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Abstract

Members of the ubiquitous GTPase superfamily regulate numerous cellular funétions.

core group of eightGTPasesare presentin all domains of life: initiatio factor 2,
elongation factors Tu and G, protein secretion factors Ffh and FtsY, and the poorly
characterized factors YihA, YchF, and HflX. While the first five members have well
defined roles in the essent@llular process of protein synthesis, a réde YihA, YchF

and HflX in this procesdasonly recentlybeen suggesteddere, a detailed kinetic
analysis examining the interaction between H&#Xd its cellular partners is described

50S and 70S ribosomal particles function as GTPase activating fdotokslX by
stabilizing the nucleotide binding pocket
These data indicates a novel mode of GTPase activation, and suggests a role for HfIX in

regulating translation.
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1. Prokaryotic Protein Synthesis
1.1 Overview of the central dogma

The central dogma aholecular biology (Figure 1)Idescribediow genetic information,
encoded by deoxyribonucleic acid (DNA)nctions as a template for the production of prste
A DNA template (a gene) is read by a DM&pendent ribonucleic acid (RNA) polymerase,
producing a messenger RNA (mRNA) transcript. Following transcription, the mRNA transcript
is then read to produce a polypeptide chain (tvsighsequently folds intis functional three
dimensional structure) in a process called translghience, mRNA is a coding RNAThere are
few exceptions to this general scheme; RNA sequences can be reverse transcribed through the
activity of RNA-dependent DNA polymerase (reser transcriptase), while some RNA
sequences are not translaf@hd hence are necoding) but instead play additional structural
(such as ribosomal, or rRNA) or functional (such as transfer (tRNA), micro (miRNA), short
interfering (SiRNA), or ribozymes) tes within the cell. Protein synthesis (translation) is a
highly conserved process in all cell types, catalyzed by the ribosome: a megadadtbn
complex consisting of two ribosomal subunits; the 30S subtoribposedf 16S rRNA and 21
proteins (labele®1-S21) and the 50S subunit, containing two rRNA species (23S rRNA&nd
rRNA) and 34 proteins (labeled t134). This cyclic process consists of four distinct steps:
initiation, during which ribosomal subunits, messenger RNA (mRNA), and initiatoA tfRWlet-
tRNA™® in bacteria) are brought togethéii) elongation, during which mRNA is read codon by
codon by the ribosome and cognate amino acids are sequentially added to the growing

polypeptide chain(iii) termination, during which a stop codonread by a release factor, thus

1



triggering release of the completed polypeptide; @ndrecycling, during which the ribosomal
subunits, bound mMRNA, and deatRRNA are dissociated in preparation for the initiation phase.
Importantly, these four phases wag@ the activityand precise coordinatioof multiple protein
factors, including members of thelébp GTPase superfamily, to maintgirotein synthesis rates
capable of supporting cellular functioif.he focus of this chapter is to briefly discuss these

phases with respect to tfeetorsinvolved therein.
3y
e 3 J \/ DNA
1 Transcription sssssme— non-coding RNA

3
mRNA (coding RNA)

5
1 Translation
( ) 508
. - ,./ ,
5 w 3 ] 70S Rb
~_ 30S

Polypeptide Chain

Functional Protein - Cellular Function

Figure 1.1. The Central Dogma ofMolecular Biology

A DNA template is transcribed by DNdependent RNA polymerasBNA can either encode

for geneticinformation (coding RNA or mRNA) or play a structural role (necoding RNA)

MRNA transcripts are translated in a ribosome catalyzed process, to produce polypeptide chains
that can then fold into a threkmensionaktructure

2



1.2 Initiation

Initiation in prokaryotes gummarized in Figure 1.Zeviewed in referencegKozak,
1999; Laursen et al., 2005)equires the interaction of 30S and St somalsubunits, itiator
tRNA (fMet-tRNA™®), and initiation factors (IFs) 1, 2, and 3. This process is moneplexin
eukaryotes, which require additional factors for regulation of initiation and recognition of
eukaryotic mRNA. In prokaryotes, the 308bosomal subuni with bound IF3 (from the
recycling phase) interactwith an mRNA, correctly positioning th6AGG AGGO Shine
Dalgarno sequend@-10 nucleotides upstream of the AUG start codon) withctimapementary
antiShineDalgarno sequence on the 16S rRM&. a result, the AUG start codon is positioned
in the ribosomal Rite with the aid of ternary complexconsistingof IF-2 A G T P A.tIFR3N A
stabilizes the interaction between the tRIMAd the ribosomal-Bite. IF1 binds to the ribosomal
A-site, stabilizing thenewly formed pranitiation complex. A conformational change is required
for cognate fMetRNA™M*AAUG codon interaction and for mat
complex; following this recognition, & and IF3 dissociate, allowing H2 to promote
asso@tion of the 50S subunit. {Z hydrolyzs GTP (discussed in section.2)1 causing release
of the tRNA into the ribosomal Rite. IK2 AGDP t hen dissociates from
70S ribosome with bound mMRNA andsiRe tRNA, which can then proceeto the elongation
cycle. It is important to note that4¥ has a ribosome subunit aagsociation abilityfHirokawa
et al., 2007) which is thought to function as a regulator of translation initiatiofr8 Hnd IF1
may also play ect roles in ribosome recyclinfPavlov et al., 2008; Singh et al., 2005b;
Varshney and Seshadri, 200&ection 1.5). Displacement of-B-may be induced by ribosome

stabilizing agents such as the antibiotic paoonycin(Hirokawa et al., 2007)
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Association of mMRNA, Dissociation of GTP hydrolysis Dissociation of
tRNA, and IFs E IF-1 and IF-3 by IF-2 IF-2:GDP /" "'\
?_ D — T> > T>
h_f{( P E P JA E P 7A E_ A
N ﬂ |

- 5

30S-IF-3 70S with P-site
(from recycling) peptidyl tRNA
rf fMet-tRNA™M (to elongation)

D rs .;'\" J 505 ribosomal subunit

q .
¢

) 30S ribosomal subunit

IF-2
D el mRNA

Figure 1.2. Prokaryotic Initiation

The 30S ribosomal subunit in complex with-3F(from the recycling phase) associates with

mRNA, IF1, and the IR AGT P A teRadyAcomplex. IR and 3 stabilize binding of the

ternary complex to the 30S subunit and aid in correctly positioning the itBiNthe AUG start

codon. Once IA and IF3 dissociate, 50S subunit binding is facilitated by2IFGTP is
hydrolyzed, IF2 AGDP di ssoci ated, and the netRNAyYin f or me
the ribosomal Fite is ready for entering the elongation cycle.

It is worth noting that additional factors, present in eukaryotes but not prokaryotes, are
responsiblefor ecogni zing different elements of- eukar
guanosine cap (f®) is recognized by eukaryotic initiation factor 481~4E), while the

poly(A) tail is recognized by the poly(A) binding protein,vesll as elF4A.



1.3 Elongation

The elongation cycle dfanslation (Figure 1.3% well characterized in thedrature. Te
roles of EFTu and EFG during the elongation cycle agescribedPape et al., 1998a; Rodnina
et al., 2000; Wieden et al., 2002)Translocation is reviewed i§Shoji et al., 2009) The
elongation cycle consists tifie sequential addition of amino acids to the growing polypeptide
chainin a codordependent manne®nce a functional ribosome has been assembled, consisting
of the 70Sibosome with bound mRNA and tRNA the ribosomal Bite, the aminoacyitRNA
(aatRNA) is delivered to the ribosomal-gite as aternary complex consisting of 4BRNA,
elongation factor (EF) Tu, and GTP. This complex binds to the ribosorsiteAand upn
cognate codoianticodon recognition, GTP is hydrolyzed, and the amined®MA is fully
accommodated. EFu with bound GDP then dissociates following release of inorganic
phosphate (f The inactive EFT u A GlinBry complex is recycled by the guaninecieotide
exchange factofGEF) EFTs, which catalyzes the efficient release of GDP and thus facilitates
rebinding of GTP, allowing Eff u AGT Pt -6RN/ forradothex eound. At the ribosome,
rRNA catalyzes the formation of a peptide bond between thte Rind the Asite aatRNAs
(Figure 1.5). Following peptide bond formation, -BR G TaBsociatesvith the ribosome and
hydrolyzesits bound nucleotideRelease of Hrom EFG and translocation of peptid{RNA in
the A-site and deacyiRNA in the Rsite ocurs simultaneously with mRNA tralocation(Peske
et al., 2004) This results in formation of the pesanslocation complex, consisting of deacyl
tRNA in the ribosomal Eite and peptidytRNA in the ribosomal Esite. EFGAGDP t hen

dissociates from the ribosome following a conformational change in the protsite &ecacyl



tRNA then dissociates from the ribosome, allowing for another round of elongation to occur. EF

Tu and EFG, and their role in pitein synthesis, are discussed in greater detail in Chapter 2.

Initial Binding of
aa-tRNAEF-Tu*GTP
[70S with P-site

peptidyl tRNA, ﬂ
(to elongation) y Codon recognition
__/‘ Accommodation
GTP hydrolysis
/ ERA £ aamna

£
. LE
— EF-Tu:GTP

P A
EF-Tu-GDP

E P A
f 1 Dissociation EF-Tu-GDP

Peptide bond
m@ u.ﬁ@.u EF-G-GTP

E
formation
E P A E P A

Dissociation of Binding of EF-G-GDP
deacyl-tRNA \s EF-G-GTP

._.P‘
{ 7 70S ribosome
PradiriHan + mRNA
—
E P A K / E P A
Dissociation of q“» GTP hydrolysis
EF-G-GDP ULy Translocation
E P A

Figure 1.3. The Prokaryotic Elongation Cycle

Once the ribosome enters the elongation cycle from the initiation phais@iNAas delivered to

the 70S ribosome as a ternary complex consisting off EFA G T-fRR/ &pon cognate
codonranticodon recognition, GTP is hydrolyzed and thdRIdA is fully accommodatedhto

the Asite. The EFTuAGDP Dbinary complex then dbmsociat
formation is catalyzed by rRNA residues in the peptidyl transferase centre. Wite peptidy

tRNA and Psite deacytRNA bound, EFGAGT P b i n d-site, and hytirdlyzes GTP.

Following release ofiPthe A and Rsite tRNAs, along with the mRNAre translocated by one

codon. EFGAGDP aite dleadgtRNA dissociate, and the cycle continues with another
delivery of aatRNA. This continues until the -Aite reaches a stop codon, at which point
termination can occur.



1.4 Termination

Termination of protein synthesigFigure 1.4)occurs once the elongating ribosome
reaches a stop codon, which is then read by a release factor (RF). In prokaryotes, two class |
release factors are present with overlapping specificityl Récognizes the UAA and UA&op
codons, while RR2 recgnizes UAA and UGA codonglydroxyl radical protection mapping of
rRNA at the decoding centre of 16S rRNA and in nearby regions of the 23S rRNA indicate a
conformational change in the ribosome occurs upon binding of releasesfaztthe ribosomal
A-site (He and Green, 2010; Youngman et al., 200/)is conformational change allows
catalysis of peptide release through a nucleophillic attack by a water molecule on the aminoacyl
ester linkge of the Psite peptidytRNA (Brunelle et al., 2008; Youngman et al., 2Q@Wiring
this process, the GTF8ependent class Il release factor-RBtabilizes the interaction between
the class | factor and the ribosome, perhaps @idm this conformational changelhe
mechanisnof peptide release is similéo peptide bond formation during the elongation phase,
where the primary amine of the aminoatiNA in the Asite acts as a nucleophile (Figure 1.5)
Interestingly, mutation of &y nucleotides (A2451, U2506, U2585, and A26@2the peptidyl
transferase centre hbitle impact on peptidyl transferase activity, but a show substantial defects
in peptide releas¢Youngman etal.,, 2004) Upon hydrolysis, the free polypeptide dissociates
from the ribosome, leaving behind a ptatmination complex consisting of a 70S ribosome with
a Psite deacytRNA and an mRNA with an Aite stop codon that then progresses into the

recycling phase.
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Figure 1.4. Prokaryotic Termination

Uponencounteringa stop codon, class | release factors reaggttie stop codon and associate

the ribosomal Asite. This interaction is stabilized by theag$ Il release factor RE GTP is
hydrolyzed and following a nucleodhu attack by a watemoleculethe produced polypeptide,

class | RF factor, and REAGDP di ssoci at germindtibnecomplexspioteedstog p o

the recycling phase.
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Figure 1.5. Peptidyl Transferase and Polypeptide Release

A) Peptidyl transfer: the amine of the-sfe aatRNA acts as a nucleophile, attacking the
aminoacyl ester linkage between theife anino acid and the termihadenosineof the Rsite
peptidyHRNA. The result is a Bite deacyfRNA and an Asite peptidyltRNA, elongated by

one amino acid. B) Peptide release: in analogy to peptidyl transfer, a water molecule acts as the
nucleophile and attacks the peptid®NA in the ribosomal Fsite. The result is a free
polypeptide and a postrmination complex, which can then proceed to the recycling phase.
Adapted from Brunellet al. (Brunelle et al., 2008)



1.5 Recycling

Unlike initiation, elongation, and termation, there is no consensus model for ribosome
recycling. Following termination and subsequent release of the produced polypeptide, the post
termination complex is recycled into its components: 30S and 50S subunits, along with mRNA
and deacytRNA. Thesecomponents can then be used for subsequemdso of protein
synthesis, anénter the cycle at the initiation phase. Only recently has ribosome recycling been
recognized as a distinct step during protein syntl{8sisat et al., 2007)As such, the molecular
mechanism and roles afie various factors remains unclear. Pioneering workAkya Kaji
initially revealed the requirement for a GTPase and an additional fact868{Kuriki and Kaiji,

1968) the GTPase was identified as-BHHirashima and Kaji, 1972)The addional factor,
called ribosome releasing factor (R@®{irashima and Kaji, 1972) waslater named ribosome
recycling factor (RRF) and is encoded for by filiegene inE. coli (Janosi et al., 1994)nitially,
cryo-electron microscopy results suggested that translocation of RRF in ad€pERdent
manner was required for splitting of ribosomabwsunits (Agrawal et al., 2004)however, it has
been observed that EE mutants active in GTPase activity but inactive in translocattivity

fully activate RRF activity(Fujiwara et al., 2004)The current consensus (based on available
crystal and cryeEM structures of RRF bound to ribosomal particlsshhat movement of RRF
through the ribosome, catalyzed by-BE disrupts intersubunit bridges, destabilizing the 70S
ribosome and allowing subunit dissociati@arat et al., 2007; Pai et al., 2008)

To further complicate defining a mechanism for ribosome recycling, distinct roles-for IF
1 and IF3 have been suggested: Using a combination of genetic techniguaesn@trating that

IF-3 overexpression in a temperatsensitive phenotype with mutated RRF can rescue the
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phenotype) and biochemical approaches (showin@ Facilitates bothin vivo and in vitro
ribosome recycling), a role for 48 has been suggest€8ingh et al., 2005a)This model
suggests that EE and RARF induce a transient separation of the 70S ribosomes which is
stabilized by IF3 binding to the 30S subuniingh et al., 2005a}thereby preventing subunit
reassoci at i onr3 camplexiehterstthe énitiadich hase FHowever, this model does
not fully explain how mRNA and deacyRNA dissociates &m the split ribosome; three
additional models have been propo¢$@drshney and Seshadri, 200&) the first model, EX>-
induced translocation of RRF causes release of d¢éB&A, the subunits dissociate, and mRNA
spontaneously dissociates {BFprevents reassotian). In the second model, EEAGDP Dbi nds
to the postermination like complex, exchanges GDP for GTP, which causes a conformational
change in RRF. Subunit dissociation occurs, ard@ binds to the 30S complex, aiding in tRNA
and mRNA release from the SGsubunit. In the third model, a conformational change induced
by ERG and RRF allows H3 to associate to the transiently dissociated ribosome, which then
actively induces full subunit dissociation and remains bound to the 30S subunit.

