IF2 is functionally
interchangeable with Eco-IF2 in vitro assays (Brombach et al., 1986; Qin et al., 2009),
and has recently been shown to complemenE.acoli infB null mutationin vivo (E.

Caserta and C. Gualerzi, private communicationusThalthough the complexes that-Bst
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IF2 forms withE. coli ribosomes and ribosomal subunits are somewhat stabte than
those formed by Eco-IF2, they are unlikely to b&fastual, and in fact allow translation
intermediates involving IF2 to be studied more lgadioth in the present case and in

earlier studies (La Teana et al., 1996; Marzi £t24103).

Since IF2 remains bound to the ribosome duringeastl one complete elongation
cycle, it is reasonable to expect that it may suavseveral such cycles, raising the
guestion of the functional significance of suchdomg. The model presented in Fig. 3
shows how bound IF2 could facilitate tRNA movemémim the A/T- to the A-site
during elongation. In addition, Caserta et al. @0f@ave hypothesized that anchoring IF2
to the ribosome could ensure the exercise of itetfans in favoring 70S formation
initiator and fMet-tRNA"® binding to the P-site (Grigoriadou et al., 200 agferences
therein), even when the number of ribosomes ircélleis drastically reduced, as in time
of famine. It has also been shown that IF2, adtingpncert with IF1, catalyzes peptidyl-
tRNA release from the P-site of ribosome, an agtiwhich decreases with increasing
length of nascent polypeptide and is especially kedhrin the presence of low
concentrations of TC cognate for the codon in thsitd (Karimi et al., 1998). Such
activity could liberate ribosomes trapped at théiah stages of protein synthesis
elongation by ““hungry codons" or for other reasfitarimi et al., 1998), and would be
expected to be enhanced by IF2 already bound taibbsome as compared with IF2

coming from the cytosol.
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The structural model shown in Figure 5.3B showg @ossibility for how the
ribosome could accommodate both IF2 and EF-Tu [phraodels could be constructed
for simultaneous binding of IF2 and EF-G), but keswvopen the question of the
mechanism by which such accommodation is achieMede the results of Kothe et al.
(2004) and Diaconu et al. (2005) are pertinent.s€heorkers have obtained strong
evidence that the highly mobile L7/12 C-terminahdons [CTDs] that are proximal to
the GAC promote recruitment of G-protein factorstiie ribosome. Helgstrand et al.
(2007) has shown that these CTDs, of which thezdaur copies on aB. coli ribosome,
can each bind to all four G-protein translationaobdrs, possibly via interaction with a
site or sites that the G proteins have in commdthoagh this latter point has been
guestioned (Nechifor et al., 2007). Ultimately, 9be cofactors form additional contacts
with the GAC and the SRL, as well as with otherioag of the ribosome that might be
specific for each factor, such as the 30S binditegyaf the N-terminus of IF2 (Marzi et
al., 2003; Allen et al., 2005, 2007; Caserta et 2006) and the A-site interaction of
domain IV of EF-G (Valle et al., 2003b) Helgstraaetlal. (2007) have suggested that
some copies of L7/L12 could potentially interactthwiG-protein factors not yet

positioned in their final binding sites on the Slome.

Taking this suggestion one step further, we hypatte that binding of an incoming
TC to a 70SIC proceeds via an initial contact vethL7/L12 CTD not involved in IF2

binding.In vivo, where ribosome concentration is ~ 20 uM (Lambtedl.e 1983; Caldas
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et al., 2000), even weak binding should suffice $mbstantial complex formation.
Displacement of IF2 from the GAC and SRL to allogafionical” EF-Tu binding in the
position seen by cryo-EM (Figure 4.3B) would thaket place via a concerted series of
reactions from this initially formed complex. Expeents are underway to test this
hypothesis, as well as to determine whether, durorgnal protein elongation, when both
EF-Tu and EF-G binding to the ribosome are trarisiE®R-G binding precedes EF-Tu

release (and vice-versa), via initial contact veithL7/L12 CTD as described above.
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Figure 4.1. Monitoring IF2 binding to the ribosomeby FRET between L1f*° and
IF2Y® A. In the 70SIC. FRET is indicated by the decreasdanor emission and the
increase in acceptor emission in the doubly-lab€[@d, donor-acceptor) sample, as
compared with the singly labeled sampl€s, donor alone orA, acceptor alone on
excitation at 540 nm. The corrected acceptor flscgace due to FRET is obtained by
subtracting out contributions from the D and A skspo the DA sample (Seo et al.,
2006).B. Effect of added TC (0.375 puM) or excess Bst-IFD {@IM) on theDA FRET
signal seen in part A. Further increases in TC eotration up to 1.5 uM led to only
slight additional decreases in FRET efficiency (ffegg5.4).C. and D.Kinetics of FRET
acceptor fluorescence change, fMetPhe formatnand fMetPhe-puromycin formation
(A) during formation of 70SIC, PRE and POST complex&ssplit time scale is
employed in part D to make clear the persistencacoéptor emission during fMetPhe-
puromycin formation. 30S1€¢* was rapidly mixed with 50%° and varying TC and EF-G
concentrations, as indicated. Experiments in parsC and D were carried out in W and
polyamine buffers, respectively. All experimentsntoned: IF1, IF3, fMet-tRNA"
0.45uM; 022mRNA 0.9 uM; 30S 0.3 pM. In additionpexments in parts A and B
contained Bst-IF?® or Bst-IF2, 0.25 pM; 50%° or 50S, 0.18 uM; GTP 100 pM:
experiments in parts C and D contained¥®.15 pM; 508%°, 0.5 uM; GTP, 200 puM.
In part D in the absence of EF-G, similar fluoreseetraces were obtained at 0.5 uM or
2.0 uM TC. fMetPhe formation wasarried out at 1 uM TC. fMetPhe-puromycin

formation wascarriedouytat 1 uM of both TC and EF-G and 2.5 mM puromycin.
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Figure 4.2. Cosedimentation of ribosomes and facterthrough a sucrose cushionrA.
SDS-PAGE analysis of pelleted samples. Lanes 14arvDSIC alone; Lanes 2 and 3:
70SIC preincubated with TC in the absence and poesef kirromycin (0.2 mM),
respectively; Lane 5: 70SIC preincubated with T@ &#-G (3 uM) in the presence of
fusidic acid (1 mM) and puromycin (0.3 mM). All jmeubations contained, in Buffer W:
IF1, IF3, fMet-tRNAfMet, 0.45 uM; mRNA 0.9 uM; 70&3 pM, GTP 200 uM, TC 0.6
MM, and either 0.33 uM Bst-IF2 (lanes 1 — 3) o50M Bst-IF2 (lanes 4, 5). Lanes 1 —
3, 14% acrylamide gel, lanes 4 and 5, 8% acrylargeleB. Lanes 1 and 3 -5 scanned
using ImageJ. Lane 2 gave results identical to LRn€. Sample standard lines from
intensity of gel staining for proteins Bst-1F2 (sge), EF-Tu (diamond) and S1 (triangle),
giving the following values (in arbitrary units) ppmol, based on three independent
measurements: Bst-IF2, 93 + 7; S1, 57 + 6; EF-TBut48. The value for Eco-IF2 was
essentially identical to that for Bst-IF2. The centrations of proteins were determined
as follows: Bst-IF2 and Eco-IF2, Bradford assaya(Bord ,1976); S1, set equal to the
ribosome concentration from which protein was ested (1A260 unit equals 26 pmole);
EF-Tu, determined from the EF-Tu:[3H-GDP] bindiritlef assay (Arai et al., 1972).