In the event of aribosome being incorrectly assembled during translation initiation,
Pavlov et al. (Pavlov et al.,, 2008kuggestd that there are two mechanisms by which 70S
ribosome complexes may be recycl®bosomes containing a strong ShiDalgarno sequence
are preferentially split by the concerted efforts of1Fand IF3 (Pavlov et al., 2008)This may
be usefuin dissociatingncorrectly assembled ribosomes, which are not cellular targeRR6r
and EFG. By contrast, podermination like complexesra inefficiently dissociated by & and
IF-3 but rapidly dissociatedby RRF and EFs (Pavlov et al.,, 2008) This suggests that

incorrectly assembled ribosomes are recycled byl I&nd IF3, whereas pogermination
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complexes are dissociated by RRide&EFRG. This study also contradicted the role of3Rn
preventing subunit rassociation after splitting by E6 and RRKPavlov et al., 2008)

Two common features of ribosome recycling are that ribosome recycling requires the
activity of both EFG and RRF and that 1B plays a role in this process, either directly by
promoting subunit dissociation (in conjunction with RRF and@For indirectly by preventing
subunit reassociation. The presence e8Ik these models provides a basis for pragjoesof
the 30S subunit from the recycling to the initiation phases. The various models presented by
Seshadri and Varshngyarshney and Seshadri, 2008)e summarized(Figure 1.6). Recent
kinetic data, based on fluorescence techniques using differentially laldledits, MRNA, and
tRNA, indicates that GTP hydrolysis by E-does not induce translocation of RRF through the
ribosome, and that B indeed stimulates release of dea®MNA from the postermination
complex (Peske et al., 2006) The bound mMRNA then rapit3ddly di

complex. Ths data is thus consistent with thr@delpresented in Figure 1.6B.
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2. Guanine Nucleotide Binding Proteins

The guanine nucleotide triphosphatases (GTPases) are a ubiquitous family of molecular
switches that function in a wide variety of cellular processes such as signal transduction, tRNA
modification, DNA replication, and protein ishesis(Bourne et al., 1991; Brown, 2005; Caldon
and March, 2003)GTPase=xist n three different conformations.h& transienpo statecan
bindto either GTP or GDRInder cellular concerations of guanine nuebtides. Binding to GTP
causeghe protein to adopt a functional GTPo u n d @ a c(Boumeeed al.,s199&)tpen
hydrolysis of GTP, the pr-lwoand state. GD® thenrdisseciatesy i t s
and the cycle continues. The conversions between these states aretaftfeeddy regulatory
proteins, which affect the kinetics of the interaction between the GTPase and guanine
nucleotides. These regulators include guanine nucleotide exchange factors (GEFs), which
catalyze the release of bound GDP, athin turn promotes GH binding. GTPase activating
proteins or factors (GAPs or GAFs)imulate the low intrinsi€GTPase activity of the protein.
Guanine nucleotide dissociation inhibitors (GDIdgcrease the rate of GDP dissociation in
eukaryotes, and regulate factors suctiRkab and Rh@gDovas and Couchman, 2005; Seabra and
Wasmeier, 2004; Siderovski and Willard, 20058 overview of the GTPase cycle is presented

in Figure 2.1
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Figure 2.1. Overview of the GTPase Cycle

Theapo state can interact with GTP or GDP. Interaction with GTP causes the factor to adopt an
active, GTPbound conformation. Hydrolysis of GTP, often induced by GTPase activating
factors or proteins (GAF/GAP), causebet protein to adopt an inactive, GibBund
conformation. The rate of GDP dissociation can either be accelerated by a guanine nucleotide
exchange factor (GEF), or repressed by a guanine nucleotide dissociation inhibitor (GDI).

Structurally, these protein®itaina conserve@/b G-domain, consisting ahe G1, (R
loop; consensuS&X,GK(S/T)), G2 (effector loopor switch I;DX,T), G3, witch II; DX,G),
and G4 (NKXD) motifs responsible for interamt with the guanine nucleotidé core group of
8 universallyconserved GTPasgsesentin all domains of life has been identifi¢@aldon and
March, 2003) These GTPases inclué#ongation factors (EFs) Tu and(@EF1L U an-Bine EF
eukaryotes) initiation factor (IF) 2, protein secretion factors Ffh and FtsY, and the relatively
poorly characterized proteins YihA, YchF,damflX (Caldon and March, 2003)Additional

GTPases, consexd in prokaryotes and eukaryotes but not archaea, include Obg, EngA, and Era
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(Caldon and March, 2003Factorssuch asmembers othe septin, Ras, Rho, and Rab families
perform essential functiona eukaryotes, but lack homologs in bacteniaarchaedFigure2.2).

A unifying principle in the study of these GTd&s is that understanding their function requires
detailed knowledge of their interaction partners, kinetic parameters, and structural features. Thus,
determining the properties of an unknown GTPasmg techniques established for studying
factors whae inction has been elucidatedl provide critical information for determining both

the cellularrole of a novel GTPase and the mechanism by which it carries out this furichien.
objective of this chapter is tariefly outline the known structural and fttional features of the 8

universally conserved Glasesand describe their regulators and interaction partners
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Figure 2.2. Conservation of the GTPase Superfamily

Red, elongation factor group; Greegrotein secretion factors; Purple, Hike GTPases; blue,
oligonucleotide binding GTPases (Obg) groidjpe eight universally conserved GTPases are:
initiation factor (IF) 2, elongation factors (EFs) Tu and G 4hd 2 in eukaryotes, respectively),
Ffth, FtsY, YihA, HfIX, and YchF.

2.1 Five universally conserved GTPases of known function

2.1.1 Initiation Factor 2

Initiation factor 2(IF-2) functions in delivering initiator tRNAIRNA;; fMet-tRNA™® in
prokaryotes and MeRNAM® in eukaryots) to the30S ribosomal subunfteviewed along with
EFTu and EFG in (Rodnina et al., 200D)During initiation of protein synthesis in prokaryotes,
the 30S and 50S subunitsitiator tRNA, andinitiation factors 1, 2, and fBinction to assemble a
70S ribosome, with an AUG start codon amdinoacyltRNA in the ribosomal Bite.In archaea
and eukarytes, this factor is a heterotrimgr U , b, a n, avhile in mokdryotesi-2 is g
single five domainproteinhomologous to memberofthe eukaryotic and archaeal complexes,
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el2 U alR5b. This suggests a difference in the regulation of trainslanitiation by IF2 in

prokaryotes compared to eukaryotes and archaea.

Structurally,the Niterminal domain is poorly conserved among bacterial species, and is
required for translation initiatio(Gualerzi et al., 1991; Marzi et al., 2003he next domain (Gl)
is highly conserved and contains structural elements required for GTP binding and hydrolysis.
The Glldomai n i s pr éareldamaid sintilado the eorresporiding domain Il of
EFRG and EFTu. Following the Gll domain is the-t@rminal domains CI and CIl, which are
essential for binding tRNAMarzi et al., 2003)The structures of the GI and Gll domains are
widely predicted to be similar to their counterparts in&Rnd EFTu. While the Xray crystal
structure of thefull prokaryotic protein has not yet been solved, smalleaigray scattering
(SAXS) has revealed that the fourt€rminal domains of th&. coli factor roughly adopt a
chalicelike structure similar to Efs (Rasmussen et al., 2008)luclear magnetic resonance
(NMR) experimentshave revealed thath¢ A subdomain ofBacillus stearothermophilus
consists of a fous t r a nsdheede tb f | a-Imkices@Wiebkyet aB, 2005)Cryo-electron
microscopy (CryeEM) experiments suppothis data, and also taprovided the structure of the

IF-2 A G TRRAA BSA m R Nedmplex(Simonetti et al., 2008)

The affinity of IF-2 for interacting with either GTP or GDP have been reported as
approximatelyl40 and 13 uM respectively usirtgl NMR and isothermal titration calorimetry
(ITC) (Hauryliuk et al., 2009; Pon et al., 1985bhe thermodynamic parametestnucleotide
binding suggest thdF-2 adopts different conformations in the switch | and switch Il regions of
the protein, depending on thmund nucleotide(Hauryliuk et al., 2009)The presteady state

kinetics of IF-2 interacting with either may®&DP or mantGTP have also been studied using
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fluorescence resonance energy transfer from the intrinsic tiyptoy@sidues of H2 to the mant

group of fluorescently labeled nucleotid@dilon et al., 2006) Interestingly, IF2 also interacts

(with a similar affinity compared to-(bSTP and
diphosphate (ppGpp), indicating that2As modulated by #hsoecalled stress respon@dilon et

al., 2006) IF-2 also interacts with all ribosomal particles, with a preference for 30S>70S>50S,

an interaction that does not depend on the nucleotide bounet(Pién et al., 1985b)

Based on the determined nucleotided rbosome binding affinities, IF2 was
determined tde predominantly found on the 30S subunit, almost exclusively in theb@uird
form (Milon et al., 2006) Interestingly, recent kinetic studies suggest tha2 IR complex with
the 30S subunit (as a preinitiation complex) is resipdmdor recruitment of tRNAto this
complex rather than delivery as a ternary complex (analogous to the functiorlaf (&Hon et
al., 2010). Unlike EFTu and EFG, the activation of GPase activity is nottsnulated by the
presence of L7/L1ZHuang et al., 2010b)However, snilar to EFTu and EFG, IF-2 is
stimulated by the GTPase activating centre of the ribog&meonetti et al., 2008} conserved
regon of 23S rRNA responsible for coordinating a conserved His residue of translational
GTPases in a catalytically active position for nucleotide hydrolorhees et al., 2010a)
Thus while the function of H2 is to promote accurate initiatidhrough recruitment of tRNA
and the 50S subunit to the 30S preinitiation comptbk&, role of GTP hydrolysigluring this

procesgemains uncleafRodnina et al., 2000)

19



2.1.2 Elongation Factor Tu

Elongation factor (EF) Tu (Thermo unstable) is responsible tha delivery of
aminoacytRNA to the translating ribosome during the elongation pludgarotein synthesis,
and is essential for maintaining translational fidelity ensuring delivery of the correct
aminoacyitRNA to the elongating ribosoméPape et al.,, 1998b)In the GTP bound
conformation (Figure 2.3), EFFu has a high affinity for atRNA, while the GDP bound form
has a significantly decreased aify for aatRNA (Yokosawa et al., 1975 he crystal structures
of EFTu from multiple organisms, bound to the Aaydrolyzable GTP analog GDPNP, show a
major structural rearrangement in the swite@md Il regions of domain | (the G domain), causing
a reorientation of domains Il and 11l by ~ 90 ©° relative to domain | (Figure 2.3) and thus accounts
for the altered affinity of EF u binding to a@RNA, which binds in a cleft between domains |
and Il. This rearrangement of the domains, induced by GTP hydrolysis and subseqetade,
is essential for the binding and release offRIbA, as well as the dissociation of the-EFu A GD P
binary complex from the 70S ribosome. Domains Il and Il are alsareeqfor contact with the

70S ribosome and EFs (elongation factor thermo stable) respectiy@yomadski et al., 2002)
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Figure 2.3. Structures of EFTu AGD P almudA GDFP NP

Cartoon representatn of the structure of EFu A) from E. coliin complex with GDP (PDB
1EFC) and B)Thermus thermophilus~Tu in complex with the nchydrolyzable GTP analog
GDPNP (PDB 1EXM). Domains I, Il, and Il are indicatélche rucleotide is shown as a red
stick mockl, and a M§" responsible for coordinating tfiephosphate of the bound nucleotide
shown as a green sphere.

During the elongation cycl@ ternary complex of EF u A G T-\RRAiritially binds to
a ribosome(with peptidyHRNA in the Rsite and an emp A-site) in a codorindependent
manner. The kinetic mechanism &ig process has been examir{@ape et al., 1998pandis
outlined in Figure2.4. Ribosomal protein L7/L12 (4 copies i coli) is required for recruitment
(via the Gterminus of L7/L12)of the ternary complex to the elongating ribosomaité, and $
essentiafor GTPase activationf EFTu (Diaconu et al., 2005; Kothe et al., 20@%) shown by
examining the GTPase activity of Hru in the presence of 70S ribosomes depleted of L7/L12
(Kothe et al., 2004; Savelsbergh et al., 20@®er initial binding, codon recognition occurs.

Upon cognate codeanticodoninteraction the GTPase activating centre, through a proposed
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network of interactions between the decoding ceatttbe rimsomal Asite andhe G domain of
EFRTu, causes aonformational change in EFu that induce$sTP hydrolysigVoorhees et al.,
2010a) Thus, in analogyo the GTPase cycle in Figure 2the 70S ribosome acts as a GAP for
the EFT u A G T-f/RWA ternay complex upon the cognate codanticodon interaction
(specifically, the GTPase activating centre and ribosomal proteins L7/Eblpwing GTP
hydrolysis, P is releasedRodnina et al., 2005; Rodnina et al., 2Q08xving the EFT u AGD P
binary complex which then dissociates from the ribosom® cognate codoranticodon
interactionis required for efficient GTPase activatiomhich causes the adRNA to be fully
accepted into the ribomal A-site and a peptide bond to fermed (Rodnina et al., 2005)
Alternatively, a noncognatecodonranticodon interactionccurs causing the rejection of the-aa
tRNA (and the ternary complex dissociates from the ribosome). \Wiite Rleac\ tRNA and A

site aminoacytRNA, the ribosome can then underEFG mediated translocatiaifape et al.,
1998b) At this point, one of two possibilities can occur: if a fmgnate interaction was
rejected, the atRNAand EFT u AGDP di ssoci at e. I f a -tRNAgnat e i

accommodated into ¢hribosomal Asite, thenthe EF u AGDP di ssoci at es.
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Figure 2.4. Kinetic Mechanism of aminoacyitRNA Binding to the Ribosome

EFRTulGTPAatRNA associates with the 70S ribosome (witsife peptidyitRNA) in a codon
independent initial binding sty k1). Upon cognate codeanticodon recognitionkg k), the
GTPase activity of EFu is activated K3) and GTP is hydrolyzedkérr). A conformational
change in EFu (ks) upon release d?, causes EHu to adopt the GD®ound conformation.
Non-cognate aaRNA is rejected K;) and dissociates along with EFuAGDP, or cognate aa
tRNA is fully accommodatedk§) into the ribosomal Asite and EFTUAGDP dissociates. Peptide
bond formation occurskgey, leavingthe ribosome with Rite deacytRNA and Asite peptidy
tRNA. Adapted from(Rodnina et al., 2005)

Upon dissociationthe EFT u AGDP bi nary c¢ o mpTs&xyromotetther act s
dissociation of bound GDP and promote binding of GTP. This is reqagete affinity ofE~
Tu for GDP is significantly highecompared taGTP (1 nM and 60 nM respectivelfGromadski

et al., 2002). The kinetic scheme of EFu interacting with GTP, GDP, and EFSs was studied
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by fluorescence techniques suchRRET by Gromadskiet al (Gromadski et al., 2002pand is
described in Figure 2.5 beloWhe rate of GDP dissociation from Hf is relatively slow K
= 0.002 &), thereby preventing EFu from adopting the active, GTBbund conformation.
Interaction with EFTs inaeases the rate of GDP dissociation fromFby 62 500 fold K4 =
125 &Y, thus facilitating GTP binding to EFu (Gromadski et al., 2002 his is alsaeflected in
a change in the nucleotide binding affinities from 1 nM for GDP in the abs&EFTs to ~ 10
MM in the presence of EFs. Thus, the cellular partitioning of EFu is shifted toward the GTFP
bound state, which binds to -tRNA (Pingoud et al., 197@pd can thus promotprotein
synthesigatesof ~ 10 peptide bonds formed® (Gromadski et al., 2002Mutation of amino
acid residuesalong the intermolecular contact surfaceEFTu significantly affect both the
kinetics of EFTu interacting with other factors such as L7/L12 avith guanine nucleotides
(Danhl et al., 2006; Daviter et al., 2003; Kothe et al., 2004; Wieden et al.,. Z00)nformation
gleaned fronstructural studies as well axamining the kinetics of both 4RNA delivery and
guanine nucleotide exchangas led to a detailed understanding of the role offERand its

interaction partners during protein synthesis.
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Figure 2.5. Kinetic Mechanism of Nucleotide Exchange in E-Tu

EFRTu can associate witleDP i, k1), GTP ks, ks), or ERTs (e, k). Likewise, the EF

TulGDP and EFTUAGTP bound forms can also interact with -E§ (s, ks and ks, ke

respectively) Upon interaction with EH's, the rate of GDP dissociation ifnothe EF

TulGDPAF-Ts complex K.) is increased significantly, thereby facilitating association offEF
to GTP.Based on the kinetic scheme describef3romadski et al., 2002)

2.1.3 Elongation Factor G

Elongation factor Gcatalyzes the GTRIependent translocation of ribosoimeund
MRNA, Psite deacytRNA, and Asite peptidytRNA. After delivery of aaRNA to the
ribosomal Asite by EFTu and subsequepeptide bond formatn, the ribosome exists in a-so
called pretranslocation complex ¢(Bite deacytRNA and Asite peptidytRNA). The binary
complex of EFG &TP then associateswith the ribosomal preomplex. Following GTP
hydrolysis, Ris released from EB, which is followed by translocation, leaving an empty A
site, peptidytRNA in the Rsite, and deacyiRNA in the Esite. The EFGAGDP comp!l e x
dissociates from the ribosome, now in the goabslocation state, allowing for delivery of
another adRNA to the Asite. EFG also functions during the ribosome recyclipbase,

utilizing GTP hydrolysis to drive RRmediated ribosome dissociati¢@utlined in Figure 1.6)
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The Xray crystal structure of EBAGDP  fThewnos thermophilyssolved by
Czworkowskiet al (Czworkowski et al., 1994)reveals that Ef& consists b five domains
resembling a nt-tednpa Gadomaixlhapea:i nanalN extension
domain not found in Efu; domain Il is structurally sintar to its counterpartin EFu  (a b
sandwich domai n) despite dissimilar pr-b mary
domai ns. Domain | V r-@ prddomanrviclesely rasembigs damaindll o f E
of EFTu. Indeed, structural compawis of the EFT u A G T-\RRAtarnary complex with EF
GAGDP reveals the t wolarkiandiNyborg, 4997 Nyborgy1998fhieh s i mi |
suggestsimilar modes of binding to the ribosonf@ao et al., 2009alnlike EFTu, the GDP
and GDPNP bound forms of EE do not significantly diffe(Figure 2.6(Hansson et al., 200B)
Cryo-electron micrscopy studies have indicated that binding to the ribosome significantly alters
the conformation of Efs (Datta et al., 2005; Gao et al., 2004; Stark et al., 2008)ch has
been confirmed by Xay crystal structures oEFG bound to the ribosome in the post
translocation statéGao et al., 2009b)Binding of EFG to the ribosome and GTP hydrolysis is
thought tomduce a-l iRkead cmeti on, unl ocking the subu
allowing movement of bound mMRNA and tRNAs (reviewedSchmeing and Ramakrishnan,
2009)from a structurébased perspective).

The conserved structural features of&Fevealed by Xray crystallographyare sheed
with the ribosomal protection protein Tet(QFonnell et al., 2003; Thakor et al., 2008)e
ribosomal backranslocase LepAEvans et al.,, 2008)and the stress response factor BipA
(DeLivron etal., 2009) These factors share a common G do
insert), as well as domains Il and Ill. The remaining two domains (IV arat Yhe Gterminal

domain)can be spatially superimposed, ge¢ structurally distinct from one atier in terms of
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secondary structuréndeed, it is currently hypothesized that the uniqeter@inus of LepA is
responsible for allowing retrranslocation of ribosombound aminoacyilRNA (Evans et al.,
2008) andfor GTPase activation (E. DelLaurentiis, Reral Communication); a similar -C
terminal domain is required for GTPase activation of BifeLivron et al., 2009) These
common structural features and a common binding site suggest a common n®iPase
activation, which in EFG (similar to EFTu) is through the recognition of a specific ribosomal
complex (pretranslocation) and subsequent binding and interaction with the GTPase activating
centre and L7/L12(Datta et &, 2005; Diaconu et al., 2005; Savelsbergh et al., 2005b;

Savelsbergh et al., 2000)
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Figure 2.6. Structure of EF-G in complex with GDP, GDPNP, and bound to the Post
translocation Ribosome.

A) Superinposition of EFGAGDP fromThermus thermophiluPDB ID 2EFG, blue) and EF
GAGDPNP from the same organism (PDB ID 2BV3, purp®fyuctures are shown as cartoon
representation® o mai ns | (G domain), Go, [ [ I |V,
of ERGAGDP (alsoT. thermophilus)in the ribosoméound posttranslocational statgrey)
uponstructures shown in A).

Structural data on EE is complenented by kinetic studies of nucleotide binding by EF
G, which reveal that the binding of ma@DPNP § stabilized 30 06®ld when EFG is bound
to the 70S ribosome by reducing the nucleotide dissociatior{(\\téen et al., 2006a)This is
supported by structural probing studiesing limited trypsinolysis, which demonstrates that the
switch | region of EFG is protected from proteolysis by the ribosome in different nucleotide
bound stategTicu et al., 2009)GTP hydrolysis by Efs (dimulated by the préranslocation
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ribosome) has been shown to drive a conformational change of the ribosome, unlock@g the
relative totheés0 S i n  al ifikreadt (Shaeettbhergmet al2003) P, release, an important
step INEFRG turnover(Savelsbergh et al., 2005fand translocation of bound mMRNA and tRNA
occur rapidly, allowing EFGAGDP t o (Savelsbargh ietaal., 2003Jhis leaves the
ribosome in a podranslocation state, from which deatRRINA dissociates from the ribosomal
E-site and and allows for another round of elongation to o@awvelsbergh et al., 2003gain,

this data clearly demonstrates regulation of&ia the ribosome through stabilization of the
nucleotide binding pocket to increase the affinity for GTP, thereby facilitating the progression of

the ribosore through the elongation cycle.
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Figure 2.7. Kinetic Scheme of EFG Mediated Translocation.

After binding of EFGAGTP t o the ri bosome, GTP hydrolysis
subunit relative tothe 50S. Following rapid iPrelease and mRNA/tRNA translocation, the
ribosomeandEl6 undergo conformati onal ¢ h-G/ABDPeand, nr el
deacyltRNA then dissociatdrom the postranslocation ribosomeAdapted from references
(Savelsbergh et al., 2003; Savelsbergh et al., 2005b)

2.1.4 Protein secretion factors Ffth and FtsY

The conserved GTPases Ffh (Fifty four homolog, a conserved component of the signal
recognition particle) andtgY make up key members ttfie cotranslationalprotein secretion
pathwayin all living cells(reviewed in(Walter and Johnson, 19964Proteins that require either
insertion into or translocatioacrosgplasma membranes are synthesized with aerkhinal 13
36 amino acid signal sequence, usuwith a high proportion of positively charged residues.

The signal peptide contains an approximately56amino acid hydrophobic core, flanked by
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hydrophilic residues; the fierminus is characterized by a basic amino acid seqygheag and

Gierasch, 1996)Once the ribosome has synthesized a chain of ~ 40 amino acids, the signal
sequence protrudes from the polypédetiexit channel. The signal recognition particle (SRP)
recognizes the signal sequence and binds to the ribosome and signal peptide. The SRP consists of
multiple proteins (including the SRP54 protein, homolog of Ffh) associated to a 7S RNA in
eukaryotes, bua single protein, Ffh, bound to a 4.5S RNA molecule in prokaryotes. Structurally,

Fth consists of three domains; arté&minal domain of unknown function, a central G domain,

and the methionireich (M) domain that interacts with the 4.5S RNA at théseninus. Once
associated, Ffh exchanges its bound GDP for GTP; thus, the elongating ribosome with the
protruding signal sequence acts as a guanine nucleotide exchange factor in analogy to the
GTPase cycldFigure 2.1) GTP locks the SRP onto the ribosomausing an arrest of the
elongation cycle. The SRPAGTPARibosome compl e
associates to a SRP receptor (SR) in complex with the translocon. The prokaryotic SR is the
GTPase Ftsya 497 amino acid proteihn eukaryots,the SR consists f t he GTPases S
SRb. The translocon consists of the SecYEG h

membrane via a predicted 10 hdliansmembranspan.

Association of the SRPAGTPARi bosome compl e
for GTP by the SR (again, acting as a GEF in analogy to FReFluorescence experiments
examining the association of GTP to the SRP and Fgygesta binding andsubsequent
conformational chang@lagath et al., 2000)The SRP and SR mutually induce GTP hydsay
for which the 4.5S RNA is requirddtaide et al., 2011; Peluso et al., 200®sulting infurther
conformational changes that cause dissociation from each . otliée resulting

ri bosomeAt r amranhencesume eomgatpiihe signal peptide passes through the
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translocon, the nascent polypeptide begins folding into its native conformation. Once termination
of translation occurs, the ribosome dissociates from the translocon and is recycled, thereby
entging the translation cycle agaiRroteins are either secreted through the translocaon (for

e X a mp-lacteamasd) or remain associated to the plasma membrandefimi@al hydrophobic

anchors that remain in the plasma membrane (such as extracelluldaorgcep

Cryo-electron microscopy studies have provided structural information on the
SRASRPARI bo s ¢bsiozi et @lmpadlyAdditionally, the crystal structure of the
SRPASR complex has been solved, and reveals
to the mn-hydrolyzable GTP analog GMPPCP) localize to the distal end of the associated 4.5S
RNA and form a heatb tail dimer between Ffth and FtAtaide et al., 2011)The 4.5S RNA,
which is resposible for GTPase activation upon binding of the SRP to the SR, acts as a GAP;

truncation of a core region resulted in abolishment of GTPase stimulataide et al., 2011)

2.2 Three universally conserved GTPases of unknown function

2.2.1 YihAlYsxC

The yihA gene encoding for the 210 amino acid YihA proteig,essential irE. coli,
Bacillus subtilis and Staphylococcus aureyérigoni et al., 1998Cooper et al., 2009; Schaefer
et al., 2006) Recombinant expression &. coli YihA as a soluble23.4 kDaN-terminally 6%
His tagged protein has been repor{edhoux et al., 2003)FRET-based titrations, using the
intrinsic tryptophan residues of YihA and thmeant moiety of manGDP/GTP as FRET donor
and acceptor fluorophores respectivéigye reveald Ky values of ~ 2 and 30 uM for GDP and

GTP respectively, independent of magnesium concentrétemux et al., 2003)Hydrolysis of
32
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GTP was not detected using a malachite green detection of inorganic phdsehatex et al.,
2003) The 195 amino acid. subtilishomolog, YsxC (also known as EngB)35.4% identical
and shows 51.3% sequence similarity Eo coli YihA, and has beenlinked to ribosome
biogenesisCooper et al., 2009Based on the observation that multiple additional GTPases,
such as RbgA, Era, Obg, and YjeQ may be involved in ribossssembly or function, Schaefer
et al. examined a potential role for YsxC and Yph&. Gubtilishomolog ofE. coli EngA) in
ribosome biogenesiéSchaefer et al., 20065ucrose density ultracentrifugation of ribosomal
particles fromysxGdepleted cells revealed the presence of a 45S interteetthat was also
examined by this grougSchaefer et al., 2006)Analysis of ribosomal proteinoatent of
ribosomes purified from the depleted strain revealed a lack of proteins L16, L27, and L36,
indicating a role for YsxC in 50S assemf8chaefer et al., 2006urified YsxC was also found
to interact directly with 50S subunjtstability of this complex is enhanced when GDPNP is
present. Further research into purified samples of YsxC revealgdrigation with a high
moleailar mass material, likely rRNA. Addition proteins that-marified with YsxC were
analyzed bymass spdoometry andrevealed that the factor associategth proteins L6, L10,
L7/L12, L23, and L27(Wicker-Planquart et al., 2008 Association betweerB. subtilisYsxC
and L1, L6, and L7/L12 could be reconstitutiedvitro (Wicker-Planquart et al., 2008nd S.
aureusYsxC wasalsofound to associate with ribos@iproteins S2, S10, and LIZooper et
al., 2009)

The crystal structures d8. subtilisYsxC in tre apo, GDP, and GDPNP bound states
(Figure 2.8 weredeterminedn 2004 by Ruzheinikoet al. (Ruzheinikov et al., 2004 )Similar
to other translational GTPases, large scale conformational changes were observed between the

various states; in particulain the switch | and switch Il regiondhe G2 and G3 motifs
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respectively)(Ruzheinikov et al., 2004)Notably, the G1 motif undergoes a conformational
change thelivimtheapostdie to a loop structure in the GDP and GDPNP bound forms
(Figure2.8). Additionally, the region between the G1 and G2 motifs is not resolved in the GDP
or apo structureshput is resolved in the GDPNP bound fortine loop adjacent to the G3 motif
also changes its conformation compared to dpe and GDP bound formsAn eledrostatic
surface potential magenerated using PYMO(DeLano, 2006)yeveals a highly electropositive
face and a highly electronegative face, which may interact with rRNA and basic ribosomal
proteins respectivelyin silico molecular dynamics simulations o$. aureusYsxC, aimed at
identifying poential residues involved in binding to ribosomal proteins have also been
performed, leading to the development of a modetilmsomalsubunit assemblyin this model,

GTP hydrolysis induces binding to L1d the 50Sfollowed by association of SAndS10 to the

30S subuni{Goyal et al., 2011)The GTPase activityforsxC has not beeexamined nor have

any regulators of GTPase activity/nucleotide binding been identified. Thus, while YihA
functions during ribosome biogene¢ooper et al., 2009the rde of GTP hydrolysidy this
factor is unknown. It would be of great interest to deteenif the ribosome acts as a regulator of

GTP hydrolysis by YihA, or if this interaction modulates the structural features of YihA.
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Figure 2.8. Structure of YihA/YsxC.

Cartoon representation of théructues of A) apo, B) GDRbound (nucleotide omitted for
visualization of G1 helix to loop conformational change), and C) GDPNP bound state. The G1,
G3, and G4 motifs are labeledhd shown in shades of gre@ight green for thepostate, darker

for the GDPRbound state and darkest for the GDPNP bound stafEe arrow indicates a
resolved loop present in the GDPNP bound state but not observed in the @Gp&statesD)
superimposition of the three states. E) Electrostatic surface potential map of YihAsdmé,
orientation as in AD); right, 180 degree rotation. PDB IDs are 1SUL, 1SVI, and 1SVW for the
apo,GDP, and GDPNP structures respectiy@yzheinikov et al., 2004)
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2.2.2 YchF

The crystal structure of YchF frordaemophilus influenzaeras repaed in 2003 by
Teplyakovetal. (Teplyakov et al., 2003and that of the human YchF homolog, hOLAdLifhan
Obg-like ATPase 1) in 200{Koller-Eichhorn et al., 2007)These structures reveal three
domain preein with aficlaw-lked s t r The telectrostatic surface potential map the
interior of the fAcl awd r evealwa suggedted tphntesact el e ¢
with the negatively charged phosphate backbone of a nucleic acid ¢freplyakov et al.,
2003) Indeed,upon incubation with double stranded DNA (dsDNA) the intrinsic tryptophan

fluorescence of YchF wagported to bguenchedTeplyakov et al., 2003)

Structurally, YchF consists ofanfNe r mi n a | G domai n, -helcdler r upt
A domain, and @erminal TGS (ThreonyfiRNA synthetase, GTPase, SpltiKe) domain (Figure
29, formingikleeé B8¢rawture. While the roles of
ability of YchF to bind and hydrolyze purine nucleotide triphosphates has been examined.
Addi t i g mr-®©Of@adXtoinitrophenylyGTP (TNRGTP) to YchF causedn increase in
TNP fluorescence, indicating that the factor binds to GTéplyakov et al., 2003)similarly,
addition of mantGTP and manrATP to hOLA1 showed a similar increase in mant polarization
(mantATP to a greater exterfKoller-Eichhorn et al., 2007) Perhaps due to then-canonical
G4 motif NV(L)NE in YchF/hOLA1 (Normally NKxD), both hOLA1 andirypanosoma cruzi
YchF hydrolyze ATP more efficiently than GT{&radia et al., 2009; KolleEichhorn et al.,
2007; Teplyakov et al., 2003 recent publication by Tomat al.(Tomar et al., 201lipdicates
that potassium is required for hydrolysis of ATP by YchF. This makes YchF the first potassium

dependent ATPase described in the literaflicenar et al., 2011)
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The stongest evidence that YchF plays a role during protein syntiedtsat YchF
interacts with polysomes ifi. cruzi(Gradia et al., 2009Recently, Tomaet al. indicatel that
YchF asociateswith 50S and 70S ribosomal particles in a nucleetidkpendent manner
(Tomar et al., 2011)Additionally, Oryza sativaYchF was shown to interact wittihe large
ribosomal subuni(Cheung et al., 2010Further evidence for a role of Ychifr protein synthesis
lies in the fact thain the presence of0S ribosomesthe rate of ATP hydrolysis is in fact
stimulated ~ 4 fold (M. Becker, K. Rosler, A. Altamirano; personal communication). Similar
NTPase stimulation 00. sativa YchF was also reently reported by the GTPase activating
protein OsGAP;lwhich stimulated both the ATPase and GTPase activity-4ydadd (Cheung et
al., 2010) Since nobacterial homologsof OsGAP1 have beeidentified, it is likely that

interaction partners in additida the ribosome may be responsible for regulation of YchF.

Figure 2.9. Haemophilus influenzaey chF.

A) Crystal structure offaemophilus influenza¥chF (PDB ID 1JAL, (Teplyakov et al., 2003)

The G domain is shown in red; A domain in dark grey, and TGS domain in blue. The G1, G3,
and G4 motifs are shown in green. B) Electrostatic surface potentjlaiBlaemophilus
influenzaeYchF.
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2.2.3 HfIX

The hflX open reading frameavas initially identified as a part of theflA locus,
consisting of thepen reading framd¥IC, hflK, andhflX, which encode for 37, 46, and EDa
proteins respectiveliBanuett and Herskowitz, 1987)hese factors were identified @sverning
the lysis/lysogeny decision of bacteriophag@pon infectionof cells (summarized ifrigure
2.10). h situations wherewutrients are abundang. coli cells rapidly grow and dividethus
provide additionahostcellsfor viral propagation (lytic cycle). wever, under stresonditions,
thehost cells are more sparse and weak, thus providing ajpserfor viral propagation, and the
viral genomencorporates into theost genome (lysogeny) until more optimal conditions trigger
viral protein expressio (Banuett and Herskowitz, 1987; Herskowitz and Hagen, 19B0goli
defective inthe hflA locuswere shown to have a high frequency of lysogenation (hefficehus
implicating this locusin regulating viral protein expressiorhis increased lysogenation
efficiency was linked to increasmncentrations of the viral cll protein, which in turn stimulates
viral integrase expression, a requiratttor for genome integratio(Herskowitz and Hagen,
1980) ThehflA locus was later discoved to encode for a thrgmlypeptideprotease, HflAthat
cleaved the cll proteiiCheng et al., 1988HflA, upon cleaving cll, wouldthereforeinduce
lysis over lysogeny. Intestingly, experiments performed by Cheregg al. did not show
expression of the 5RDa polypeptide corresponding to HflX; rather, proteins HfIK, HflK', and
HfIC were copurified and resulted proteolysis of cl{Cheng et al., 1988)n 1993, Nobleet al.
determined the nucledi sequence of much of tH#lA locus, and determined that the
corresponding amino acid sequencéhfbX contained three sequence motifs (thlép, GxxD,

and the NKxDspecificity motif) associad with the GTPase superfam{joble et al., 1993)

38



Bacteriophage A

Bacteriophage Genome

Injection and Circularization
of Viral Genome

] Hijacking of Cellular Machinery
and Expression of Viral Proteins
cll (§)and clil (W)
cll: transcription activator
/ \ clll: inhibitor of proteases HIC/K, FtsH (HfIB)
High [cll]

Poor growth
Conditions

cl and integrase

Host Genome

Low [cll]
cll degraded by proteases
Optimal growth conditions

Other Viral Proteins Expressed

accumulate
- f— ) Virions are produced, cell lyses
Y™ o
LYSOGENY: Viral Genome is LYSIS: Neighboring Cells are
Incorporated into Bacterial Genome Infected