This value corresponds to about 60% of the valuaionéd by Bradford assay.
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Figure 4.3. A plausible model for simultaneous binding of EF-Tuand IF2 to the 70S
ribosome. A. Steric clash between IF2.GDP and kirromycirbsized TC bound to the
70S complex, using previously determined positiafislF2.GDP and P-site tRNA
(Myasnikov et al., 2005) and of the TC complex |t al., 2003a). B. A plausible
model for simultaneous binding of both factorswihich the position of TC and P-site
tRNA are unchanged from A., and IF2, while relodatéthin the 70S, with movements
of the order of 10 - 30 A of the G1-G2-G3, C1 arl ddmains, is still retained within
the intersubunit space. C. As for B with the sugfabarge distribution of the C2 domain
of IF2 colored from red-negative to blu-positivénelC2 domain in this position forms an
ideal prolongation of H69. This may help the A/TNIR to be accommodated into the
A/A site. The figure has been produced using Py(@ealLano, W.L. “PyMOL” (2002)

www.pymol.org and the pdb files 2HGR_C for the fMet-tRNA (Yuswp et al., 2006),

2HGU_A for the H69 and 1LS2 for the EF-Tu-Phe-tRbnplex (Valle et al., 2002).
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Figure 4.4. Titration of DA FRET signal with excess added T&3, indicated. All
experiments contained: IF1, IF3, fMet-tRNAfMet OB, 022mRNA 0.9 uM; Bst
IF2Cy3 or BSt IF2, 0.2%uM; 30S 0.3uM; 50SC5 or 50S, 0.18M; GTP 100uM in

Buffer W.
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Table 4.1. Co-sedimentation of IF2 and EF-Tu witlY0S ribosome3$

Experi- Preincubation Co-sedimentation
ment# | IF2 GXP IF2/70STC/70S EF-G/70S  Antibiotic(8)| IF2/70S EF-Tu/70S
1 Bst GTP 1.0 - - - 0.7 -
2 Bst GTP 1.0 3.0 - kirro 0.7 0.6
3 Bst GTP 2.0 3.0 - kirro 0.9 0.5
4 Bst GTP 3.0 3.0 - kirro 1.1 0.6
5 Eco GTP 3.0 - - - n.d. -
6 Eco GTP 3.0 3.0 - kirro n.d. 0.5
7 Eco GDPNP 2.0 - - - 0.9 -
8 Eco GDPNP 2.0 3.0 - kirro 0.9 0.5
9 Bst GTP 15 - - - 1.0 -
10 Bst GTP 1.5 3.0 - - 0.8 n.d.
11 Bst GTP 15 3.0 3.0 - 0.5 n.d.
12 Bst GTP 1.5 3.0 9 - 0.5 n.d.
13 Bst GTP 1.5 - 9 puro + FA 0.4 -

& Samples of 70SIC, formed as described in MateaiatsMethods, were preincubated

with varying amounts of EF-Tu, EF-G, and antibistemd complexes formed were

collected by ultracentrifugation through a sucrogghion. IF2 and EF-Tu contents of

complexes were determined by SDS-PAGE analysisi(Eig.2).

® kirro: kirromycin, 0.2mM; puro: puromycin 0.3 mNA: fusidic acid 1.0mM

° not detectable
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Table 4.2: Co-sedimentation results from Bst-IF?’® chasing by TC or Bst-IFZ.

Preincubation Co-sedimentation

Experiment| IF2%70S| TC/70S| IF2/70S IF2“%70S

1 15 - - 0.94
2 15 2.0 - 0.85
3 15 - 4.5 0.33

2 70SIC was made as in Materials and Methods exbaptBst-IF2¥* was used in place

of Bst-IF2. Subsequently either TC or Bst-IF2 wdded as indicated prior to pelleting.
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CHAPTER 5
IF2 INTERACTION WITH INITIATIOR tRNA DURING 30S
AND 70S INITIATION COMPLEX FORMATION
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5.1 ABSTRACT

How the interaction between IF2 and fMet-tRN®A dynamically changeduring
the formation of 30S initiation complex and 70Siation complex remains elusive. Here
| present stopped flow FRET experiments between-lE¢3as a donor and Cy5- fMet-
tRNA™! designed tanswer this question. A FRET signal arising from3d§2 and
Cy5- fMet-tRNAM® demonstrated that IF2 and fMet-tRR& forms as a binary
complex. The decrease of FRET signal seen upobittagy complex mixing with 30S-
preinitiation complex indicated an adjustment oé timteraction during this process.

Future studies looking at 70SIC formation wouldamth pursing.
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5.2 INTRODUCTION

IF2 forms a well-characterized binary complex witie acceptor end of fMet-
tRNA™® via its C2 domain (Figure 5.1) (Guenneugues e28D0; Meunier et al., 2000).
This interaction is maintained during part of thevgess of 70S initiation complex
(70SIC) formation (Allen et al., 2005; Allen et,aR007), but is lost within the fully
formed 70SIC as fMet-tRNK® occupiesthe 70S P-site, permitting reaction with aa-
tRNA to form dipeptide as part of elongation cydlée have shown that during 70SIC
formation, fMet-tRNA"®(prf20) undergoes a marked increase in fluorescéRimpire
5.2) and fluorescent IF2 (IE2undergoes a small decrease in fluorescence, vitttha
rate constant of 2.3's a value that is consistent with step 4 in Schén{Eigure 5.3)
being essentially rate-limiting for dipeptide fortioa (Grigoriadou et al., 2007&in et
al., 2009). The questions that remain open arethehestep 4 or a preceding step

AfMet

corresponds to the required separation of IF2 fildet-tRN , and, if so, how large a

separation is entailed.

Ultimately we plan to carry out stopped-flow FREKperiments to answer this
guestion using IF2 Cys derivatives labeled in positionattare close to the interaction
region between IF2 and fMet-tRN&". According to Marzi et al. 2003, in the binary 1F2
fMet-tRNA™® complex, the residues within Gll peptide Asn 61r+&45 ofE. coli IF2,

corresponding to Asn 464-Glu 498 B§t IF2, are close to the elbow region of fMet-

114



tRNA™e Consequently Cy5-D20- fMet-tRNA" and Cy3-V451C-IF2 were chosen as a

FRET pair and utilized in the following studies.

5.3 RESULTS
5.3.1 Initial work from fMet-tRNA ™! (rhd) and Cy3-660C-IF2

Before the Cy5 hydrazide was successfully attactwednitiator tRNA, the
prepared fluorescent derivatives fMet-tRN®&(prf) and fMet-tRNA"(rhd) were used
as fluorescent donors to the S660C-IF2 labeled ®yB, within the Cll domain. The
time dependencies of the fluorescence changeseséttwo tRNAs and of Cy3-S660C-
IF2 during 70SIC formation were similar to the pabéd data (Figure 5.4) (Grigoriadou
et al., 2007a; Qin et al., 2009). However, dueh® significant interference with the
donor’s emission from Cy3 fluorophore, as showrkrigure 5.5, it was hard to reliably
analyze the signal generated between fMet-t&Rigorf) or fMet-tRNAM®(rhd) and
Cy3-S660C-IF2. We thus switched to fMet-tRM#(cy5) when this material became
available. However, no significant FRET signal wabserved between fMet-
tRNA™®(cy5) and Cy3-S660C-IF2 studied as the binary cemphs a result, a second
switch was to replace Cy3-S660C-IF2 with Cy3-V43E2; which did yield a FRET

signal with fMet-tRNAV(Cy5) when studied as the binary complex, as desdrbelow.
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.5.3.2 Characterizations of Cy5-fMet-tRNAY®" derivative and Cy3 labeled IF2
derivative

The 30SIC consists of a 30S subunit containing doumRNA, charged and
formylated initiator tRNA (fMettRNA""), and initiation factors IF1, IF2, and IF3. We
have shown that the rate of 30SIC formation can nb@nitored by changes in
fluorescence on ligand binding to the 30S subuwitng either a proflavin derivative of
fMet-tRNA™®  prf-fMet-tRNAM®  (Grigoriadou et al. 2007a,b), or a coumarin
(Grigoriadou et al. 2007a) or Cy3 (Qin et al., 20@8@rivative of IF2. Here, using Cy5-
fMet-tRNA™® we obtained a rate of 30SIC formation essentitly same as that
measured with IF2? (Fig. 5.6), suggesting that Cy5-fMet-tR&' is fully functional in
formation of 30SIC.