Figure 2.10. Lysis/lysogeny Decision of Bacteriophat

After injection and circularization of the viral genomeral proteins are expressed upon
transcription of viral mMRNA usinghe host cell machinery. Under optimal conditions, viral
protein cll is degraded by HfIC/K, resulting in expression of viral proteins, virion production,
and lysis. Under suboptimal catidns, cll is not degraded; cl and viral integrase accumulate,
and the viral genome is integrated into the host genome. Viral gene expression remains dormant
until the host cell encounters more favourable conditidwspted from referencéHerskowitz

and Hagen, 1980)
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Not until 2008, when Polkghorneet al. published results implicatinglfl X as a 50S
ribosomal subunit associated factor was HflX linkedototein synthesigPolkinghorne et al.,
2008) C. pneumoniaHflX heterologously expressed ia. coli was shown to exhibit a slow
intrinsic GTPase activity that was inhibited by mutations to tHeop, G2, and G4 motifs, thus
confirming HiX as a GTPas€Polkinghorne et al., 2008 Competition assaywith adenine,
uridine, and cytidine nucleotides showed no inhibitionGdiPaseactivity whereas incubation
with nonradioactively labeled guanine nucleotides strongly inhibited GTP hydrolysis; thus,
HfIX was deemed to be guanine nucleotsj@ecific (Polkinghorneet al). Co-localization
experiments demonstrated that HflX -lozalized with Chlamydial membranes in infected
eukaryotic cellgfPolkinghorne et al., 2008Vltracentrifugation assays demonged that HflX
associated with 503ibosomal subunits, and that the full length protein was required for
specificity, as N or Cterminal truncations were unable to associaid ribosomal particles

(Polkinghorne et al., 2008)

E. coliHfIX was recently found to copurify with RNA species similar in size to 1S and
23S rRNA, an interaction that could be reconstitutel#pendent of nucleotidphosphorylation
state(Jain et al., 2009)urthermoreE. coli HfIX was found to associate with the 50S ribosomal
subunit, confirming the study biyolkinghane et al (Jain et al., 2009)This interation was
found to occur in the presence of purine nucleotides though not apthetate of HflX, though
this interaction required the full length protéiain et al., 2009HfIX from E. coli, in contrast
to theC. pneumoniacounterpdr, possessed ATPase activity in addition to GTPase actarity,
showed an 8old stimulation in GTPase activity in the presence565 ribosomal subunits

(Dutta et al., 2009; Jain et al., 20089owever, HfIX was found not to associate wdtither of
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the HfIC or HfIK proteins, nor did it have any effect on lysid lysogeny.contradicting

previous researc{butta et al., 2009)

Whereas the @omain of HfIX bears significant similarity to otheanonical G
domains, the structure of the uniquadédmnal domainremained unknown until the structure of
HfIX from the hyperthermophilli@rchaeorolfalobus slfataricuswas elucidated in 2000/Nu
et al., 2010) This uniqueglycinerichiHf | X domai nd was found to co
afour-stranded paralldl-sheet flanked by a pair &fhelices, followedy an antiparallel coiled
coil consisting of two longetkhelicesconnectedo the Gdomain (20 amino acids linking the
two helices areinstructurd; another 12 linker amino acids remain disordered irsdthaed apo
and GDPbound structures i n ki ng t h edoriaihd)lntXréstinglyn theulidength was
found to have dower GTPase activiigompared to the truncatedde@main alone, suggesting
that tHemAHADXfuncti ons dahe GdomainéHyang at al.e2010& gu |l a't

Wu et al., 201Q)

In early 2011, a further study by Blombaeh al. (Blombachet al., 2011)on S.
solfataricusHfIX indicated that, based on ultracentrifugation assays, HflX interacts only with the
50S subunitjn the nucleotide freeapo state. This interaction was proposed to be weaker than
either the GDP or the GDPNP bound forrasheteronucleaPN-'H NMR experiment revealed
that the NMR spectra of isotopically labeled HflX broadened significantly in the presence of 50S
subunitsand GTR which was not observed in the absence of nucle¢Bétembach et al., 2011)

This study also indicated that a number of additional resonances, likely from ribosomal protein
L12, arose upon binding of isotopically labeled HffBlombach et al., 2011)However,

experiments along the same lines withh@Rndicated that resonances from L12 are broadened
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beyond detectignsuggesting a different intetamn surface for the two facto(8lombach et al.,

2011; Christodoulou et al., 2004)
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3. Nucleotide Binding and Hydrolysis Properties of HflX

Reprinted with permission from
ATowar d Un d efunstioreohtdeiUniersdllyhGonserved GTPase HfIX from

Escherichia coli A Kinetic Approacio

Michael J. Shield$ Jeffrey J. Fisch8rand HansJoachim Wieden
Biochemistry2009; 48 (45): 107930802
AAuthors contributed equally to this work.
Copyright © 209, American Chemical Society

3.1 Introduction

The GTPases of th@-loop family are highly conserved proteins that function as molecular
switches, modulating a wide variety of cellular processes in response to conformational changes
induced by hydrolysief GTP. Structurally, these proteins contain élle G-domain, consisting
of the following conserved sequence motifs (Fig8r#): the G1 motif (or P-loop), consensus
GX4GK(S/T), which is responsible for interacting with #eandb-phosphates of nuclade dr
and triphosphates; the G2 variable effector loop (D)X the G3 motif (DXG), which interacts
wi t h -phosphatesof nucleotide gphosphates; and the G4 motif (NKXD), which conveys

specificity for guanine nucleotides through hydrogen bondinbedasgBourne et al., 1991)
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YchF 9-

Figure 3.1. Structural Features of HflX.

The protein consists of 3 domains; arteddminal domain (light grey), a central G domain (dark
grey), and a short @rminal domain (white). The G1, G3, and G4 rtre conserved with
other members of the universally conserved GTPases (black).

Guanine nucleotide binding proteins exist in three different conformations: the traaystent
state can bindto either GTP or GDPRunder cellular concérations of guanine nileotides.
Binding to GTP causd$e protein to adopt a functional G'BPo u n d i a c(Bourneetdal., st at e
1991) Upon hydrolysis of GTP, t hbeungpstaetGOP thenr ev er
dissociates, and the cycle continues. The conversions between these states atabyited by
regulatory proteins, which affect the kinetics of the interaction between the GTPase and guanine
nucleotides. These regulators include guanine nucleotide exchange factors (GEFs), which
catalyze the release of bound GDP, which in turn promofE8 kinding; GTPase activating
proteins (GAPS), which stimulate the low intrinsic GTPase activity of the protein; and guanine
nucleotide dissociation inhibitors (GDIs), associated with regulating members of the small G

protein siperfamily, such as Rab anch®in eukaryotegdDovas and Couchman, 2005; Seabra
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and Wasmeier, 2004; Siderovski and Willard, 200#)ich inhibit nucleotide dissociation as a
regulatory mechanism.

A core group of 8 universally conserved GTRagmind in all domains of lifehas been
identified and include elongation factors (EFs) Tu and G, initiation factor (IF) 2, protein
secretion factors Rfand FtsY, and the relatively poorly characterized proteins YihA, YchF, and
HfIX (Caldon and March, 2003Additional GTPases, conserved in prokaryotes and gokes
but not archaea, include Obg, EngA, and @aldon ad March, 2003)HflIX, a member of the
ObgHfIX supefamily, was initially linkedto a role in determining the lysigsogeny decision
of bacteria infected with bacteriophage lami§8anuett and Herskowitz, 1987; Nebet al.,
1993) However, recent data has shown that HflX fr@amydophila pneumonipossesses a
slow intrinsic GTPase activity and -dactionateswith Escherichia col60S ribosomal subusit
suggesting the protein may have a role in protein syrgiesikinghorne et al., 2008. coli
HfIX has been shown to possess both GTPase and ATPase adivipyjsingly ony the
GTPase activity was shown to be stimulated by the 50S ribosomal s@bainitet al., 2009)
Thus, HfIX represents the second member of the -GBY supefamily after YchF which
demonstrates both GTPase and ATPase act{@nadia et al., 2009; KolleEichhorn et al.,
2007) despite the presence of the G4 specificity motif. Addéityn HfIX interacts with both
16S and 23S rRNA in a nucleotidependent manner, as shown by gel shift asgkms et al.,
2009) Recently, Dutta and colleagues confirmed that HfIX binds and hydrolyzes both purine
nucleotides, and alsastounted suggested roles for HflX in the bacterial lysis/lysogeny decision
and transpositior(Dutta et al., 2009)However, no detailed information about the kinetic
parameters governing these interactions is available to date, information pivotal to unraveling the

functional mechanism of HflX action.
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In this chapter the detailed analysis of the purine nucleotidedinig properties of HflX as
studied by equilibrium and p&teady state fluorescence technigaesreported for the first
time. This confirms that HflX can bind toboth adenine and guanine nucleotides, with a
preference for guanine nucleotidéksing fluorescent analogs of guanine nucleotides (r@DP
and mamiGTP), the elemental rate constants governing the interaction between HflX and the
respective manguanine nucleotidewere determinedising the stoppetlow technique.Based
on thisdata, appropriateonditions to study the NTPase activity of Hfiere establishedJnder
these optimized conditionthe NTPase activity of HfIX is not only stimulated by 50S ribosomal
subunits, but also to a similar extent by empty 70S ribosomes as well as ribosomexesmpl
containing the synthetic mMRNA analog poly(U) and deacylated fRRNr the ribosomal Bite.
Although an interaction between 16S / 23S rRNA and HflIX has been reported by Jain and
colleagueqJain et al., 2009xhe NTPase activity dfifiX is not significantly stimulated by 30S
ribosomal subunits. Based dhis pre-steady state analysand nucleotide hydrolysis data,
minimal kinetic scheme for Hfl)Xwith respect to the GTPase cycle as described by Bourne and
colleaguegBourne et al., 1991)s presented-urthermoe, the 70S ribosome stimulated GTPase
activity is inhibited by the antibiotic chloramphenicblt not by kanamycin Chloramphenicol
binds to the 50S ribosomal subunit at 23S rRNA bases A2451 and A2452, near the peptidyl
transferase centréSchlunzen et al., 2001while kanamycininteracts at a site common to
aminoglycoside antibiotics on the 30S ribosomal suburiit® rRNA bases A1408, G1419, and
G1494, near the mRNA decoding centre on the 70S ribogdeniaic and Joseph, 2000; Moazed

and Noller, 1987; Woodcock et al., 1991)
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3.2 Experimental Procedures

3.2.1Materials

All chemicals were obtained from VWR, Sigma, or Invitrogen, unless otherwise specified.
Restriction enzymes were from Fermentas; all other enzymes were purchased as described in the
following sections. PCR primers, nucleotides, amdntnucleotids were prchased from
Invitrogen (mantnucleotides 2 94% purity based on manufacturers specifications)
Radiochemicals were purchased from Peikimer. Smalscale plasmid preparations were
performed according to the manuplesmid DNAKit, 0s S p ¢
BioBasic). Antibiotics were from BioBasic.

3.2.2Molecular Biology

Open reading framénfIX was PCR amplified fronE. coli genomic DNA in a reaction
catalyzed by Phusion polymerae ( Fi nnzy me s )- CTASITTNAAG AGEG GEdr s 50
TAT ACATAT GTT-36 a n AAGECHT CGC CGT TAG ATC AGGTA -3 0, wher e
underlined nucleotides respectively denhild and Hindlll restriction sites engineered into the
primers. 1.3 kb PCR product was ligated (T4 DNA ligase, Invitrogen) $ra@ digested
pUC19.The resulting ligation mixture was transformed into-sldning efficiencyE. coliD H5 U
cells (Invitrogen) which were then grown at 37°C on idgjar plates supplemented with 50
eg/ mL ampicil | i-gal (RosedSciénffic).eBgsedmn blughite selection, and
restriction analysis, cells containing recombinant plasmids were fystbpagated for plasmid
isolation. The open reading frame was excised fromhflXQusingNdd and Hindlll restriction
endonucleases and ligated into similarly digested pET28a to create plasnifiXpETL coli

strain DH5U was us e dmbihantrplasmidsowera gharactedzad by BNAI ret
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sequencing (Macrogen DNA Sequencing Services) to confirm sequence, gene orientation, and
reading frame.

3.2.3Expression and Detection

The plasmid pEMmfIX was transformed intcE. coli strain BL2XDE3 (Invitrogen) for
expression of recombinant Hiagged HflX. Cells were grown at 37 °C in LB media
supplemented with 50 €9/ mL sharmd wihclRTG (fsahd i nd
concentration of 1 mM). Cells were grown for an additional 3tii the late logarithriic growth
phase was reached, and harvesteddytrifugation at 300 xg. Cells were flash frozen and
stored at80 °C prior to use.

To monitor protein expression levels, small culture samples were taken and lysed in 8 M urea.
Cleared cell lysates wettben analyzed usinj2% SDSPAGE at 200 V for 55 min. Gels were
stained with Coomassie blue; all other SBSGEs wereperformedin a similar manner.

3.2.4Protein purification

Cells were resuspended in 7 mL/g cells buffer A (50 mM -QispH 8.0 at 4 °C, 60nM
NH4CIl, 300 mM KCI, 7 mM Mg, 7 smbfcaffitoethanol, 10 mM imidazole, 15% v/v
glycerol, 50 €M GDP, 1 mM PMSF) and opened by
final concentration) for 30 min. Sodium deoxycholate (12.5 mg/g cells) was addedeid by
incubation on ice until the viscosity of the solution increased. The solution was then sonicated
until the viscosity of the solution decreased again. The solution was centrifuged for 30 min at 3
000 xg (4°C) to remove cell debris. The supernatamats further centrifuged for 45 min at 30
000 xg (4°C) to obtain cleared cell lysate.

The resulting cleared lysate was applied to a 10 nfl" $éipharose column (GE Healthcare).

The column was washed with 50 column volumes buffer A, followed by a sim#ah with
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buffer B (buffer A with 20 mM imidazole, lacking GDP). Recombinant-tdigged HfIX was
eluted from the column in several ste@®% column volume each) using buffer E (buffer A
with 300 mM imidazole, lacking GDP). Fractions containing HfIX werelpd and concentrated
using a Vivaspin 20 (10 000 MWCO, Sartorius). The protein was further purified by size
exclusion chromatography using Superd@&x(XK26/100 columnGE Healthcargeequilibrated
in buffer C (50 mM TrisCl pH 7.5 at 4 °C, 70 mM NiCI, 300 mM KCI, 7 mM MgC}).
Fractions containing pure HfIX were pooled and concentrated; protein concentration was
determined photometrically at 280 nm using alan@xtinction coefficient of 3555 M'cm™
(calculated using the software ProtParé@asteiger et al., 200b)ard using the BioRad
microassay. Protein samples were aliquoted, flash frozen, and ste8@d’@t prior to use.

3.2.5Purification of ribosomes and complex formation

Vacant ribosomes were purified frol. coli MRE600 cells essentially as described in
(Rodnina et al., 1994)ut using a Ti 45 rotor rather than a Ti 50.2 rotor. Ribwesl complexes
were programmed withpoly(U) mRNA and Psite tRNA™™ (both from Sigma)similarly to
previous literature(Watanabe, 1972)Briefly, complexeswere formed by incubating 70S
ribosomes (60 pmol) with 1.3 molar excess of tRRfA&and 1 mg/mL ply(U) (determined by
absorbance at 260 nm) in buffeAKM; (50 mM TrisCIl pH 7.5 at room temperature, 70 mM
NH4CI, 30 mM KC|, 7 mM MgC}) at 37 C for 15 min.

3.2.6Fluorescence techniques

To determine nucleotide binding affinities, fluorescence measutememe performed using a
Varian Cary Eclipse Fluorescence Spectrophotometer. The intrinsic tryptophan fluorescence of

HfIX (4 residues) was excited at 280 nm in a 0.3 x 0.3 cm quartz cuvette (Starna) at room

temperature. Fluorescence measurements wereicard o u't using 1 &M Hf Il X
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and increasing amounts of the respective nucleotide were added. Fluorescence was monitored
from 305450 nm through 5 nm slits for titrations with adenine and guanine nucleotides, and
from 305605 nm for titrations vth respectivemantnucleotides. Changes in fluorescence were
corrected for dilution anglotted as a function of nucleotide concentration at 338 nm for
nucleotide and masntucleotide titrations. Fluorescence signals due to the presence of protein
and nuctotide individually were subtracted from theeoall fluorescence of the system.

Fl uorescence changes ( @Fl) plotted against
guadratic function (Equation 1), with respect to the initialg)(FAnd maximum (Rl
fluorescence to determine the dissociat@mstant () for each nucleotide or fluorescent
derivative using the software TableCurve (Jandel Scientific). Additional variables for total
protein concentration ([P]) and signal amplitude (B 7.kl Flo) were accounted fqiwilden et

al., 2006b) Fluorescence signals were normalized prior to fitting.

aF| = 0.5(B/[P])(Ko + [P] + [nt] i ((Kp + [P] + [t 1 4[P][nt])"?) (Eq. 1)

The presteady state kinets of mantnucleotide disocation and asociation were determined
usinga KinTek SF2004 Stoppedlow apparatusRate constants for the bimolecular association
of mantGTP and manGDP (; andks) were determined by rapidly mixir@b ni. HfIX (2 niM,
nucledide free) with 25mL of varying concentrations of mantcleotides at 20C in TAKM -.
Tryptophan residues were excited at 280 nm and fluorescence emission from the mant group was
monitored through L&I00-F cutoff filters (NewPort). As only singlexponenial time courses
were observed, the dataemtreated on the basis of a esip binding model, HflX + masnit

a Hf | X Anmhaand analyzed by exponential fitting (equation 2; with the characteristic
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apparent rate constakiy, A for signal amplitude, Hor the fluorescence at time t, and, For
the final fluorescence signal) to determine the valuegfor each titration point
FI = Flb + Aexp(kapd) (Eq. 2)

The obtained apparent rate constants were plotted as a function of nucleotide concentration;
the slope of this function provided the association rate constiné@ks). The yaxis intercept
provided estimatell; andk s for mantGTP and manGDP dissociation respectively.