V451C in the GIlI domain of Bst IF2 is proximal tieet Asn 464-Glu 498 region of
Bst IF2, experimentally shown to be near the ellvegion of fMet-tRNAY® (Marzi et
al., 2003). This variant was labeled by Cy3 maildaras described in Chapter 2, to a
stoichiometry of 1.0/protein. The activity of Cy3#¥1C-IF2 was examined by formation
of 30S initiation complex, giving an apparent ratmstant of 21 + 2 sét asshown in

Figure 5.6.

5.3.3 Interaction of IF2 and fMet-tRNA™® as a binary complex
The experiments described above establish the hasitionality of IFZY* and Cy5-

fMet-tRNA™®in 30SIC formation, making it likely that the FREXperiments described
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below that measure FRET during the combinatiomes$¢ derivatives will be relevant for
understanding the process of 30SIC formation frative, unmodified components. A
fluorescence donor 1% (D), with a fluorescence acceptor Cy5-fMet-tRNA (A)
results in formation of the double-labeled binargmplex (DA sample) and the
generation of a strong FRET signal (Figure 5.7A)thwconsiderable decreases and
increases in donor and acceptor fluorescence sigredpectively, as compared with the
fluorescence of the D (IE# plus fMet-tRNAM®) and A (IF2 plus Cy5-fMet-tRNX®"
samples. As the fMet-tRN¥® is a limiting factor in the experiment, the corestt
acceptor fluorescence change was considered #fieaion of FRET signal. As indicated
in Figure 5.7B, the addition of two equivalentd®2“¥* was enough to lead #saturated
FRET signal at the equilibrium state, with @+0.1uM.

The fast kinetic study was further performed toeadvhow IF2 interacts with the
initiator tRNA. Figure 5.8 clearly shows that thRET change is biphasic: a rapid initial
binding with an apparent rate constant of 170 £@ fllowed by a slow conformational
change with an apparent rate of 0.34 + 0.01's@be experiments were repeated using
the new KinTek stopped flow instrument. This instent allows tracking the donor and
acceptor fluorescence changes at the same timeshawn in Figure 5.9. As a
conseqguence of no noticeable fluorescence chantpe iD or A sample, the fluorescence
changes at 580 nm and 680 nm in the DA samplettiresflected the FRET change,
with similar first apparent rate constants of 78 gec'and 89 + 3 set; respectively, and

second apparent rate constants of 0.67 + 0°0ansl 0.61 + 0.02°%5 respectively. The
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lower concentrations of materials used in the mestrument account for the lower initial
binding rates. The same second apparent rate corfsten both donor and acceptor
fluorescence changes in DA sample (Figure 5.9) cipg@ that the second phase was

induced by a conformational change between IF2 amdtiator tRNA.

5.3.4 Interaction of IF2 and fMet-tRNA™® during 30SIC formation

The kinetic pathway of 30S initiation complex foroa hasn’t been fully explored.
It was reported that the 30S ribosomal subunit &itiull complement of each initiation
factor interacts in stochastic order with the firgand, either mRNA or fMet-tRNA, to
yield two binary complexes which, upon binding #econd ligand, form an unstable
“pre-ternary complex” consisting of a 30S subureafing two noninteracting ligands
(mRNA and initiator tRNA) (Gualerzi et al., 200ligkre 1.1). This complex is a kinetic
intermediate of the bona fide 30S initiation comphéich is formed through a ribosomal
conformational rearrangement that induces the mRN#t codon and the anticodon of
fMet-tRNA to base-pair in the P site (Gualerzi @wah 1990; Gualerzi et al. 2000). All
the steps preceding the formation of the 30S tmtlacomplex are believed to be in rapid
equilibrium, and its formation occurs through amnierization of the preternary complex.
This isomerization consists of at least two fireter rearrangements kinetically
controlled by the initiation factors.

To find out how the interaction of IF2 and fMet-tR\® changes during 30SIC

formation, the binary complex of IE2 and fMet-tRNA"®(cy5) was rapidly mixed with
118



pre-30Snitiation complex containing IF1, IF3, mRNA andS@ubunit in the presence
of GTP. A significant decrease of FRET signal whsewved (Figure 5.10), which may
be triggered by an adjustment of fMet-tRN& within the P site of the ribosome
(Gualerzi and Pon 1990). The decrease of FRET kigas also consistent with the latest
reported 30SIC structure (Figure 5.11), showing #@ fMet-tRNAY®" were getting
further, compared to the structure of a free biranyplex (Figure 5.1).

The experiments were also conducted in the stofipedinstrument. The acceptor
fluorescence in the doubly labeled sample dranibtidacreased upon rapid mixing with
the pre-30SIC with an initial apparent rate constfm6 + 1 se¢ and a second phase
constant of 0.90 + 0.04*gFigure 5.12). When the concentration of the hir@mplex
was kept the same, doubling the concentration @ptie-30SIC had little effect on these
constants and led to only with a slight increasamplitude (Figure 5.12, Table 5.4). The
phenomenon indicated that the experimental comdissaturated for the binary complex
binding the pre-30SIC and that neither the firstsecond step seen in Figure 5.12

corresponds to a binding event.

5.4 DISCUSSION AND FUTURE WORK

It was proposed that fMet-tRN&' and mRNA randomly bound to pre-30SIC
without direct interaction and then with help oftistion factors the active 30SIC was
formed (Figure 1.1). Our data has provided angptlossible route to form 30SIC. Based

on Figure 5.12, IF2 and fMet-tRNS' as a binary complex bind to pre-30SIC and,
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during this binding process, IF2 and fMet-tRNM& quickly come aparand rearrange
themselves within the 30S subunit to form a fun@id0SIC.

In light of the preliminary work here, the followgrwork should be conducted in the
future. The interaction of IF2 and fMet-tR¥&' during 70SIC formation should be
investigated to determine whether the FRET signalild further decrease or increase
due to the rearrangement of IF2 and fMet-tR\fon the 70S initiation complex.

It is known that IF1 can aid IF2 in facilitating 8#RNA™® binding to the P site of
the ribosome and that IF3 is a fidelity factor ard anti-70S association factor that is
important for supplying the subunit pool. But hdwese two factors kinetically impact
the formations of 30SIC and 70SIC remain uncleaplémentation of the FRET system
would provide insight into how IF1 and IF3 modul8@SIC and 70S formation.

The non-cognate messenger RNA such as 022 AUU mRBA replace the
canonical AUG mRNA to explore how sensitive theerattion of IF2 and fMet-
tRNA™e would be when the system encounters AUU startidpn. It is reported that
no appreciable difference was observed during 3d8t@ation but distinct difference
was captured during 70S formation (Grigoriadoulgt2007b). Therefore, it would be
intriguing to track the underlying changing by meah FRET.

From a different perspective, the effects of antibs of FRET change kinetics may
be investigated to determine how these compounddglulai® 30SIC and 70SIC

formation.
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Figure 5.1. The modeled structures of C2 domain an@CA acceptor of fMet-tRNA
(Meunier et al., 2000)T'he B-strands are coloured in cyan and the coils antstur grey.
The size of the ribbon is proportional to the r.ch.©f the ensemble of 20 structures
when superimposed on the mean structure. The sigi@ of the residues that might be
involved in the recognition are displayed for th& S2ructures. The conserved residues
C714 and G715 are indicated in blue. The residug®snding the pocket are indicated

in yellow.
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Figure 5.2. ThefMet-tRNA ™ (prf20) fluorescence change during 70SIC formation.
30S initiation complex containing fMet-tRN&'(prf20) was rapidly mixed with 50S
subunit.IF1, IF2, IF3, 0.45 pM; fMet-tRNA® (prf20) 0.18 pM; mRNA, 0.9 uM; 30S,

0.3 uM; 50S, 0.5 uM; GTP, 100 uM.
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SCHEME 2 - 70SIC Formation 508 Fr.GDP

0.6£0.1 s} ‘ st1pM st

X +5
30S.F,GXPMy  30SF,.GDP.PLM,, 08
+508 +508 708.Mp + Fz.GDP
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Figure 5.3. A quantitative kinetic scheme for 70 Sranslation initiation complex
formation (Grigoriadou et al., 2007GXP is either GTP or GDPCP; F is IF2; M is fMet-
tRNA™ 30S is 30S containing IF1, IF3, and mRNA; and i§@rnary complex (Phe-
tRNAP"EF-Tu.GTP).The subscripts A-F and N-P refer tdedént conformations of

IF2C and fMettRNA"®(prf20), respectively, that have different fluorestintensities.
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Figure 5.4. The fluorescence change of fMet-tRNA*(prf20), fMet-
tRNA™e(rhd20), or Cy3-S660C-IF2 during 70SIC formation.30S initiation complex
containing fMet-tRNA"®(prf20), fMet-tRNAM®(rhd20), or IF2*® was rapidly mixed
with 50S subunit. (A) and (B): The fluorescencerges of fMet-tRNA"®(prf20) and
fMet-tRNA™®(rhd20). Blue trace: fMet-tRNK®(rhd20), excited at 480nm and
monitored via a 520nm bandpass filter; green trékket-tRNAM®(prf20), excited at
462nm and monitored through a 480nm bandpass. flkdr, IF2, IF3, 0.45 uM; fMet-

tRNA™e(rhd20) or fMet-tRNA"*(prf20) 0.18 uM; mRNA, 0.9 uM; 30S, 0.3 pM; 50S,
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0.5 uM; GTP, 100 pM. (C) and (D): Cy3-IF2 fluoresce change during 70SIC
formation, excited at 540nm and monitored by a BH70bandpass filter. The
concentrations are as above except that 0.15 pMIE¥&nd 0.45 uM fMet-tRNA*".
The curves are fitted by a triple-exponential egumaand the apparent rates are shown in

Table 5.1.
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Figure 5.5. Emission spectra examined under donorl@ne, doubly labeled and
acceptor alone samples during 30SIC formation(A) The emission spectra from fMet-
tRNA™(prf20) and Cy3-S660C-IF2. (B) The emission spensufrom fMet-
tRNAMe(rhd20) and Cy3-S660C-IF2. IF1, IF2, Cy3-IF2, IB345 uM; fMet-tRNAV,
fMet-tRNA™®(prf20), iMet-tRNA™®(rhd20),0.18 pM; mRNA, 0.90 pM; 30S, 0.30 uM;

50S, 0.50 pM; GTP, 100 pM.
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Figure 5.6. Rapid formation of 30SIC.Stopped-flow fluorescence measurements using
limiting amounts of either 1F?® (prepared as in Qin et al., 2009) or fMet-tRMA(cy5),
were carried out at 20°C with 0.3 uM 30S subunitd 8.0 equivalents of mMRNA022,
essentially as described (Grigoriadou et al. 200Fby the IF2*® binding experiment,
0.5 equivalent of IF2°.GTP was rapidly mixed with a 30S subunit solut@mmtaining
1.5 equivalents of IF1, IF3, and fMet-tRI&. For the fMet-tRNA™ (cy5)binding
experiment, fMet-tRNA™ (cy5) (0.6 equivalent) was rapidly mixed with 30&bsnit
solution containing 1.5 equivalents of IF1, IF2ddR3. Both 30S-containing solutions
were preincubated for 15 min at 37°C prior to ramicting. Excitation was at 530 nm or
650 nm and fluorescence was monitored through dpzess filter (550 £ 10 nm or 680
+10 nm) for IF2Y® or fMet-tRNAM® (cy5), respectively. Each trace was fit to a single
exponential equation, giving apparent rate constaft20.7 + 1.3 sét (IF2*®) and

20.9+0.5 set fMet-tRNA™® (cy5).
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Figure 5.9. Measures of the fluorescence changestire doubly labeled sample over
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fMet-tRNA™® 0.30 pM. The curves are fitted by a double-exptinequation.
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Table 5.1: Apparent rate constants (3) for Figure 5.4.

Rhd-tRNA Pri-tRNA Cy3-IF2
kappl 187 + 27 148 £+ 9 237 +15
kapp2 17412 9.7+05 7.5+0.19
kapp3 144 +£0.11 0.89 +0.03 0.16 +0.01
Ampl 0.21 £ 0.02 0.25+0.01 0.13+0.01
Amp2 0.19+0.01 0.14+0.01 0.21+0.01
Amp3 0.094 + 0.004 0.166 +0.002|  0.164 +0.007

Endpoint | 0.46 +0.01 0.54 +0.01 1.49+0.01
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Table 5.2: Apparent rate constants (3) for Figure 5.8.

kappl 17046
kapp2 0.34+0.01
Ampl 0.128+0.001
Amp2 0.118+0.001
Endpoint 0.377+0.0.001

135



Table 5.3: Apparent rate constants (3) for Figure 5.9.

Donor fluorescence Acceptor fluorescence
decrease increase
kappl 75.5+0.9 89.5+2.0
kapp2 0.67 £0.01 0.61 £0.02
Ampl 0.106 + 0.001 0.005 + 0.001
Amp2 0.026 + 0.001 0.0012 +0.001
Endpoint 2.14+0.01 0.031 +£0.001
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Table 5.4: Apparent rate constants (3) for Figure 5.12.

Green trace Blue trace
kappl 46 +1 48 + 2
kapp2 0.90 + 0.04 1.04 £ 0.04
Ampl 0.040 = 0.001 0.057 +0.001
Amp2 0.019 + 0.001 0.018 +0.001
Endpoint 0.109 +0.001 0.095 + 0.001
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CHAPTER 6
IDENTIFICATION OF NOVEL THIOPEPTIDE-
ANTIBIOTIC PRECURSOR LEAD COMPOUNDS USING
TRANSLATION MACHINERY ASSAYS
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6.1ABSTRACT

Most thiopeptide antibiotics target the transladlomachinery: Thiostrepton (ThS)
and nosiheptide (NoS) target the ribosome and intndnslation factor function, whereas
GE2270A/T binds to the elongation factor EF-Tu apikvents ternary complex
formation. We have utilized sevenal vitro translational machinery assays to screen a
library of thiopeptide antibiotic precursor compdsnand identified four families of
precursor compounds that are either themselvediiohy or are able to relieve the
inhibitory effects of ThS, NoS, or GE2270T. Sometluése precursors represent novel
compounds with respect to their ability to binditmsomes. The results provide not only
insight into the mechanism of action of thiopeptixdenpounds, but also demonstrate the
potential of such assays for identifying novel leadhpounds that might be missed using

conventional inhibitory screening protocols.
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6.2 INTRODUCTION

The translational machinery represents one of thgmtargets within the cell for
antibiotics (reviewed by Spahn and Prescott, 19@6tson, 2004). Many clinical
important classes of antibiotics, such as the dgtlanes, phenylpropanoids
(chloramphenicol), macrolides (erythromycin), amtirroglycosides (gentamycin) inhibit
translation by binding to the ribosome. Despitepgbtency of many of these drug classes,
antibiotic resistance among clinically relevanthmafens is an increasing problem and
thus the need for new antibiotics is more urgeahtever before. One class of antibiotics
that has received renewed interest in the recearsyis the thiopeptide family (reviewed
by Bagley et al., 2005; Nicolaou et al., 2009), caese of their effectiveness against
Gram-positive bacteria, in particular, methicilliesistantStaphlococcus aureus (MRSA),
as well as against the malarial paraBitasmodium falciparum (McConkey et al., 1997).
Thiopeptide antibiotics are composed of sulphud mitrogen-containing heterocycles as
well as non-natural amino acids that are linkedetbgr to form complex macrocyclic
frameworks (Figure 6.1A-D).