To determine the rate constants fdissociation of marGTP and manGTP (k; and k3
respectively) 1 mM HfIX was incubated with 3GM mantnucleotidefor 15 min at 37 C (in
TAKM ). Experiments were then performed by rapidly mixingn250f Hf | X Amoceotide
with 25 L of 300 M nucleotide (no fluorescent label) at 20 in TAKM5. Again, only single
exponential fluorescence time courses were observed and the resulting fluorescence signal was
therefore fitted with an exponential decay function (Equation 2, with the characteristic apparent
rate constankapp corresponding tahe rate of nucleotide dissociation). Rate constants for-mant
nucleotide dissociation from HfIX were also calculated from the respe€tvealues andi/ks
rate constants for comparison. Similar experiments were performed for-ademne
nucleotides.

3.2.7 Nucleotide hydrolysis assays

Hydrolysis of GTP and ATP by HflX was monitored tgtermining the releassf *?P; from
[ 3°P] GT P -&RIATP. [Nacleotide charging solution (radioactive nucleotide at ~ 100
dpm/ pmol , 0 . 2 5kinasg (PK)L3 nMyphasph@ehoyruvate (PEP)) and HflX
charging solution (15 &M HfIl X, 0.25 ¢e€g/elL PK,
to catalyze nucleotide triphosphate formation from the diphosphate Tarransure nucleotide

di-phosphate inlvition of multiple turnover experiments waegligible, radioactive nucleotide
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was diluted with notlabeled naleotide triphosphates (final amounts of nucleotide, 7500 pmol)
Hydrolysis assays were carried out ffer TAKM -. Reaction vol mhes we
containedl mM HflX, 125 nM radiolabeled nucleotidsolution and1 mM 70S ribosomes, 50S
subunits, or 0.5 MM 30S ribosomal subunits. For antibiotic titrations, the appropriate
concentration of antibiotic waasdifferdntstime poidtsl e d . 5
and quenched iswithScoMEHPOL M HCI O

Following the additMonamnd 800 gl 290 prMo pNyal a
were mixed for ~30 s and centrifuged at 15 800 xg for 5 ¥fiwas extracted as a phosphate
molybdae complex in the organic phase, added to 2 mL of EcolLite scintillation cocktail
(EcoLite, MP Biomedical), and counted in a Perkiimer TriCarb 2800TR liquid scintillation
analyzer.Background radioactivity due to NTP hydrolysis by ribosomes or selfolygis was
subtracted concentration of*’P, released wascalculated and plottedin the presence of
antibiotics, the final GTPase activity was normalized to 100 % after 90 min.

Theapparentate of nucleotide hydrolysis by HflX, alone or in the preseriagédbosomes and
antibiotics, was calculated from fittinge initial linear phase of multiple turnover experiments to

a linear equation, where the slope of the fit is the apparent rate of nucleotide hydkglysis,

3.3 Results

3.3.1Equilibrium analysi s of HfIX interacting with nucleotides
The overexpression of HfX and the final purified protereparatiorare shown in Figur8.2.
The final purity of HflX after Ni* sepharose chromatography and size exclusion

chromatography is estimated as greatem 9226 based on SBBAGE analysis.
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Figure 3.2. Overexpression and Purification of HflX.

Samples were taken pre and h post IPTGnduction. A final sample of purified HfIX (Pur) is
shown, with purity esthated as greater than 99Molecular masses (MW) are indicated.

Jain and colleagues generated truncations of HfIX at the proposed domain junctions based on
analysis of the proteins primary sequence, and demonstrated that all three domains are required
for association with the 50S ribosomal subu@dain et al., 2009)Within the G domain, the
essential elements required for nucleotide binding and specificity are indeed conserved among
the universally conserved GTPases, with the excepticdheo G4 motif of YchF. Despite the
conservation of these motifsrpgevi ous studies on HfIl X06s purir
contradicary. Results reported by Polkinghoreeal. based on competition assays support the
annotationthat HfIX from C. pneuroniaeis specific for guanine nucleotidéBolkinghorne et
al., 2008)while resultsby Jainet al. and Duttaet al. indicate that HfX fromE. coli binds and
hydrolyzes ATPand GTP (Dutta et al., 2009; Jain et al., 2009ince the experimental
approachs used in these previous studies did not take into account a wide range of affinities for
the different nucleotides, they might not have been sensitive enough to detect the interaction.

Therefore, a quantitative kinetic description of the interaction thightwo purine nucleotides is

53



crucial for understanding their functional importané&guilibrium fluorescence spectroscopy
measurementwere utilizedto study the nucleotide binding propertiespofified E. coli HfIX
(Figure3.3). Guanine and adenine-dind triphosphatesvereaddedinto HflX protein solutions
and changes in tryptophan fluorescence were monitditeel.addition ofincreasing amounts of
guanine nucleotides resulted in a decrease in tryptophan fluorestepngeg{max = ~ 338 nm,
Figure 3.3A and 3.3B). Similar results were obtained for titrat®af the protein with adene
nucleotides (data nathown).From these titrations the equilibrium dissociation constagd (K
was determined by fitting the concentration dependence of tryptopharedtence to a
guadratic function (Experimental Procedures). These results not only reveal a preference for
nucleotide diphosphatesKp values of 3.2 £ 0.4 and 12 + 1nM for GDP and ADP
respectively) compared to nucleotideghosphates (KKvalues ofl87 + 7nmM and 362 + 20rM

for GTP and ATP respectivelyput also a slightly higher affinity for guanine nucleotides.

In order to improve the signé-noise ratio for the prsteady state analysis, fluorescence
resonance energy transf@~RET) between # tryptophan residues HflX and the respective
mantlabeled nucleotidesvas utilized Prior to a presteady state analysishe equilibrium
binding constants of HfIX to several mamicleotide derivatives, a modification that has
previously been succesdlly used in the prasteady state analysis of otherp®teins such as EF
Tu (Wieden et al.,, 2002)were determinedUpon excitation of tryptophan residues in HflX,
FRET to the mant group of ma@TP and GDP was observed, raflectedby a derease in
tryptophan fluorescendd-igure 3.3C and3.3D) and an increase in mant fluorescencgnision,
max = ~ 450 nm). Changes inhe relative fluorescence at the tryptophan emission wavelength
(338 nm) as a function of manticleotide concentratiorevealed comparable but slightly

higher, binding affinities for mannhucleotidesvhencompared to the nefiuorescent nucleotides
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(0.8 0.1nM and 48 £ 4nM for mantGDP and manGTP respectively). Similar trends were
observed for titrations of HfIX with antadenine nucleotides (8.1 + In®1 and 87 £ 197M for
mantADP and mantATP respectively) However in these titrations the observed change in
mant fluorescence was significantly smaller when compared to the guanine nucleotide
derivatives(data not show). The equilibrium binding constants for the respective nucleotides
are summarized in Tabf@1l and are consistent with those reported for the other universally

conserved GTPases (Tale).

55



150 T T T T T
=) S 125 i
< <
8 g 10.0 J
= e
(] Q
4 ¢ 75 .
S S
3 3
o L 50/
o o ;
2 2
§ § 2.5 7 -
1 1 ] 1 1 Ool’ ] | [ me—
325 350 375 400 425 450 325 350 375 400 425 450
Wavelength (nm) Wavelength (nm)
T T T T 150 r T T T ]
-~ 90F |« - —y ik
2 i 2 125+ ™ B
< ol o <
g o AR R -
R e e e /7~ \\ _ R ;
6 00 25 50 75 100 125 150 175 "‘!/f( v \ “\\ . 6 005 0 100 160 300 350
2 20l [mant-GDP] (uM) / SN 2 [mant-GTP] (uM)
o / AN o 50
= / N =
S 0 / Y g 25-
2 _—— \}%‘ . i
O ~ ! 1 ] L — | I T
350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm)
A

[nucleotide]

Figure 3.3. Equilibrium Fluorescence Titration of HflX with Guanine Nucleotides.

HfIX was titraed with increasing amounts of A) GDP, B) GTP, C) m@abtP, andD) mant

GTP according to the color scheme provided (bottom). Insets show the nucleotide concentration
dependence of the obtained tryptophan fluorescence signal (at 338 nm) used to detesmine K
values.
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Table 3.1. Equilibrium Dissociation Constants Governing the Interaction between HflX
and Purine Nucleotides.

Nucleotide Parameter, signal Description Value
GTP Kp, HfIX intrinsic tryptophan  Dissociation constant 187 = 7V
GDP Kp, HfIX intrinsic tryptophan  Dissociation constant 3.2 +£0.4mM

mant-GTP  Kp, HfIX intrinsic tryptophan  Dissociation constant 48 * 4nM

mant-GTP Kp, calculated fronk.,/ ki Comparison to K mantcte 30+ 1nM
mant-GDP  Kp, HflX intrinsic tryptophan  Dissociation constant 0.8 £0.1mM

mant-GDP  Kp, calculated fronks/ ks ~ Comparison to K mantcop 2.7 £0.2mM

ATP Kp, HfIX intrinsic tryptophan  Dissociation constant 362 + 20mM

ADP Kp, HfIX intrinsic tryptophan  Dissociation constant 12 + 1M
mant-ATP  Kp, HflIX intrinsic tryptophan  Dissociation constant 87 £ 19nM
mant-ADP  Kp, HfIX intrinsic tryptophan  Dissociation constant 8.1+ 1.9nM
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Table 3.2. Equilibrium Dissociation Constants Governing the Interaction between
GTP/GDP and the Universally Conserved GTPases.

Classification Protein Kp, GTP Kp, GDP Ratio Reference
Translation Factors EFRTu 60 nM 1nM 60 (Gromadski et al.,
2002)
ERG 7 mvi 17nM 0.41 (Wilden et al.,
2006b)
IF-2 140V 13nM 11 (Pon et al., 1985b)

Protein Secreticn Factors  FtsY 14nM 26 nM 0.54 (Peluso et al., 2001

FfH 0.3nmM 0.2nM 1.5 (Peluso et al., 2001

Era Group YihA 3 mv 27nM 0.11 (Lehoux et al.,
2003)
Obg Group YchF 5nmv ~15nM*  0.33 (Teplyakov et al.,
2003)
HfIX 187 v 3.2nmM 58 This study

* A. Altamirano, Personal Communication

3.3.2Pre-steady state kinetic analysis of HfIX interacting with mantnucleotides

Based on the GTPase cycle outlined by BoBwurne et al., 1991)andthe observation that
HfIX seems to have a prefereném guanine ncleotides, a minimal kinetic schenfier the
interaction of HfIX with guanine nucleotides is presentéigyre 3.4. To study the mechanism
of nucleotide interaction with HflX, a rapid kinetics analysis using the stofipedtechnique
observing FRET betven HflX tryptophan residues and the mant group of macteotides over
time was performed This approach has been successfully used previously to study nucleotide
binding properties of a variety of other GTPases such abueknd IF2 (Gromadski et al., 2002;
Milon et al., 2006; Wieden et al., 2002)pon rapid mixing ofvarying concentrations of mant
GDP with HflX, a fastincrease in fluorescenad the mant grouglue to FRET reflecting the

binding of mamGDP,was observedhatwas dependent on the nudigle concentration (Figure
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3.5A). As only single exponentidime coursesvereobserved, these data were treated as a one
step binding model, similar to that of Hf binding to mant nucleotidg8Vieden et al., 2002)
The bimolecular association constant for binding of R@aDP to HfIX (ks) was obtainedrom

the slope of the linear concentration dependendgppFigure3.5B), and wasdetermined to be
9.7 + 0.6 x 1D M™s™. A similar experiment exaining the interaction between ma®fTP and
HfIX yielded a valueof ky = 6.4 + 0.3 x 16M's™.

To measurehe rate of nucleotide dissociatioksf, HfIX was incubated with a 30 fold excess
of mantGDP ; t he -GOPIcomblexawas then rapidly mixedith an excess of nen
fluorescent GDP (30@ld excess). The change in fluorescence reflecting the -GBBift
dissociation was monitored (Figui@5C) and k3 was determined by fitting the observed
fluorescence change to a singlease exponential functiohe value fork; was determined to
be 2.6 + 0.2s’. This value is in agreement with theayis interceptof the concentration
dependence of the association rtg,) used to determinks (k3= 2.2 + 0.3 8). Due to thdow
intrinsic NTPase activity foHfIX, k; was determined in a similar fashion. Values Karwere
determined as 2.1 0.1 rom dissociation experiments and 1.9 + §1from theplot of kapp
dependence d&f. A summary of all determined rate constants is given in TaBle

Interestingly, when similar experiments were performed with ra@nivatives of adenine
nucleotides, no changes in the mant fluorescence signal were obgdat@cot shown)This
was surprising since binding data demonstrated FRET betthieantrinsic trypt@han residues
of HfIX and the mant group of maiaidenine nucleotides. However, the miimbrescence signal
was significantly smaller for the maatienine nucleotide titrations compared to téspective
mantguanine nucleotide titrations, and possibly soeall to be detected in stopp#ow assays.

Since FRET is very sensitive to variations in distance between the fluorescence donor and
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acceptor dyes, these observations might reflect a slightly different position of the guanine

compared to the adenine tewtides relative to the donor tryptophan.

GTP

e

HfIX —~—— HfIX-GTP

/N-a KKGTPase
GDP K,

P
HfIXGDP

Figure 3.4. Minimal Kinetic Model for HflX.

K,

A minimal proposed kinetic mechanism of the interaction between HfIX and guanine
nucleotides.
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Figure 3.5. Rapid Kinetic Analysis of the Interaction of mantGDP with HfIX.

A) Time courses of mar&DP binding to HfIX measured by FRET. Fraight to left 5, 10, 15,
20, and 25" mantGDP, baselindcontrol without nucleotid). B) Concentration dependence
of kapp Values ofkap, Were calculated as described @xperimental procedurestandard
deviations range from 1.4% to 3.2%. From the slope of this plot, the assoc@tannstant;
(9.7 + 0.6 x 10 M™s") was calculted. The vy intercept correspondske (2.2 + 0.3 &). C)
Determination of the rate constant of m&iDP dissociatiork.; from HflX. (1) Nucleotide free
control and(2) dissociation of marGDP from HfIX. All traces were normalized with respect to
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Table 3.3. Pre-steady State Kinetics of mamguanine Nucleotides Associating to and
Dissociating from HfIX.

Nucleotide Parameter, signal Description Value

mant-GTP ki, FRETto mant group mantGTP association 6.4 + 0.3 x 10M™*s™

mant-GTP ki, FRET to mant group mantGTP dissociation 2.1+0.1¢"

mant-GTP K1, fromkappvs [mantGTP] mantGTP dissociation 1.9+0.18
plots

mant-GDP ks, FRET to mant group mantGDP assoiation 9.7 +0.6 x 18M™s*

mant-GDP ks, FRET to mant group mantGDP dissociation 26+028%

mant-GDP ks, fromkappvs [mantGTP]  mantGDP dissociation 22+03%8
plots

3.3.3NTPase activity of HflX in the presence of ribosomes and riboscahsubunits

The GTPase activity of HfIX was recently reported to be specifically stimulated by 50S
ribosomal subunit§Jain et al., 2009Hereit is demonstratethat the intrinsic GTPase activity
of HflX (Figure 3.6A) is very slow Ksteae = 8.4+ 1.0 x 10*eM s) and can be stimulated ~
1000 fold by50S ribosomal subuni@srpase sos= 0.19 + 0.01eM s™) as well asy empty70S
ribosonal complexegksrpase, 709.24+ 0.01eM s™). In an effort to elucidate the functional state
in which HflX interacts with the ribosome, the GTPase activity of HflX was examined in the
presence of ribosome complexes containing poly(U) as the message and'tRNAe P site.
Programming and Bite occupancy had little effect on the ribosestimulatedGTPase activity
of HfIX  (Figure3.6, Ketpase, p) 705 0.17+ 0.01eM s™).

Surprisingly, previous studies indicate that althotgitoli HfIX is able to bind both purine
nucleotides, only the GTP hydrolysis activity but not the ATP hydrolysis activity could be

stimulated by 50S ribosomal subunitdain ¢ al., 2009) This might be explained by the
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significantly different affinities for the nucleotide-ghosphates and {phosphates (between 30
and 58 fold difference) determined in this study, i.e. the experimental conditions might favor
binding of the dphosphate being formed in the first round of catalysis, thereby preventing
binding and hydrolysis of further tphosphates. To overcome this, pyruvate kinase and
phosphoenolpyruvatevere usedto convert all nucleotide present into thephiosphate form
Based on the equilibrium dissociation const a
experimentswere performedi n t he presence of 125 €M radio
efficient binding to the enzyme. Usirbis optimized assay conditiobpth the HIX GTP and
ATP hydrolysis activity can be stimulated by both 70S ribosomes and 50S ribosomal subunits.
The observed stimulated multiple turnover ATP hydrolysis rates (FB)6r&arpase, 70= 1.4 £
0.4 X 10° €M S™; Karpase, 5s = 2.3 + 0.4 x 1§ M s™) are significantly slower compared to the
respective GTPase activitiapase, 70d.24+ 0.01eM S™; KgTpase, s0= 0.19 + 0.01eM s) of
HfIX, which is consistent with the lower affinity of HfIX for ATP {2 times lower than GTP,
Table3.4).

3.3.4 Effect of translation-inhibiting antibiotics on the ribosome stimulated GTPase
activity of HflX

In order to address the questiosioes HflX specifically interactvith the 50S ribosomal
subunit the effect of two antibioticghat inhibit protein synthesisytbinding to different subunits
of the ribosome on the rate of ribosome stimulated GTP hydralgssxamined To this effect,
the apparent rate of ribosome stimulated GTP hydrolysis by Mf% determinedn the
presence of increasing concentrations obforamphenicol andkanamycin which interact
specifically with the 50S and 30S ribosomal subunit respectiVétyle kanamycirdid not show

any effect on the rate of GTP hydroly¢isgure 3.7A), in the presence of chloramphenicol the
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apparent rate of rimmme stimulated GTP hydrolysis by HfIX decreassghificantly with
increasing concentration of the antibiotic (FiguBe7B and 3.7C). Based on this effect, 50%
inhibitory concentrations (l§g) of chloramphenicol were calculated as 28 for both 70S

ribosomes and 50S ribosomal subunits.
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Figure 3.6. Ribosomestimulated NTPase Activity of HflX.

(A) Time courses of GTP hydrolysis by HflX were obtained by extracting liberffedand
scintillation couning. The reaction was followed in the absence of ribosomes (open circles) or in
the presence of 70S ribosomes (closed squares), 50S ribosomal subunits (closed triangles), and
30S ribosomal subunits (closed circles). The insert shows the initial hydrofyGiBP. (B) Time

courses of GTP hydrolysis by HflIX in the presence of empty 70S ribosomes (closed squares) as
well as ribosomes programmed with poly(U) as a mRNA message andsiteedecupied with

tRNAP" (open squares). Insert, same as in (A). (C) Tamerses of ATP hydrolysis by HflX in

the absence of ribosomes (open circles) or in the presence of 70S ribosomes (closed squares),
50S ribosomal subunits (closed triangles), and 30S ribosomal subunits (closed circles).
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Figure 3.7 Inhibition of the Ribosome-stimulated GTPase Activity of HfIX by
Chloramphenicol.

Time courses of GTP hydrolysia the presence of increasing amounts of kanamycinagé)
chloramphenicol (B). Insertghe initial hydrolysis of GP. Antibiotic concentrations: 0ri,
closed squares; 10@M, closed circles; 25@M, closed triangles; 508M, closed diamonds; 750
nmM, reversed closed triangles. (Dependence of the apparent rate constant of GTP hydrolysis
(ksTrasy ON the concentratiorof kanamycin (closed squares) and chloramphenicol (closed
diamonds, 70S ribosomes; closed circles, 50S ribosomal subunits)



Table 3.4. Purine Nucleotide Hydrolysis Rates of HflX in the Presence of Ribosomal

Particles.
Nucleotide Parameter, signal Description Value (UM s™)

GTP KoTpase hydrolysis of GTP hydrolysis 8.4+0.1 x 10"
[0-*°P]GTP

GTP KcTpase Nydrolysis of GTP hydrolysis + 70S 0.24+0.01
[0-*P]GTP

GTP KcTpase Nydrolysis of GTP hydrolysis + programme  0.17+ 0.01
[0-*°P]GTP 703

GTP KeTpase Nydrolysis of GTP hydrolysis +0S 0.19+£ 0.01
[0-*P]GTP

GTP KoTpase hydrolysis of GTP hydrolysis + 30S 2.3+0.2 x 10°
[0-*°P]GTP

ATP Katpase hydrolysis of ATP hydrolysis 8.0+1.6 x 10*
[0-*P]ATP

ATP Katpase ydrolysis of ATP hydrolysis + 70S 1.4+ 0.4 x 10°
[0-*P]ATP

ATP Katpas, ydrolysis of ATP hydrolysis + 50S 2.3+ 0.4 x 10
[>-*P]ATP

ATP Katpase hydrolysis of ATP hydrolysis + 30S 3.8+3.2x 10
[>-*P]ATP

3.4 Discussion
HflX is a member of the Ob#lfIX superfamily of conserved TRAFAC GTPagg¢®ipe et al.,
2002) The members of thisuperfamily include Obg (also CtgA or YhbZ), YchF, and HflX

(Caldon and March, 2003and have been implicated in ribosome biogenesis and regulation of
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translation. For exampl&®bg fromE. coli andVibrio harveyihas been shown to associate with
the 50S ribosomal subunit, and has an essential role in its matudaiog et al., 2006; Sikora et

al., 2006) On the basis othe kinetic parameters reported in this stwdy are now making
progresfowarda det ai |l ed understanding of theeomol ecul
the eight universally conserved GTPases found in all domains of life. HfIX is particularly
interesting since it represents the second member of these conserved GTPases, afthatychF,
binds both purine nucleotidg&oller-Eichhorn et al., 2007)This is surprising, since the G4
motif (NKID) found in HfIX from E. coli corresponds well with the consensus sequence NKXD
motif determining ncleotide specificity in Hoop GTPasesIn contrast, YchF fronE. coli
preferentially binds adenine nucleotides and contains an altered G4 sequence (NVNE), which,
supported by the available-pay structures, is likely to be responsible for the observadgsin
specificity. The equilibrium binding constants for GTP and ATE87 nM and 362 nM
respectively)reported here for HflX support the previously observed lacgunine nucleotide
specificity (Dutta et al., 2009; Jain et al., 2008ut also show a slight preference for guanine
nucleotides. Adenin@ucleotides are in ~ 3 fold excess over guanine nucleoitides/o and
cellular concatrations of purine nucleotides are ~ 10 to 20 fold hidtvethe triphosphate form
compared to the gohosphate form (GTP = 0i191.7mM / GDP = 0.1i 0.2mM and ATP = 2.5

T 3.6mM / ADP =0.137 0.25 mM) (Buckstein et al., 2008; Neuhard and Nygaard, 1987)
Therefore, approximately 19% of HfIX will be bound to thepinosphates (roughly equal
amounts to GTPral ATP), 80% to the ebhosphates (70% to GDP and 10% to ADP) and only
1% in the nucleotide free form. This in turn also indicates that almost 80% of the cellular HflX
will be found in the guanine nucleotide bound form, suggesting that HfIX functionguemnane

nucleotide dependent enzynmevivo. The observation that HflX is neessential under optimal
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growth conditions based on the growth pattern oh#X knockout strain(Baba et al., 2006)
suggests to ua role for HfIX under stress conditiomsstead,probably by regulating either
ribosome biogenesis or protein synthefisterminingthe affinity of HfIX for 70S ribosomal
complexes and the 50S subuwith respect to its nucleotide bound stat# provide valuable
information on the association of the protein with the ribosome undévo conditions.

The presented prsteady stat&inetic analysis of HfIX has revealed that the association rate
constants for GTP and GDP bindirg € 6.4 x 10 Ms*andks = 9.7 x 10 M's™, respectively)
are ~ 20 fold different. However, the dissociation rate constants Bf &d ®P dissociation
are of the same order of magnitude € 1.9 + 0.1 $ andks= 2.6 + 0.2 8), resulting in an
approximately 20 fold lower affinity for thpurine nucleotide trdphosphate compared to the
respective dphosphateThese rapid nucleotide dissociation géee also observed in Obg from
Caulobactercrescentug1.4 s' and 1.5 & for mantGDP and marGTP respectivelyLin et al.,
1999) andE. coli (1.1 s' and 0.57 $ for mantGDP and manGTP respectivelfWout et al.,
2004). The relatively fast dissociation of both nucleotides from the complex will ensure the
rapid turnover of the bound nucleotide, and thugynanine nucleotide exchange factor (GEF)
wi || be required f or ntkhséttoXxhé dissdciatinoncrate constants dfHor s
example EFTu (kgpp = 0.0® s* andkgrp= 0.03 & (Wilden et al., 2006b) which requires EF
Ts as the GEFbut consistent with EB (kgpp = 300 s' andkgrp= 7 s* (Wilden et al., 2006)
which does not require a GEF for its cellular functidrhe kinetic data also suggests that HflX
is in a constant state of nuoté&e exchange in the cell similar to ¥3but opposed to EFu
(Gromadski et al., 2002; Wieden et al., 2002)wever, the rates of nucleotide dissociation from
HfIX are oneorder of magnitude lower than for the HE catalyzed nucldme dissociation in

EFRTu (125s* and 85 & for GDP and GTP respective{eromadski et al., 200@)Furthermore,
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the rate constants governing the interaction between GTP aéh¢klErp= 15 $' andk.gp= 4 X
10° M*s? (Milon et al., 2006) arevery similar to HflX (Table3.3). It is however astonisig
that, different from EFu and EFG, the rates of ruleotide dissociation from bottine GDPR
and GTPbound HfIX complexes are very similar suggesting a common structure for the two
complexes.Together with the different association rates for theasd tri-nucleotides this
suggest a model where the nucleotides interact with the nucleotide free form of HfIX and induce
structural rearrangements that will result in the formation of the nucleotide bound form of the
enzyme that is structurally similar fdrmoth, the di and trinucleotide bound state. Different
structures might however exist in the ribosome bound forms of HfIX.

The role of the ATP/ADP bound fosmersus the GTP/GDP forms of the enzyrieany
exists remains unclear since previous studiagheE. coliand theC. pneumoniadactorare not
consistent with respect to a potential inhibition of the intrinsic GTPase by excess adenine
nucleotides and vice vergdain et al., 2009; Polkinghorne et al., 2D0OBhe observation that
FRET from the tryptophans in HflX to the magroup of mantadenine nucleotides is less
efficient than to the respective guanine nucleotides (as observed in both the equbibding
studiesand presteady state experiments) nmag explained by either extremely slow association
or dissociation rates, or an increased distance between the donor fluorophore (intrinsic
tryptophan residues in HfIX) and the acceptor fluorophore (fgeoup) for the adenine
compared to the guaninacleotides. This would support the idea that the adenueotide
bound state differs structurally from the guarmeleotide bound state, and may st ofa
regulatory mechanisngJain et al., 2009)However, based on the equilibrium distation

constants reported here the majority of HfIX will be bound to guanine nucleotida®.
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In this study, the use oftaghly purified reconstituted translation system revealed for the first
time that the GTPase activity of HfIX is dramaticallycieased in the presence of 70S and
poly(U)-programmed ribosomes and not only by 50S ribosomal suamipseviously reported
(Jain et al., 2009)This finding suggest a functional interaction of HfX with the intact 70S
ribosome raisng the question to what the functional role of HflIX is and with which functional
state of the ribosome it preferentially interacts. PreviouSlycoli 70S ribosomes were not
reported to interact with HfX nor to stimulate the GTPase activity of the pr@lain et al.,
2009) This may be explained by a lower affinity 6f pneumoniaHflX for the E. coli 70S
ribosomes used in the heterologous system or by the experimental conditions, &g. Mg
concentrations, which are not mimicking the gkt conditions. More importantly, the ribosome
preparations used by Jaghal are only partially purified and may still contain other factors such
as mRNA, tRNA and translations factors which could influence the functional state of the
ribosome and hemcthe interaction with HflX, hinting at the fact that HfX indeed competes with
translation factors for the interaction with the ribosome. However, our own data using poly(U)
programmed, highly purified ribosomes with tRRfAin the ribosomal P site prowd the same
level of stimulation as observed for purified, empty ribosomes (Fig6&). This demonstrates
that the empty ribosome ot the onlytarget of HflX, since the terminatielike complex(70S
poly(U)-tRNAP" is also recognized.

Chloramphenicolor the aminoglycoside kanamycin effectively inhibit protein synthesis
(Brock, 1961; Hobbie et al., 2005; Jerinic and Joseph, 2000; Moazed and Noller, 1987,
Woodcock et al., 1991)To explore a potential role of Bflduring protein synthesis, we have
examined the effect of these two antibiotics on the ribosstimaulated GTPase activity of HflX.

Chloramphenicol is a 50S subunit specdiatibiotic with two binding sites on the prokaryotic
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ribosome: a high affinity (K= 2 nM) site near the ribosomal gite, which hampers binding of
tRNA to the Asite (Schlunzen et al., 20013nd a lower affinity (K = 200mM) site that binds to
the peptide exit tunnel, which may inhibit nascent polypeptides leaving the ftluomg and
Porse, 2003)Chloramphenicol is toxic to prokaryotes but has little effect on eukaryotes, due to
the lack of the higher affinityite (Hansen et al., 2003; Hobbie et al., 2005; Long and Porse,
2003) However, it has been suggested that both sites are physiologically important in bacteria,
which further explains its potent antimicrobial acgMansen et al., 2003Dur own data show
an 1Gp, = 200 M for the ribosomestimulated GTPase activity of HflXHowever, as the
chloramphenicol binding sites on the 50S subunit and 70S ribosome are buried, this suggests the
inhibition effect obser@d may be due to a conformational change near the chloramphenicol
binding site affecting the HfIX binding region, which in turn may influence the activity of the
protein. This may hintat a previously unknown mechanism of antibiotic action through
inhibition of the ribosomassociated activity of HfIX. Kanamycin, in contrast, protects bases
A1408, G1419, and G1494 on the 16S rRNA of the 30S subunit near the mRNA decoding centre
on the 70S ribosomé&lerinic and Josepl2000; Moazed and Noller, 1987; Woodcock et al.,
1991)and does not show anyepentlenteGdRase@ativityd Préliddidasy r i b ¢
data suggests that hygromycin B, another aminoglycoside that binds ctbselécoding center
on the ribosomaB0S subunit, also shows no effect on the ribosetimulated GTPase activity
of HfIX. Altogether this supports a model where HflX interacts with the 50S subunit of the
ribosomewnhich servess a GTPase activating factor (GAP in analogy to the GTPase tyate)
is specifically inhibited by chloramphenicol.

In summary,this work representthe first detailed kinetic analysis of the nucleotide binding

properties for the universally conserved GTPase HBXsed on thisit was possible to show
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that HfIX exhibits a ribosomestimulated GTPase activity, a feature also observed in several
other ribosomeassociategbroteinfactors, including the canonical translation factorsTeFand
EF-G. The use of a highly purifie&. coli in vitro translation system also allodefor an
examination othe ATPase activity of HfXwhich s also stimulated by ribosomes. As a ron
essential proteinnder optimal growth conditionghis factor mayhoweverhave a role in protein
synthesis or ribosome biogenesis under stress comglitData on the antibiotidepemlent
inhibition of the ribosometimulated GTPase activity point toward a role for HfIX during
protein synthesis,ral suggests that the HiHbosome interactiomay bea potential target for
other antibioticssuch as anisomytj sparsomycin, blasticidin S, and virginiamycin M, which
bind at the peptidyl transferase centre of the 50S ribosomal siiBanisen et al., 2003further
kinetic analysis regarding the influence of ribosomal particles is presantde following

chapter
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4. Ribosomal Particles Regulatehe Structural and Functional Dynamics of HflX

Based on
AThe Ribosome Modulates the Structur al Dy na mi
Tight Nucleotide Bindingo

Jeffrey J. Fischer, MackenZie Coatham, Shey Eagle Bear, Harland E. Brandon, Evelina I.
DeLaurentiis, Michael J. Shields, and Haleschim Wieden

Submitted taRNA August 2011

4.1 Introduction

Members of the foop family of GTPases are ubiquitous throughout all domains of lifes@ h
essential proteins function as nucleotdipendent molecular switches, and modulate processes
such as signal transduction, DNA replication, and protein syntfi@ssvn, 2005; Caldon and
March, 2003) The functional cycle of GTPases is regulated by the phosphorylation state of the
bound nucleotide; theapoand GDP bound states represent an inactive form, while upon binding
to GTP, the protein adopts a functionally active state. GTP hydrolysis triggers a conformational
change in the enzyme, reverting the protein back to its inactive;lg@Did form. This GTPase
cycle can be modulated by a variety of factors within the cell: geanirtleotide exchange
factors (GEFs) catalyze the release of bound GDP, thus facilitating binding of GTP; GTPase
activating proteins or factors (GAPs) stimulate the intrinsic GTPase activity of the enzyme, and
guanine nucleotide dissociation inhibitors (ISPregulate the release of GDP, providing an
additional temporal regulation of the enzyme.