Two distinct families of thiopeptide compoundggetrthe translational apparatus,
one that targets the ribosome, referred to her€lass | thiopeptides, and the other,
referred to as Class Il thiopeptides, which targle¢éselongation factor EF-Tu. The best
characterized of the Class | compounds includesttepton (ThS) and nosiheptide (NoS)
(Figure 6.1 A, B), both of which have been crystali bound to the large ribosomal

subunit (Harms et al., 2008) (see later Figure 6BANnd G). These structures reveal that
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the Class | thiopeptides bind within a region oé tlibosome is part of the GTPase
associated center (GAC), so-named because it advied in translation G-protein factor
binding and stimulation of GTPase activity (Wilsamd Nierhaus, 2005). Biochemically,
Class | thiopeptides have been shown to inhibitin@ftion complex (70SIC) formation,
by interfering with the initiation G-protein IF2 (8ndi et al., 2004) and references
therein; (Grigoriadou et al., 2007) as well as ghiion, by interfering with both the G-
proteins EF-Tu (Gale et al., 1981; Gonzalez et28l07; Modelell et al., 1971) necessary
for rapid cognate aminoacyl-tRNA binding to theosbme, and EF-G, which catalyzes
translocation of the tRNAMRNA complex from the A and P sites to the P arsités
(Pan et al., 2007; Pestka, 1970; Rodnina et aP9;19eo et al., 2006; Weisblum and
Demohn, 1970). In contrast, the structurally simTdass Il thiopeptides (Figure 6.1D)
do not bind to the ribosome, but instead interactctly with EF-Tu (reviewed by
Parmeggiani and Nissen, 2006). The crystal stractir the Class Il thiopeptide
GE2270A bound to EF-Tu reveals that the drug binikin a cleft between domains |
and Il of EF-Tu and directly overlaps with the kimgl site of the terminal end of the
aminoacyl-tRNA (Parmeggiani et al., 2006; Parmegigend Nissen, 2006) (see later
Figure 6.7A-C). Binding of the drug has been pregpo® prevent the closing of domain |
and II, which is necessary for the induced-fit mgdof EF-Tu to the tRNA, and thus the
drug prevents ternary complex formation (Parmedgiad Nissen, 2006).

Although ThS is already in veterinary usage, ite/ lovater solubility and poor

bioavailability has so far precluded its use in Bmnmedicine. Recent success has been
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reported in the total synthesis of a number of €laand Il thiopeptides (reviewed by
Hughes and Moody, 2007; Nicolaou et al., 2009),luding amongst others ThS
(Nicolaou et al., 2005a; Nicolaou et al., 2005¢)d &E2270A (Nicolaou et al., 2008b;
Nicolaou et al., 2006). Such synthetic studies ptnes way to generating improved
thiopeptide derivatives by identifying syntheti@adments (or derivatives thereof) that
display biological activity or can act as new leadnpounds.

We have utilized a series of translation machinesgays to screen a library of
thiopeptide antibiotic precursor compounds. Unlike parent antibiotics thiostrepton,
nosiheptide and GE2270T, only a few of the preaurempounds display any significant
inhibitory properties, even at high concentratiomstead, however, four structurally
distinct families of precursor compounds (Figur@EBH) were discovered that relieve
the inhibitory effect imparted by the parent compas: The different precursor families
exhibit differential effects with respect to thenibitory antibiotic that is counteracted, as
well as the target whether the ribosome or EF-Two Tof the families represent
completely new compounds with respect to theiritgbib bind to ribosomes and thus
open the path to the development of novel antimials. The application of such
screening strategies will enable the identificatadnnew lead compounds that are not
detected using conventional inhibitory screeningqxols.

The work presented here is a collaborating efigrour group and Dr. Wilson’s group.
Specifically the experiments in Figs 6.2, 6.3C, &R®D are completed by our group and

the rest of the data is accomplished by Dr. Wilsaroup.
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6.3 MATERIALS AND METHODS
6.3.1 Component preparation

GE2270A, T and C1 and the library of thiopeptidegursor compounds were
synthesized as described previously (Nicolaou et 28105b; Nicolaou et al., 2008a;
Nicolaou et al., 2008b; Nicolaou et al., 2006). ddtiepton was purchased from Sigma,
while nosiheptide was the kind gift from Prof. Haand micrococcin P1 was supplied by
Dr. Torsten Stachlhaus. With an extinction coefiti of 27,000 cih M™ at 280 nm in
DMSO (Bausch et al., 2005), the concentration o Ti& higher by weight than by
absorbance but the difference within a 10-20% rasgeceptable. Northcote et al. 1994
reported the UV spectrum (in methanol) of glycoli@ride has extinction coefficients at
296 nm (33,200 cth M™) and 349 nm (23,800 ¢mM™). Because of the structural
similarity between glycothiohexide and nosiheptiitejs reasonable to estimate the
concentration of nosiheptide, in the same magnititie one by weight.

ThetetM gene (Tn916) cloned into the pET24b vector wasihe gift from Prof. V.
Burdett. Tet(M) protein was expressed in BL21 (DRBJL cells in 20 °C with 0.2 mM
IPTG. E. coli EF-G cloned into pQE70 vector was expressed in Klue cells. Both
proteins were purified using Ni-NTA metal-affinishromatography (Qiagen), followed
by gel-filtration chromatography on a HiLoad 26/6@perdex 75 prep grade column
(Amersham-Pharmacia). For the experiments desciibddgures 2 and 5, ribosomes,

IF2cys, IF1, IF3, 30S subunits, MDCC-labeled phosphatelibig protein (PBP),
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022AUG mRNA, and fMet-tRNA™ were prepared as described previously (Qin et al.

2009) as was EF-G (Pan et al., 2007).

6.3.2 IFZ”* fluorescence change assay

Reactions were carried out in a 384-well assayepl®0S subunits were
preincubated (15 min at 37 °C) with a series ofcemtrations of the test compounds in
DMSO that are transferred from a premade compouatk go the assay plate by a
Perkin-Elmer Evolution P3 liquid handler. Reactiaas initiated by addition of 30S
initiation complex (30SIC) to each well of the gafFluorescence (579 nm) was read
with a 2103 EnVision Multilabel Plate Reader onitatmon at 550 nm. For the reversal
experiment, 30SIC was preincubated with ThS (10, Bih °C), followed by a second
preincubation with test compounds (10 min, 37 “&)d reaction was initiated by 50S

addition.

6.3.3 GTPase activity assays

For both assays described below, reactions perfbimehe absence of ribosomes
were used as a background signal to account fanthesic GTPase activity of EF-G or
Tet(M).

By Malachite Green. GTPase activity was measured using the Malachiteesr
Phosphate Kit (BioAssay) that quantifies the greemplex formed between Malachite

Green, molybdate and free orthophosphate. All r@astcontained 30 nME. coli 70S
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ribosomes, 2QuM GTP and 60 nM protein in the presence or absen@mtibiotics as
necessary. Reactions were transferred into 96-wigltotiter plates and color formation
was measured on Tecan - Infinite M1000 micropletaler at 650 nm.

By MDCC-labeled PBP. GTPase activity was measured using the MDCC-labEBE
complex, which measures free phosphate releasen asceease in fluorescence, and
utilizes a Pi-MOP system to minimize the backgroulg to phosphate present in the
original medium (Brune et al., 1994; Seo et alQ&0 Reactions were carried out in a
384-well assay plate. Ribosomes were preincubdddrin at 37 °C) with a series of
concentrations of the test compounds in DMSO that teansferred from a premade
compound plate to the assay plate by a Perkin-Elaiution P3 liquid handler.
Reaction was initiated by addition of an ice-caddlison containing EF-G, PBP-MDCC,
and GTP to each well of the plate, a process theg wompleted in under 30 sec.
Fluorescence (450 nm) was read within 1 min usir®#l@3 EnVision Multilabel Plate
Reader, on excitation at 405 nm. For the reversgleement, ribosomes were
preincubated with ThS (10 min, 37 °C), followed &#ysecond preincubation with test
compounds (10 min, 37 °C), and reaction was imitdty EF-G, PBP-MDCC, and GTP

as above.

6.3.4 In vitro transcription-translation assay

All coupled transcription-translation experimentsres performed using al. coli

lysate-based system in the presence and abseradibiotics as described previously
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(Dinos et al., 2004; Szaflarski et al., 2008). Rieas were transferred into 96-well
microtiter plates and the GFP fluorescence was unedswvith a Typhoon Scanner 9400
(Amersham Bioscience) using a Typhoon blue laseduteo (Amersham Bioscience).
Images were then quantified using ImageQuantTL (&dalthcare) and represented

graphical using SigmaPlot (Systat Software, Inc.).