Of the family of Rloop GTPases, only eight members are universally conserved, which can be
subdivided into two groups. The first group contains the well charaeteGTPases, whose
functions have been elucidated, include translation elongation factors (EFs) Tu and G, initiation

factor (IF) 2, and the protein secretion factors Ffh and E@&Xdon and March, 2003)he
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second group, whose function remains unclear, consist of the proteins YihA, YchF, and HfIX
(Caldon and March, 2003and have also been implicated in protein synshe&chF associates
with ribosomal subunits and polysomesTirypanosoma cruziGradia et al., 2009)in Bacillus
subtilis, YihA (YsxC) interacts with the 50S subunit; Yikdepletedcells accumulate a 44.5S
large subunit intermediate lacking ribosomal proteins L16 and L36, indicating a role for the
factor in ribosome biogenesiSchaefer et al., 2006 HfIX associates with 50S ribosomal
subunits in both Chlamydophila pneumoniaend Escherichia coli (Jain et al., 2009;
Polkinghorne et al., 2008and its intrinsic GTPase activity is significantly stimulated by 70S
and 50S ribosomal particles, but partially inhibited by the antibiotic chloramphé8icelds et
al., 2009)

Previous work by Jaiet al. and Polkinghornet al. revealed that HfIX interacts with the 50S
subunit in either GDP or GDPNP bound states based-dractonation experimentgain et al.,
2009; Polkinghorne et al., 200@&nd that HflX also cgurifies with an RNA species similar in
size to 16S rRNAJain et al., 2009)Recent work by Blombacét al. on HflX from Sulfolobus
solfataricusindicated that association with the 50S subunit is nucleotide independent, though
may be stabilizedby guanine nucleotidg®lombach et al., 2011)n this work, we clarify based
on microfiltration and ultracentrifugation experiments tgBatcoli HfX interacts with the 30S
particles in addition to 50S subunits and 70S ribosomes in a nucleotide independent manner.
Contrary to previous results on tke coli protein, we find that association to ribosomal particles
occurs in theapo state as well, similarot the homologous factor fron$. solfataricus
Furthermore, the antibiotic chloramphenicol which specifically binds to the 50S subunit of the
ribosome and inhibits ribosome stimulated GTPase hydrolysis by HflX, does not interfere with
binding.
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Based on tis data, we performed a detailed fluorescence resonance energy transfer-(FRET)
based presteady state analysis of HfIX interacting with mgoanine nucleotides in the presence
of ribosomal particles. We find that the 50S and 70S particles regulate ¢hectian between
HfIX and mantGDPNP by slowing nucleotide dissociation rates, resulting in an approximate
250 and 70 000 fold increased binding stability based on calculated equilibrium dissociation
constants (KO s ) for 70S and 50 Srhiscio gimpldr éoxhe dranslagosgh e ¢ t i \
GTPase EF5, where manGDPNP binding to EfS is stabilized ~ 30 000 fold in the presence
of vacant ribosome@Vilden et al., 2006b)

Using limited trypsinolysis we have probed the structural dynamics of HflX in various
nucleotide and ribosoméound states. Together with our detailed rapid kinetics analysis data,
our probing study revealed for the first time the existence of two distinct HfIX coatans
and that HflX, similar to EfG , may adoptctd viaGeRladsdg orm i n the
70S particles. Our findings therefore provide the first steps towards identifying the functional
cycle of HflX and suggests that the ribosome modulatessthuctural dynamics of HflX
Through efficientuningof the GTP binding properties of HfIX the interaction with the ribosome
in vivowill enable HflX to overcome the surprisingly low GTP binding affinity observed for the

free protein(Shields € al., 2009)

4.2 Experimental Procedures

4.2.1 Materials

Chemicals were obtained from VWR, Sigma, or Invitrogen, unless otherwise specified.
Nucleotides and madrtucleotide derivatives were purchased from Invitrogen or Medicorp (mant
nucleotides 94% purity based on manufacturers specifications). Recombinant 6Xalged
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HfIX was purified as previously reporté8hields et al., 2009)/acant ribosomes and ribosomal
subunits were purified frork. coli MREG600 cells essentially as described(Rodnina et al.,
1994) but using a Ti 45 rotor rather than a Ti 50.2 rotor. As HflX rapidly hydrolyzes GTP in the
presence of 70S ribosomes or 50S ribosomal subunits, thdydoolyzable GTP analog
GDPNP (or mant derivatives) was lizted in binding studies where ribosomal particles were
present. Protein mass spectrometry was performed at the Institute for Biomolecular Design at the
University of Alberta.

4.2.2 Microfiltration

Hf | XAri bosome compl exes werM) fwirtrhe d ilby siomtad b
e M) in the presence of nucleotides (1 mM), an
i n 20 glbuffér /6B MM TrisCl pH 7.5, 70 mM NHCI, 30 mM KCI, 7 mM MgC}) at
37 °C for 15 min. Following incubation on icerfo 5 mi n, 4,8v8s added. JarkHes
were centrifuged in Vivaspip 00 (100 000 MWCO) columns at 1
volume, diluted to 500 pL, refiltered, and analyzed using a 12%BBRGE run at 200 V for 1 h
and stained with Coomassie blue. Th&o of HfIX to ribosomal particle was determined using
ImageJ by comparing the band intensity of 6X-téigged HflX (50.5 kDa) to that of ribosomal
proteins S1, S2, L1, and L2 (61.2, 26.8, 26.7, and 30.0 kDa respectively).

4.2.3 Ultracentrifugation

HiXA i bosome complexes were formed by mixing
subunits (0.1 &M), and nu cylbeffert at 87e°€ for( 10 mimM) i n
Compl exes were | oaded on a 1-ClpH7.5atL4°C,6&mMM se cu
NH4CI, 5.25 mM Mg(OAc), 0.25 mM EDTA, 10% (w/v) sucrose; nucleotide present in

appropriate experiments) and centrifuged at 65 000 xg for 24 h in a Beckman Coulter TLX
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ultracentrifuge usinga TLA 0O . 3 rotor. The resulting pell et

and analyzed by SDBAGE as above.

4.2.4Pre-steady state kinetics

Rate constants for HflX interacting with ma@DPNP / manrtGDP were determined via
FRET between the intrinsic tryptophan residues in HflX and the mant group as previously
reported(Shields et al., 2009)sing a KinTek SR2004 stoppediow apparatus. Tryptophan
residues were excited at 280 nm and the fluorescence emission from the mant group was
monitored through L&00-F cutoff filters (NewPort). The resulting fluorescence ésagvere
initially fit according to one or two exponential functions (equations 1 and 2), dgiie the
characteristic apparent rate constakis the signal amplitude, Fl is the fluorescence at time t,
and F} is the final fluorescence signal. Fluorescence data was then normalized with respect to
the initial fit, averaged @O traces typically), and refit with the appropriate equation. Kinetic
constants are expressed as the final data fit, £+ 95% confidetexwain For association
experiments, thek,,, concentration dependence was fit with a linear function; the slope

represents the bimolecular association rate constant. All experiments were performed in TAKM

at 20 °C.
FI = Flb + Aexp(kapd) (Ea. 1)
FI = Fb + Aiexp(Kappt) + Asexp(kappd) (Eq. 2)

The association of mamuc | eot i des t o Hf | XAri bosome co
preforming complexes (2 uM HfIX and ribosomal particle) by incubation at 20 °C for 15 min
prior to use. ©@mplexes were then rapidly mixed with 25 uL of various concentrations (5 to 25

UM final concentration) of mant nucleotides at 20 °C in TAKMhe resulting fluorescence
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traces were then analyzed according to either equation 1 or 2, depending on theofjtiadity
obtained fit.

To det er mi ne t he rates of di ssoci a-tion (
nucleotidé r i b acenplexes, complexes were formed by incubating 30 uM macleotide
with 2 uM each HflX and ribosomal particles. Experiments were theformeed by rapidly
mixing 25nL. o f Hf-d XAImantti de Ar i bo s odmaf 300 mvimmlabelad wi t h
nucleotide at 20C in TAKMy-. Fluorescence traces were fit according to equations 1 or 2. When
monitoring nucleotide -GOPNPSBB Ndt HO RGORNRR T HT | X /
complexes, these samples were rapidly mixed with similar complexes containing 300 pM
unlabeled GDPNP.

Kinetic data was initially fit using TableCurve (Jandel Scientific). As an additional
evaluation method, fluorescence tracesnfreach nucleotide association experiment were also
analyzed by global fitting using Scientist software (MicroMath). Reported values for each
association rate constant were obtained by averaging values obtained from both calculation
methods. Values for numbtide dissociation rate constants were obtained from direct
measurements. Thg-axis intercepts obtained from the nucleotide association experiments
provided an accurate estimate for the nucleotide dissociation rates as previously reported
(Shieds et al., 2009)Global fitting provided accurate estimates for m@miPNP dissociation
from Hfl XA50S and Hfl XA70S complexes, consi st
rate. Reported standard deviations represent the largest deviation obfaoracthe obtained
rate constants, the equilibrium dissociation constant$ Were calculated based om K ki/k;
for singlestep binding and K= (kik.)/(kik;) for a twoestep binding mechanism. The current

analysis was performed along the lines obRigaet al. (Pisareva et al., 2006)
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4.2.5Limited Trypsinolysis
The structural dynamics of EG has previously been studied using limited trypsinolysis to

probe the conformation of E6 bound to the ribosoe in various statedicu et al., 2009)In

order to probe potential nucleotidee pendent confor mati onal change
reactions), the protein (2CisthBpresermeof nucleotiddsat e d
(1 mM). Trypsin (4.5 eg/ mL final <concentratio

at20C. At various time points, 20 -PAGEdadinguot s
dye, heat denatured (9& for 5 min), and anaked by SDSPAGE. To probe the ribosome
bound states of HfI X, the protein was incubat
presence of 1 mM nucleotide prior to limited trypsinolysis. Proteolytic fragments generated were
identified by mass specmetry. Based on these mass spectrometry data, combined with
theoretical trypsinolysis sites predicted by PeptideC@asteiger et al., 2005)kely cleavage

sites were identified. The amount of remaining HfIX was calculated based on the initial SDS
PAGE band intensy (ImageJ) compared to the band intensity at time points after exposure to
trypsin. To compare the sensitivity of HfX to proteolysis, #fuf was calculated and plotted

over time, where the slope indicates the rate of trypsinolysis of Hflks, the anount (%) of

HflIX at time t and gis the initial amount of HfIX present. Error bars reflect standard deviations

(n=3).

4.2.6 Structural modeling ofE. coli HfIX

The structure of HfIX fromS. solfataricuswas solved in theapo and GDPbound states
(PDB IDs 2QTF and 2QTH respective(yVu et al., 2010) The structure 2QTH was used as

templates to generated a homology modeEofcoli HfIX using the protein modeling server
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SWISSMODEL (Arnold et al., 2006; Guex and Peitsch, 1997; Kiefer et a092Peitsch, 1995;
Schwede et al., 2003)ased on the fact that HfIX fror8. solfataricusand E. coli share
significant similarity (40.4% similarity, 24.4% identity across the 356 amino acids i5.the
solfataricusfactor). The obtained model is 84% cowetel with respect to thE. coli sequence
and only lacks 15 Merminal and 53 @erminal residues, which are not present in the sequence
from S solfataricts. A sequence alignment comparing the primary sequence of HflX Erom
coli to that ofS. solfatarics was generated using CLUSTAL#iggins et al., 1996jor use in

the alignment mode of SWISEAODEL. Molecular structures were visualized using PyMOL

(DeLano, 2006)

4.3 Results

4.3.1HflX interacts with ribosomal particles in a nucleotide indepement manner.

Many GTPases involved in protein synthesis typically bind only transiently and in a
nucleotidedependent manner to the ribosome. However, studies regarding the interaction of
HfIX with the ribosome have yielded puzzling results. HfIX fr@mpneumoniaevas reported to
associate with th&. coli 50S subunit, and removal of thetBirminal domain resulted in the loss
of specificity for this subuni{Polkinghorne et al., 2006Yain and colleagues reported tkat
coli HflX interacts exclusively with the 50S ribosomal subunit regardless of the nucleotide
bound (ADP, AMPPNP, GDP, GMPPNP) based orsedimentation analysis of purified HfIX
and ribosomesJain et al., 2009)nterestingly, this study also showsit HflX co-purifies with
16S and 23S rRNA, suggesting that HflX might be able to interact with the 30S as well as the
50S subunit or its precursaofdain et al., 2009)Recently, HfIX fromS. solfataricusvas reported
to not only interacwith 50S subunits in its nucleotide bound state, but also iagbdorm of

the enzymdgBlombach et al., 2011)o clarify the mechanistic details goueng the interaction
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betweenE. coli HfIX and the ribosome, we performed reconstitution assays using purified
components. Based on the available biochemical (faltelds et al., 2009ve studied the

binding of HflX to the three (30S, 50S andSjGibosomal particles in the absence and presence

of various guanine nucleotides as well as chloramphenicol using microfiltration (Figuxe

and ultracentrifugation techniques (FigutdB). During microfiltration, free HfIX (50.5 kDa)

passes througiné 100 kDa MWCO filter used (FigudelA 70S lane 2), whereas the respective
ribosomal particles will be retained above the membranen@&®lA 70S, 50S and 30S). Since

the molecular mass of HflIX differs significantly from the masses of ribosomal psptitia

presence of HflX can be easily detected and quantified by-FBSE (indicated by an arrow,

Figure 4.1). When excess HfIX (5 uM) was incubated with 70S, 50S, or 30S (1 uM) in the
presence (1 mM) or absence of nucleotides (GDP, and GDPNP), HfIX isawcktogether with

the ribosomal particles, suggesting that HflX is able to bind to either ribosomal subunit
independent of the nucleotide bound state. Although chloramphenicol inhibits the ribosome
stimulated GTPase activity of HflX, it did not interfewith the binding of the protein to the
respective ribosomal particles either in the presence or the absence of nucleotide. Prominent
ribosomal proteins (S1, S2, L1, and L2) were identified by mass spectrometry and used to
determine the relative amountg$ BIflX bound to the respective ribosomal particle using
densitometry. This analysis revealed a bindi
Hf | XA50S and approximately 1.5:1 for the HfI
obtained for ultracenfugation experiments in which HfIX (1 uM) was incubated individually
with 30S, 50S and 70S ribosomal particles (0.1 uM) in the absence and presence of 1 mM
nucleotides (GDP and GDPNP). Here, free HfIX was separated from the ribosomal particles and

their respective HflXbound complexes by centrifugation through a 10% sucrose cushion (Figure
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4.1B). Under all conditions HflX was found to migrate with the respective ribosomal particles
suggesting that HfIX can bind tightly to either 30S, 50S or 70S ribos@ndsthat this

interaction does not depend on the presence of nucleotide.
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Figure 4.1. HfIX Interacts with Ribosomes and Ribosomal Subunits Regardless of
Nucleotide or Chloramphenicol.

A) HflX -ribosome comiexes were preformed in the absenapd or presence of nucleotide
(GDP, GDPNP) and chloramphenicol (as indicated). Following filtration through 100 kDa
MWCO filters, free HfIX (50.5 kDa) was found in the fletirough, while ribosoméound HflX
complexesremain in the retentate (12% SIPAGE of the arious retentates are showni)
Interaction of HfIX with ribosomal particles, independent of nucleotide, was confirmed by
ultracentrifugation through a 10% sucrose cushion. The position of HfIX is indicabedhlé
headed arrow) and the Proteins S1, S2, L1, and L2, are labeled as references.
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4.3.2Kinetics of mant-GDP interacting with HflX and its ribosomal complexes.

The kinetic parameters governing the interaction of guanine nucleotides with free H&8X hav
been successfully determined previously using FRET between the intrinsic tryptophan residues
of HfIX and the mant moiety of mai@DP and manrGTP (Shields et al., 2009Here we wanted
to investigate the nucleotide interaction with HflX basedttte observation that HfIX can form
three stable ribosomal compl exes 41).Hrfdd¥rA3 0 S, H
address the question if interaction with the ribosomal particles influences the nucleotide binding
properties of HfIX and to aess the potential of the ribosome as a regulator in the functional
cycle of the universally conserved GTPase HflX, we have performed a detailed kinetic analysis
of the guanosine diand triphosphate binding properties of free HflX and three different
rbosomal complexes (HfI XA30S, Hf | Howge@Bigqua nd Hf
All obtained rate constants are summarized in Taldle

The binding kinetics of GDP and HfIX was measured using the fluorescent analogGDant
Performing chase experimé s by rapi d mi xi ngGD® tomplaxes fwithr me d
excess GDP resulted in a decrease in mant fluorescence over time consistent with the
dissociation of the bound manticleotide (Figured.2A). Monitoring the fluorescence change
over 120 s reveat a biphasic fluorescence signal decay, suggesting atepodissociation

mechanism (Scheme 1), best described by aegxpmnential time dependence.

kl k2
HfIX + mantGDP2 Hf | X A@DPd tHf | X AGD®n t (Scheme 1)
k_l k—2

Consistent with this model the obtained fluorescence traces were best fit with-a two

exponential equatiorSection 4.2 yielding the rate constanks cpp= 2.5 + 0.1 8 andk gpp=
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0.040 + 0.07 s". The value reported here flg gppis consistent with our previously reported
value of 2.6 + 0.2°5for mantGDP dissociation from free HflXShields et al., 2009)

When experiments were carried out using mant nucleotides from tieoedif sources as well
as several independently prepared batches of HflX, the obtained fluorescence signals showed
similar behavior. Thus, the observed texponential kinetics reflects a conformational change
in HfIX preceding nucleotide dissociation aisdhot due to sample heterogeneity. Furthermore, a
conformational change in HfIX due to the interaction with the nucleotide is consistent with the
observed quenching of tryptophan fluorescence in equilibrium fluorescence titration experiments
using unlabedd nucleotides(Shields et al., 2009)where quenching of the tryptophan
fluorescence can be attributed to a conformational rearrangement in the proximity of the
tryptophan residues upon nucleotide binding.

In addition, association experimentstivimantGDP binding to HfIX (Figure4.2B) also
showed a second phase consistent with ast®p binding process (Figude2B, inset) and were
therefore fit with a two exponential equation. The apparent rates obtained for the first fast step
(kapp1,cDp INncreased with the concentration of m&MDP, whereas the apparent rate for the
second slower stefk4p2,cop Was concentration independent, consistent with a conformational
rearrangement following the initial binding event. The respective rate condaatglk,;) were
calculated from the slope of thepp1,corconcentration dependence and the average values of
kapp2.coprespectively (Figuret.2C), and confirmed by global fitting{ cpp= 3.5 * 0.3 x 10
M™st andk,, cpp= 0.14 + 0.02 3). The vale fork; cppwas similar to our previously reported
value of 9.7 + 0.6 x T0M™s™ for mantGDP association to free Hfl§Shields et al., 2009)

We next investigated the influence of ribosomal particles on the kinetics ofGhxnt

interactionwith HflX. Rapid kinetics measurements were carried out using conditions based on
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our initial reconstitution assays, ensuring HflIX binding to the respective ribosomal particles. To
determine the nucl eoti de di ssoci-@ab®P Ami broastoene
complexes (30S, 50S and 70S, respectively) were preformed and rapidly mixed with excess GDP
(Figures4.2D, 4.2G, and4.2J respectively). Interestingly, only singdgponential fluorescence

changes were observed, indicative of-step dissocidgon/association kinetics (Scheme 2).

ky
HfIX + mantGDP2 Hf | X A@DPn t (Scheme 2)
K1

The obtained fluorescence time courses were therefore fit with a-sixgdaential function
(Experimental Procedures). Dissociatiaer constants for these complexes werepp, 305= 2.4
+0.2 &, k1 cop, 505 0.53 +0.018, andk gpp, 70 1.5+ 0.1 8.