6.3.5 Modeling and figure preparation

Chemical structures for the precursor compounds wieawn and converted to 3D
coordinates using ChemDraw (Advanced Chemistry g@veent, Inc. Toronto, Canada).
PA2 models utilized the thiostrepton binding pasition theDeinococcus radiodurans
50S (D50S) subunit (PDB ID 3CF5) (Harms et al., @00vhereas PD1 and PD2 were
based on the D50S-nosiheptide complex (PDB ID 24BRyms et al., 2008). PyMol
(http://www.pymol.org) was used to model the PBH &C compounds, align EFTu
eGE2270A (yellow; PDB ID 2C77; Parmeggiani et aD08) and EF-TatRNA (blue;
PDB ID 1TTT,; Nissen et al., 1995) on basis of damii as well as prepare all gray-

traced figures.

6.4 RESULTS

Several assays were used to examine thiopeptemifmor compounds for their
abilities to bind to the thiostrepton binding siggther by mimicking ThS inhibition of
specific ribosomal functions, or by protecting titeosome against the inhibitory effects

of ThS via a competition effect. These assays, Wwtace discussed in turn below,
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measure (i) IF2 conformational change during theveecsion of 30S initiation complex
(30SIC) to 70S initiation complex (70SIC), (ii) abome-dependent stimulation of the
GTPase activity of EFG and (iii) the cell-free dyesis of green fluorescent protein (GFP)

using anEscherichia coli in vitro coupled transcription-translation (TT) assay.

6.4.1 The thiopeptide precursor PA1 inhibits 70SIGormation.
The initiation factor IF2 is essential for 70SICrrfmtion from 30SIC and 50S

subunits (Antoun et al., 2003; Grigoriadou et 2007). Elsewhere we have shown that
the fluorescence of a Cy3 derivative of IF2 @f= increases on 70SIC formation
resulting from the binding of a 50S subunit to &SRBD containing 1F2ys (Qin et al.,
2009). This increase is inhibited by both ThS amENFigure 6.2A), largely as a result
of the effect of these antibiotics in inhibitingthdhe rate and extent of 70SIC formation
(Grigoriadou et al., 2007) and data not shown. Meag the extent of fluorescence
change is thus a convenient way of monitoring tepifgle precursor effects on 70SIC
formation. A library of thiopeptide precursor conypals, as well three forms of the EF-
Tu inhibitor GE2270 (A, T, and C1) were screenedtliis activity, along with ThS and
NoS as positive controls. Only one precursor, dath®Al (Figure 6.2B), showed any
measurable activity in inhibiting the fluoresceraenge, with an apparent, 5 uM,
some 60 — 400-fold higher than for ThS or NoS, eetipely. Although PA1 does not
bind with very high affinity, it apparently does with considerable structural specificity,

since the inhibitory effect was not seen for commusuPA2-PA3 which have only minor
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structural differences from PAl (Figure 6.1E). Timopeptide precursors were also
screened for their abilities to reverse ThS infobiof the IF2ysfluorescence increase on

70SIC formation. In no case was such reversal obder

6.4.2 Differential effects of precursor compounds o factor-dependent GTPase
assays

Vacant 70S ribosomes are known to stimulate the a&&Pactivity of EF-G via
formation of a 70S*EF-G*GTP complex. Such stimolatis strongly inhibited by ThS
(Pestka, 1970; Weisblum and Demohn, 1970). We twedmultiple turnover GTPase
assays to screen thiopeptide precursors for irdmpd#ctivity.

The first assay measured EF-G GTPase activityformation of a Malachite Green
complex, for hundreds of turnovers. Under condgidar which ThS (1uM) almost
completely abolished such activity, we identifidoree distinct classes of precursor
compounds (PA-PC; Figure 6.1E-G) that exhibited esbdhhibitory effects when added
at 50uM (Figure 6.3A). However, we note that none of thesmpounds added at {M
showed appreciable inhibition (data not shown). eépected, the negative control,
GE2270T, had no effect at a concentration ofiD(Figure 6.3A). In order to determine
whether the modest inhibitory effects seen in FegBr3A were specific for EF-G, we
next checked whether these compounds could alsibitintihe ribosome-dependent
stimulation of the Tet(M) GTPase. Tet(M) is a GTé&dbat binds to the ribosome

analogously to EF-G, and confers resistance tatftbiotic tetracycline by weakening
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its binding to the ribosome (reviewed by Connelakt 2003). Similar to the results for
EF-G, representatives of the PA and PC familidsbéted modest inhibitory effects on
Tet(M) GTPase at high concentration (40d@) (Figure 6.3B). However, in contrast to
EF-G, little or no inhibition was observed for tR8 family, suggesting that it is specific
for EF-G.

The second assay measured EF-G GTPase activitytherfluorescence increase of
released Pi binding to the fluorescent phosphatditg protein MDCC-PBP (He et al.,
1997; Seo et al., 2006). This assay, which canrimciple be used for single turnover
measurement, was here employed to measure seuenalvérs, as determined by the
stoichiometric ratio (5:1) of MDCC-PBP to ribosonfes performed, this assay could
only detect very potent inhibitors of EF-G GTPasiece fluorescence wasn’'t measured
until 1 min after initiation of reaction, whereas the absence of inhibition the full
fluorescence change is complete within 5 — 10 data(not shown). It is thus no surprise,
given the results presented in Figure 6.3A, thidoalgh ThS inhibited this assay with an
apparent Kof 1.1 uM, neither any of the precursors tested, nor eves Mr MiC,
showed measurable inhibition up to a concentratfatDOuM (Figure 6.3C). In contrast,
both NoS and MiIC added at very low concentratiootgmted against inhibition by 1.2
uM ThS, with half-maximal effects seen at 0.0 and 0.11uM, respectively (Figure
6.3D). However, none of the precursor compoundsr@éfd similar protective effects up

to 50 — 10QuM of added precursor.
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6.4.3 Protective effects of precursor compounds dhiopeptide-mediated translation
inhibition

Although as expected, ThS, NoS and GE2270T werenpanhibitors of GFP
synthesis using aimn vitro TT assay (Figure 6.4, lanes 2-4), none of the psecu
compounds tested displayed any significant inhilgitactivity in this assay (Figure 6.4,
white bars), even at high concentrations (50-i®0. In contrast, addition of 5aM of
representatives precursor compounds from four tstralcdistinct classes PA-PD (Figure
6.1E-G), could reverse the inhibitory effect ofudl ThS (Figure 6.4grey bars). The
most effective protection was seen with PA2, whiebktored translation back to levels
observed in the absence of antibiotic (Figure Bde 6), whereas in comparison, PB1,
PC1 and PDL1 restored translation to 40-60% (Figude lanes 13-28). Additionally, we
find that the 5S, 6R stereoisomer of PA2 (PA4) bibd some protective properties
(~35% compared to 100% for PA2). The structural siogy of these effects is clear
from the failure of precursors that are chemica#iated to exhibit similar protective
effects against ThS inhibition. These include PA3gure 6.4, lanes 6 and 8), which
differs from PA2 by lacking only a double bond wiithhe central piperidine ring (Figure
6.1E), and PD2 (Figure 6.4, lanes 26 and 28) whidth respect to PD1, has an altered
side-chain on one of the thiazole rings (Figurd#.1

Interestingly, PA2, PB1, PC1 and PD1 displayed mdtifferences in their abilities
to reverse the inhibitory effects of NoS (M) and GE2270T (2mM), as compared to
the inhibitory effects of ThS. Thus, as shown igufe 6.5, PA2 was an omnipotent

protector of translation, restoring translationdsvin the presence of all three thiopeptide
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inhibitors, with the following order of efficiency:hS (100 %) > GE2270T (80 %) > NoS
(60 %), PD1 rescued translation in the presencEh& and GE2270T, but not NoS, and
PB1 and PC1 efficiently rescued translation onlpiast ThS. As was true for ThS,
neither PA3, PB2, PC2, nor PD2 were able to reversiition by NoS or GE2270T

(data not shown).

6.4.4. Interaction of thiopeptide precursors with he ribosome

The specific protective effect of the precursor poomds against ThS suggests that
these compounds specifically compete with ThS foding to the ribosome. Structural
(Harms et al., 2008; Jonker et al., 2007) and leodbal data (Spahn and Prescott, 1996;
Xing and Draper, 1996) for ThS suggests that tigh haffinity of this drug for the
ribosome results from cooperative interaction betweucleotides in H43/44 of the 23S
rRNA and the L11-NTD (Figure 6.6A, B). Given theustural similarity between PA2
and ThS, it is possible to model the position a$ tompound bound to the ribosome
(Figure 6.6C, Harms et al., 2008). The substitubbhe double-bond in the piperidine
ring of PA2 to generate PA3 abolishes the proteatifect of the compound (Figure 6.4).
The chemical structure of PA3 suggests that therfgme ring would not be planar as in
PA2. This in turn changes the relative position @iy A) of the attached thiazole moiety
(data not shown), which based on the model wouitl shHowards Pro27 of L11-NTD

and thus encroach on the thiopeptide binding §tech modest displacements within
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drug binding sites have been shown to have drara#icts on the affinity of compounds,
and often lead to antibiotic resistance (Blahd.e808; Tu et al., 2005).

Although it is more difficult to model the PB an€ Reries of compounds based on
the available structures, it is clear that the atrrrings within these families suggest a
potential mode of binding that establishes sim@tars stacking interactions with both
H43/44 and L11-NTD (Figure 6.6D, E). Alterationstldisrupt these rings, as seen for
PC2 (Figure 6.6F), could explain a reduced binding corresponding loss in protection
(Figure 6.4). The PD class of precursors is stradijumost similar to the pyridine core
of NoS (Figure 6.1). NoS is oriented differently trme ribosome compared to ThS,
establishing stacking interactions with Pro22 bot Rro26 (Figure 6.6G; Harms et al.,
2008). Based on our modeling, PD1 can make anatogueractions with Pro22 as

nosiheptide (Figure 6.6H), whereas the inactive B&ot (Figure 6.61).

6.4.5 Interaction of thiopeptide precursors with EFTu

The thiopeptide GE2270A has been crystallized immgex with EF-Tu, revealing
the drug binds within a covered groove in domajra$l well as spanning across the active
site cleft of EF-Tu to interact with the domairiie G domain (Figure 6.7A; Parmeggiani
et al., 2006). GE2270A overlaps the binding sitethed terminal A76 and aminoacyl
moiety of the tRNA (Figure 6.7B) and is proposeevent the closing of domains | and Il
necessary for the induced fit binding of aa-tRNAg(fe 6.7C), and thereby preventing

ternary complex (EFTue GTP<tRNA) formation (revielby Parmeggiani and Nissen,
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2006). The structural similarity between the PA &Md with GE2270A (Figure 6.1)
suggests that these compounds would also bindrwitie groove of domain 1l of EF-Tu
(Figure 6.7D) and overlap with the A76 of the tRNRigure 6.7E). However, the
truncated nature of these compounds prevents them festablishing additional
interactions with domain I, even in the closed tRN&und ternary complex state of EF-

Tu (Figure 6.7F).

6.5 DISCUSSION

Here we present several translation-related asstysng high-throughput 96- or
384-microtiter plate formats that have been usedsdeen a library of thiopeptide
precursor compounds for their abilities to inhibite or more aspects of translation
and/or reverse the inhibition of known thiopeptalibiotics. These screens identified
four distinct families of precursor compounds, tednPA-PD, which could act as
potential lead compounds for development of nowveinacrobials.Two of the families
identified, PA and PD, contain a six-membered g@m heterocycle core (PA,
dehydropiperidine; PD, pyridine) analogous to tinefeptide antibiotics thiostrepton and
GE2270A (Figure 6.1). The crystal structures obpleiptides bound to the ribosome
(Harms et al., 2008) and of GE2270A bound to EFHarmeggiani et al., 2006) reveal
the importance of the heterocycle core of thesepoamds for interaction with their
respective targets, and enables a model to bergeestor how PA and PD members are

likely to interact with the ribosome and/or EF-Trigure 6.5 and 6.6). Such models are
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consistent with the fact that both families havembers, such as PA2 and PD2, which
can rescue translation in the presence of ThS aBR@2®)T, probably by direct
competition for binding between the precursor coomgband the thiopeptide antibiotic.
In addition, PA1 and PA2 displayed inhibitory adinagainst translational GTPases IF2
(Figure 6.2B), and EF-G and Tet(M) (Figure 6.3A,B)spectively. However, compared
to the parent thiopeptide compounds, much highercewatrations of the precursor
compounds were necessary to exhibit similar effetisst likely indicating the much
lower binding affinity of the precursors. The irexfiveness of precursor compound PA2
as a direct inhbitor was surprising, since this pound has been previously reported to
exhibit antimicrobial activity against methicilliresistanceStaphlococcus aureus and
vancomycin-resistanEnterococcus faecalis with a minimal inhibitory concentration
(MIC) of 5 uM (Nicolaou et al., 2005b). Our results suggestdfoge that the inhibitory
effect of PA2in vivo may in fact not be related to translation, butfigation of this point
will require further investigation.

The other two families identified in our screeB Bnd PC, to our knowledge
have not been previously reported to target thestaional machinery. PB1 is
chemically similar to the thiazolidine precursomgmound used to generate the pyridine
core of amythiamicins (Nicolaou et al., 2008a), ebhitarget EF-Tu analogously to
GE2270A (Parmeggiani et al., 2006; Parmeggiani ldisgen, 2006), whereas the PC
series of compounds contain a protedigdydroxy-a-aminoacid, which is a precursor in

the synthesis of GE2270A/T/C1. Curiously, the PB BT families display much higher
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specificity for the ribosome than for EF-Tu, asd&riced by the ability of PB1 and PC1
to restore translation more efficiently in the nese of ThS, as compared with GE2270A
(Figure 6.5). Although PB1 and PC1 are structurdistinct (Figure 6.1), we believe the
common aromatic/cyclic nature of both these comgsuis important for ribosome
binding. Accommodation of EF-G on the ribosome imes the insertion of domain V of
EF-G into the crevice between H43/44 and L11-NThibition by Class | thiopeptides
has been proposed to stem in part from their phigidinking L11-NTD to H43/44,
thereby locking the cleft shut (Harms et al., 2008 suggest that PB1 and PC1 can also
span the L11-rRNA crevice (Figure 6.6D, E) and @enf this locking function,
analogous to ThS/PA1 (Figure 6.6B, C) and NoS/PBfjufe 6.6G, H). Similarly to
PA/D, the high concentrations of PB/C required mhibit the ribosome-dependent
GTPase activity of EF-G \ indicative of their lovinting affinities for the ribosome.
Such low affinity may allow translation factors,chuas IF2 or EF-G, to displace the
precursor from the drug binding site during accordatimn on the ribosome, or for EF-
Tu binding to tRNA during ternary complex formatjahus explaining the absence of
any direct inhibitory effect of any of the precuismn GFP synthesis. The differential
effects of the precursors on the GTPase assaysarethppo the TT assay is probably
related to the ribosome concentrations in the G&Rasays being ~10x - 100x less (30 -
300 nM) compared to the TT assay () and to the putative higher affinity of EF-G

for translating rather than empty ribosomes (Sergtel., 2005).
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The majority of clinically used antibiotics targagi the ribosome bind either to the
decoding region on the small subunit or within eitthe peptidyltransferase center or the
adjacent peptide exit tunnel of the large subumitere they interact almost exclusively
with ribosomal RNA (Spahn and Prescott, 1996; Wi|s2004). The Class | thiopeptide
compounds, however, are distinct in that they taegdifferent region of the ribosome,
namely the GTPase-associated region or translédictor binding site, where they
interact with both rRNA and ribosomal protein L1As a consequence, Nno Cross-
resistance has been found between thiopeptideiatntgand other clinically important
drugs. Therefore, the identification of compoundshsas PA-PD provides a good base as
lead compounds for the development of novel antiohi@l agents that target this region
of the ribosome. Furthermore, the ability of somecprsor compounds, such as PA1 and
PD1, to bind both EF-Tu and the ribosome suggdses feasibility of developing

antimicrobials that are dual inhibitors of ribos@aad ternary complex formation.

6.6 SIGNIFICANCE

We present a series of translation machinery asegscan be used to screen for
novel lead compounds that not only inhibit specsieps of translation, but also relieve
the inhibitory effects of other inhibitory compowmndUsing these assays to screen a
library of thiopeptide precursor compounds, we haentified four distinct families of
compounds that inhibit either IF2, EF-G and/or WBi(as well as confer protective

effects against thiopeptide translation inhibitofsboth the ribosome and EF-Tu. Our
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findings not only elucidate the mechanism of actdrihiopeptide compounds, but also
illustrate the potential of such highthroughputagssto identify novel lead compounds
that might be missed using conventional inhibitscyeening protocols. Whereas the IF2
and EF-G GTPase assays are specifically usefidd@ening antibiotics interfering with

translation G-factor proteins, the TT assay is gaheapplicable for screening all classes
of translation inhibitors, including those targetithe peptidyltransferase and decoding
centers of the ribosome, and other novel ribosasites, in addition to those interfering

with translation G-factor proteins.
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Figure 6.1. Chemical structures of thiopeptide anbiotics and precursor families
PA-PD

Chemical structures of the thiopeptide antibio(ig}thiostrepton (ThS), (B) nosiheptide
(NoS), (C) micrococcin (MiC), and (D) GE2270A/T/CAnd precursor families (E) PA1-

5, (F) PB1-3, (G) PC1-3, and (H) PD1-2
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Figure 6.2. The IF2 fluorescence change assay.

(A) Emission spectra of IF2Cy3-containing 30S atibn complex mixed with 50S
subunits in the presence of ThS or NoS. 50S wasptdated with antibiotics for 5 min
at 37°C and then rapidly mixed with 30S initiation compkt 20 oC, followed by 5 min
incubation before measurements. Black solid traxe:antibiotics; gray dashed trace:
thiostrepton; gray solid trace: nosiheptide; blaldshed trace: 30S initiation complex
alone. The final concentrations are IF1, IF3, fMeNAfMet, 0.45uM; IF2Cy3, 0.15uM;

MRNA, 0.90uM; 30S, 0.30uM; 50S 0.30uM; GTP, 100uM and ThS, MiC, NoS, 1.5
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uM. (B) Dose response curves for the inhibition hfofescence change on mixing
IF2Cy3-containing 30S initiation complex with 50&%bsnits in the presence of
thiopeptide compounds. The Y-axis indicates theA% in the presence of added
compound relative to thé\F in the absence of added compound relative to the
fluorescence of 70SIC by itself. Final concentnagicare IF2Cy3, 0.1aM; IF1, IF3,
fMet-tRNAfMet, 0.45uM; 022AUGmMRNA, 0.9uM; 30S, 0.3uM; 50S, 0.3uM; GTP,

100 M.
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Figure 6.3. Effect of thiopeptides and precursor ampounds on GTPase activity of

EF-G and Tet(M)

(A) Inhibition of uncoupled ribosome-dependent ERSGPase by thiopeptides ThS (1
uM), GE2270T (25uM) and precursors PA2, PB2, PC1 and PC2u(®). Closed circles
indicate GTPase activity of EF-G in the absencantibiotic. (B) Inhibition of uncoupled
ribosome-dependent TetM GTPase by ThSul) and precursors PA2, PB1 and PC2
(100 uM). Closed circles indicate GTPase activity of TeitMthe absence of antibiotic.
(C) The dose response curves of Pi release inrdsepce of ThS, NoS, MiC or precursor
compounds. The Y axis indicates the/% due to Pi release in the presence of added

compound relative to thé\F in the absence of added compound relative to the
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fluorescence from EF-G interaction with the ribogoim the absence of any compound.
The final concentrations are 70S, Qu81; EF-G, 0.75uM; MDCC-PBP, 1.5uM;
GTP,100uM;7-methylguanine, 20QM; nucleotide phosphorylase, 0.3 unit/ml. (D) Dose
response curves for reversal of ThS inhibition bfdkease by NoS, MiC, or precursor
compounds. The final concentrations for each corapbare 70S, 0.8M; EF-G, 0.75
uM; ThS, 1.2 uM; MDCC-PBP, 1.5uM; GTP, 100 uM; 7-methylguanine, 200

uM;nucleotide phosphorylase, 0.3 unit/ml.
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Figure 6.4. Precursor compounds protect translatiorirom thiostrepton inhibition
In vitro transcription-translation of GFP in the absencepmsence of ThS 2hM
GE2270T, 5uM NoS and 5uM ThS (black bars), or in the presence (B0) of precursor
families PA2-5, PB1-3, PC1-3 and PD1-2 (-ThS, whiées) or with additional presence
of 5 uM thiostrepton (+ThS, grey bars). GFP fluoresceftoen microtiter plate wells
shown above each lane were quantified and repessergt bars, with the fluorescence

detected in the absence of antibiotic assigne®@%4.
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Figure 6.5. Differential protective effects of prearsors against thiopeptide
inhibition. Protection profiles of representative precursomnfrall described groups
against chloramphenicol (Cam, i), nosiheptide (NoS, pM), GE2270T (25uM) and
thiostrepton (ThS, BM). GFP fluorescence in the absence of antibicdgigned to 100
%, whereas the precursor results are presentecheast protection, given as the
difference between the inhibition of translation thye active compound (Cam, NoS,

GE2270T or ThS) in the presence and absence qiréoeirsor compound (5M).
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Figure 6.6. Binding site of precursor compounds othe ribosome

(A) Overview of thiopeptide binding site on thedarribosomal subunit. Interface view
with helix 43 and 44 (H43/44, orange), L11 (yelloav)d thiostrepton (green) highlighted
with surface representation (from PDB ID 3CF5) (idaret al., 2008). (B) The thiazole
rings of ThS (green) interact with the RNA baseshat tips of H43/44 as well as the
Prolines in the Nterminal domain of L11 (yellow:)(Model for precursor PA2 bound to
the ribosome, based on the position of ThS. PALnbuPA3 (see text), bind similarly.

(D-F) Possible modes of binding for precursors RBfl PC1 based on ring stacking

interactions with RNA and protein components of tib®some, whereas PC2 lacks one
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phenyl ring compared to PC1. (G) Nosiheptide (pinkgracts with the RNA bases at the
tips of H43/44 as well as the N20 terminal domainLdl (yellow), but in a distinct
manner compared to ThS (using PDB ID 2ZJP; Harmal.et2008). (H-1) Model for
precursor PD1 and PD2 bound to the ribosome, basélde position of nosiheptide. PD2

lacks one ring moiety, suggesting binding wouldibstabilized.
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Figure 6.7. Binding site of precursor compounds o&F-Tu

(A) Structure of the thiopeptide GE2270A (greenutd to EF-Tu (yellow), with
domains I, Il and Ill indicated (PDB ID 2C77) (Parggiani et al., 2006). (B) GE2270A
overlaps the binding position on EF-Tu of the terahiA76 and aminoacyl moiety of
tRNA. Inset shows overview of EF-#tRNA ternary complex (PDB ID 1TTT) (Nissen
et al.,, 1995) with superimposition of GE2270A. (Quperimposition of EF-
TueGE2270A (yellow) and EFTetRNA (blue), aligned on basis of domain Il. Notatth
GE2270A (green) clashes with domain | of EF-Tu fritma ternary complex (blue). (D)
Model for precursor PD1 bound to EF-Tu based onTE®#GE2270A complex (PDB ID
2C77) (Parmeggiani et al., 2006). (E) PD1 (pinkgrtayps the binding position on EF-Tu
of the terminal A76 and aminoacyl moiety of tRNAug). (F) as (C) but with PD1
instead of GE2270A. Note that PD1 does not clagh @womain | of EF-Tu from the

ternary complex (blue)
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