To determine the rate constants describing the association of-Gidhtto these
Hf | XAr i bos o ruesprGokndgdH 56 k. eos, 703( the respective preformed complexes
were mixed with increasing concentrations of m@mP. Only single exponential fluorescence
traces were observed, again supporting astep binding process (Scheme 2). Fluorescence
time couses were fit accordingly with a one exponential equation. The resulting association rate
constants were calculated similar to free Hf& (@bovg from the concentration dependence of
the respective calculatdg,, of association:ky cpp, 305 5.1 £ 09 x 16 M™'s™, ky, cpp, sos= 6.7 *
0.3 x 16 M*s*, ky. cop, 705= 4.9 + 1.3 x 10Ms* (Figures4.2E, 4.2H, and4.2K respectively;
kappplots are found in Figure&2F, 4.21, and4.2L).

From the obtained rate constants, the equilibrium dissociatiostants (K) for mantGDP
interacting with HfIl X, Hf | XA30S, Hf | XA50S
(Experimental Procedures)pkpp nix = 2.0 £ 0.5 uM (consistent with our previously reported

vaIue(ShieIds et al., 2009,) Kb, copr | xA3ds/ 09 UM, I cop, HFIOxESH 9.02 pM,
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and K, cpor, Hi TR 9.8 UM (Tablet.2). This indicates that ribosomal particles do not

affect binding of manGDP to HflX.
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Figure 4.2. Interaction between mantGD P a n d ibddomeCdnilexes.

Mant fluorescence was excited by FRET from the intrinsic tryptophan residues of agflX (
280 nm). All traces (grey) are fit as described in Experimental Procedures; solid black lines
repregnt the resulting fits. All concerfions are given after mixingd) Time course of the
dissociation of marGDP from HfIX (1 uM HflX, 15 uM mantGDP) in the presence of GDP
(150uM). B) Association of 25uM mantGDP to HfIX (LuM). Inset, long time cowwe of matr
GDP association (log scalel’) Concentration dependence kfy,, values for manGDP
association to HflX; closed circlekspp; 0Open circleskapp2 D) Dissociation of marGDP from
the HIXA ma@ D BAS complex (as iA), with 1 pM 30S subunit). E) Association of 25M
mantGDP to the HfIX80S complexF) Concentration dependencekaf, values for manGDP
association to the HfI¥80S complex.G) Dissociation of marGDP from the HfXA ma n t
G D B@S complex, (as in DH) Association of 25uM mant-GDP to the HfIX60S complexI)
Concentration dependencel@f, values for manGDP association to the Hf&0S complexJ)
Dissociation of manGDP from the HIDA ma@D F7@S complexK) Association of 25uM
mantGDP to the HflX70S complex. (L) Conceration dependence kf,,values for manGDP
association to the Hf0S complex.
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4.3.3Kinetics of mant-GDPNP interacting with HflX and its ribosomal complexes.

As HfIX rapidly hydrolyzes GTP in the presence of 50S and 70S ribosomal particles, mant
GTP cannot be used to study the nucleotide bi
We therefore utilized the nemydrolyzable analog mai@DPNP to determine the Kinetic
constants describing the guanosine triphosphate interactions with free Hflksaowmplexes
with 30S, 50S and 70S ribosomal particles. First we determined the kinetic parameters governing
the mantGDPNP interaction with free HflX, which have not been reported previously. Similar
to the mamGDP dissociation and association experitaenith free HflX, fluorescence time
courses obtained using maBDPNP were best fit with a twexponential equation (Figures
4.3A and 4.3B respectively). In the mai@DPNP association experiment the apparent rate
constants for the first fast fluorescersignal increasekfyp1,copng Was concentration dependent,
while the slower second apparent rate constagi>(Goeng Was concentration independent. The
association rate constant of m@DPNP to HfIX . cppne= 5.2 = 0.8 x 10 M7's?) was
calculated fom the slope of the concentration dependendegf corneand is ~ 10 fold faster
than that of marGTP association to free HfIX (6.4 + 0.3 x*1@*s™ (Shields et al., 2009) The
rate constant for the second slower, concentratidapenden phase was calculated as the
average okapp2.copneyielding a value ok, cpene= 3.1 + 0.6 8. This again suggests, similar to
the mamGDP experiments, a twstep binding process for ma@®DPNP in which the rapid
initial binding interaction is followd by a slower conformational change, leading to the
respective nucleotide (GDP or GTP) bound conformation of the protein. When performing
nucleotide chase experiments to determine the nucleotide dissociation rate constants from
Hf | X A@DPNR complexeshe observed fluorescence time courses were best fit with-a two

exponential function, further supporting a tstep binding mechanism for the interaction of
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mantGDPNP and HflX. Interestingly, the fast first dissociation rate conskantfenp= 34 *
2.0 s obtained from the twexponential fits differs from the previously reported dissociation
rate constant for mai@® TP obtained from the single exponential fluorescence time courses
observed in(Shields et al., 2009 However, the previouslgetermined marGTP dissociation
rate constant from free HfIXg ctp= 2.1 + 0.1™) is very similar to the rate constant found for
the slower second phase of the signal changék,, copne= 2.3 + 0.2 8). Therefore, the
observed transient inifianteraction with mantGDPNP is very likely to also occur during mant
GTP dissociation, but might have been missed due to its small signal amplitude and an improved
signalto-noise ratio in the current measurement. This is supported by the fact that the
equilibrium binding constant for mat@DPNP interaction with HfIX (8, cppne= 49 + 13 pM)
when calculated from the obtained rate constdatk(, ko, k) is very similar to the previously
determined I§, gtp0f 30 £ 1 uM for the manGTP HflX interaction (Shields et al., 2009)
Fluorescence time courses observed for the 1@DtP NP i nt er actions with
complex (Figurest.3D, 4.3E, and4.3F) showed a biphasic behavior similar to the free protein
(vide supra yielding very similar assaation and dissociation rate constarks dppnp, 305 1.5 +
0.5 x 16 M™s™, ko copnp, 305 2.4 + 1.6 3, k1 copnp, 305= 35 + 7.4 8 Ko copne, 305 2.6 + 0.5
s%). This suggests that binding of HflX to the 30S subunit does not affect tidelémding
affinity, as the equilibrium dissociation constant calculated from the determined rate constants
(Kp =25 £ 20 uM) is comparable to the affinity for the free protamgbovg
For both the HfIXA50S and tGDPNPHskdcixtidn7addS ¢ o m|
dissociation experiments also resulted in biphasic fluorescence signals. However, when
fluorescence time courses for the nucleotide association (FiguBEs 4.3H) were analyzed

using tweexponential fitting as well as global fitting, tivetial association step was found to be
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slightly slower for the 50S complex and ~ 30 fold slower for the 70S complex when compared
either to the free HflX or 30S complex experimenis dppnp, sos= 9.2 + 1.2 x 10M™s* andk,.

copnp, 70s= 1.7 + 0.2x 10 Ms™ respectively). In addition, the slow second step was ~ 10 fold
slower for the 50&omplex and ~ 100 fold slower for the 76@8mplex k.2, copnp, sos= 0.23 +
0.09s? and ki2, copnp, 70s= 0.019 + 0.005 S respectively). The dissociation ratenstants
obtained from the fluorescence time courses of the chase experiments in BigGesd4.3J

were also significantly smaller than for the free protein or the 30S complexobnp, sos= 0.012

+ 0.004s™ andk 2, gopnp, sos= 0.0012 + 0.000%™, k1, gppnp, 7060.041 + 0.0Z™ andk 2, coenp, 70s

= 0.0015 + 0.0001Y. These values reveal a drastic stabilizing effect of the 70S and in particular
the 50S particles on ma@DPNP binding, representing a 250 to 70 000 fold increased affinity
for mantGDPNP when compared to the free protein éKpnp, 70s= 0.19 £ 0.11 uM and

Kb copnp, s0s= 0.7 £ 0.4 nM, Table42)
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Figure 4.3. Interaction between mantGD P NP a n dibokbimeCopiexes.

Mant fluorescence was excited by FRET from the intrinsic tryptophan residues of #dflX (
280 nm). All traces (grey) are fit as described in Experimental Procedures; solid black lines
represent the resulting fits. Concentraicof components after mixing) Time course of the
dissociation of marGDPNP from HflXAnantGDPNP (1uM HflX, 15 pM mantGDPNP) in
the presence of GDPNP (150M). B) Association of 25uM mantGDPNP to HflX. C)
Concentration dependence g, values for mntGDPNP association to HfIXD) Time course
of the dissociation of mafGDPNP from HflXAmantGDPNPBOS (as inA), with 1 pM 30S) in
the presence of GDPNP (1%M). E) Association of 25uM mantGDPNP to HfIX80S. F)
Concentration dependence &fy, values for manGDPNP association to Hfi80S. G)
Dissociation of manGDPNP from the HfXA ma@&D P NGB complex in e presence of
HfIX A0SAGDPNP (150uM GDPNP).H) Association of 25uM mantGDPNP to the HflX50S
comgdex. 1) Concentration dependence &fy, values for manGDPNP association to the
HfIX A0S complexJ) Dissociation of manGDPNP from the HfXA ma@ D PPdS complex in
the presence of HfIAZ0SAGDPNP.K) Association of 25uM mantGDPNP to the Hfl¥v0S
complex. L) Concentration dependence &f,, values for marGDPNP association to the
HfIX &#0S complex. All data was fit according to a two exponential funci@losed circles,
Kappz open circleskappa
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Table 4.1. Rate ConstantsGoverning theInteraction between mantguanine Nucleotides

and HRbdsdmEComplexes.
Complex nucleotide kea (M71sh) kai(sh kiz (ST ka(sh
HfIX mantGDP 3.5+ 0.3 x 10 25+0.1 0.14 +0.02  0.040 + 0.007
Hf | X£ mantGDP 5.1+0.9x16 2.4+0.2 N/A N/A
Hf | X£ mantGDP 6.7+0.3x10 0.53+0.01 N/A N/A
Hf | X2 mantGDP 49+13x18 1.5+0.1 N/A N/A
HfIX  mantGDPNP 5.2 +0.8 x 18 34+2.0 3.1+0.6 2.3+0.2
Hf | X Z mantGDPNP 1.5+0.5x18 35+ 7.4 24+16 2.6+0.5
Hf | XZ mantGDPNP 9.2+1.2x16 0.012+0.004 0.23+0.09 0.0012 + 0.0001
Hf | XZ mantGDPNP 1.7+0.2x16 0.041+0.02 0.019+0.005 0.0015 + 0.0001

Table 4.2. Equilibrium DissociationConstantsGoverning the I nteraction betweenmant-
guanineNu c | eot i d eRibosomaContpledess A

Complex Nucleotide Kb (LM)
HfIX mantGDP 20+0.5
Hf | XA mantGDP 4.7+0.9
Hf | XA mantGDP 0.79 +0.02
Hf | XA mantGDP 3.1+0.8
HfIX mantGDPNP 49 + 13
Hf | XA  mantGDPNP 25 + 20
Hf I XA mantGDPNP 0.000r £ 0.00(¢
Hf | XA mantGDPNP 0.19 +0.11

4.3.4Enzymatic probing of different conformational states of HflX.

During their functional cycle GTPases typically adopt different conformations depending on
the nucleotide bound. Based on our observation that nucleotide binding to HflX free in solution
is a twostep process, which exils a first initial binding step followed by a slower step that

likely involves the rearrangement of the protein to its respective nucleotide bound conformation,
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we have probed the structural dynamics of HfIX using limited trypsinolysis. Limited
trypsinolysis of theapoform of HfX produced 3 distinct fragments (Figur&A, Fragment |, I,

& IIl). Peptide mapping of the fragments using mass spectrometry indicated the presence of the
G domain in these three fragments. When combined with a hypothetipaintrgigest using
PeptideCutte(Gasteiger et al., 2005hese three fragments are most likely generated by trypsin
cleavage of the fullength protein at amino acid K22, R30 and approximately
R189YR192/K194, all located in the Merminal Hfl X domain of the protein {gure 44B and C).
Interestingly, the cleavage site giving rise to the formation of fragment |1 (K22) showed great
sensitivity to the nucleotidbound state and seemed to be readily accessible for tryptie in
apo state of HflX, based on the rapid fornmatiof this fragment (Fragment | in FiguredA).

Based on this information we probed for different conformations of HflX iragee GDP and
GDPNP bound form as well as for the respective complexes in the presence of 30S, 50S and 70S
ribosomal particles byneasuring the timedependence of HfIX degradation in these complexes
(Figure4.5). To this end, we quantified the fraction of fldhgth HfIX present at different time
points during the trypsinolysis assay and determined-lifaltimes (k) of HfIX in the
respective complex (summarized in Tallg). In the absence of ribosomal particles, HflX
exhibits similar stability against trypsinolysis in all three nucleetidand states (Figué5A),

with the GDP and GDPNP bound states being slightly mordestiadn theapo form (ti/2 nix.cop

= 7.9 £ 0.5 minti Hax,copne= 9.5 £ 0.7 min andib wix,apo= 4.7 + 0.3 min, respectively). In the
presence of all three ribosomal particles, HfIX is digested slower (Fiys®, C, D), with
increasing stabilizéon for the 50S and 70S complexes by the bound nucleotide in the following

orderapo< GDP < GDPNP. The strongest protection is observed for the GDPNP bound state in

the 50S compleX {kHixapos0s= 22 £3 MiN, 1/ 2, nf 1 x &A%+ Somin, andibbpqr | x AcoPRP, 50
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154 + 50 min). In the presence of 70S subunits (Figus8), similar results were observed
(tuzmixapo7os= 17 £ 2 min, 1/ 2, 11 x £c82 ¥ Min, andity 2 vr 1 xAcB ARS8 8 dnin
respectively forapo, GDP, and GDPNP stategxperiments with 30S subunits (Figu4eD)
yielded comparable halife values regardless of the nucleotide presemtHxapozos= 21 * 2
min, i/ 2, v x &S3det 4 BN, andhty 2 Wi 1 x A GRANPS BWY.

In order to map the observed trypsiysis fragments onto the thrd@nensional structure of
HflIX, we have constructed a homology model of Ehecoli enzyme (Figure 4C) based on the
available xray structure of HflX from the archae& solfataricugHuang et al., 2010a; Wu et
al., 2010) Based on this homology model, the locations of the putative trypsinolysis sites were
visualized (Figure 4IC, blue spheres). The cleavage at K22 removes the-@2nhNnal amino
acids, located ~8A (Ca-3 6 @ &vayfrom the bound nucleotide and only 22 A from the switch
II (G254). Only 7 of these amino acids are present in our model due to the absence of the
additional amino acids in th®. solfataricusenzyme. The proximity of this cleavage site to the
nucleotide hiding site and the switch region is consistent with its sensitivity to the nucleotide
bound state of the enzyme, enabling the detection of different conformational states.
Furthermore, R1®(Fragment 1) is about 16 A away (G254) from the switch Il regind forms
the N-terminal end of helix 4 in the Hfblomain, which is tightly packed against the switch Il
helix 2 in the Gdomain. Trypsinolysis at this position will almost completely remove the N
terminal subdomain | identified in th8. solfataricusfactor (Wu et al., 201Q) The putéive
trypsinolysis site at (approximately) B&R192/K194 is located in the junction between the
HflX - and Gdomain ~13 A away from the-@rminal end of switch Il helix 2 (A277) and about
14 A away (L372) from the @erminus of theS. solfataricugprotein which is followed by a 50

amino acid extension in tH& colienzyme.
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50.5 kDa HfIX
46.4 kDa Fragment |

36.9 kDa Fragment Il
~ 27 kDa Fragment IlI

Lys22  Arg103  Arg189

15 195 372 426
G1 G3 G4

E.c HfIX

178
Cc

Figure 4.4. Structural Features ofE. coli HflX.

A) Three major products of limited trypsinolysis after 4 minutes. Fragments wetdigtkby

mass spectrometry (Fragments |, Il, and 1ll). Based on mass spectrometry data, combined with a
theoretical proteolysis of HfIX using PeptideCutf&asteiger et al., 2005)kely cleavage sites
were identified at Lys22, ArgB) and ArgBYArgl92/LyslH respedavely. B) Domain
arrangement oE. coli (E.c) andS. solfataricugS.s) HflIX. E. coli HflX contains both an N
terminal and @erminal extension (15 and 53 amino acids respectively; white) compared to the
S. solfataricugprotein. The Nterminal HfIX doman (residues 1495) is shown in grey; the G
domain (residues 19872) is shown in red; the domain organizatiorsoolfataricudiflX is as
described in Wiet al (Wu et al., 201Q) The conserved G1, G3, and G4 motifs are shown in
green. Likely sites sensitive to limited proteolysiy$22, Argl@, and ArgBYArg192/Lys1HN)

are indicated (blue)C) Homology model oE. coliHflIX (residues 16372 of 426) was generated
using the structure d$. solfataricusHflIX (PDBs 2QTF and 2QTH). Structural features are
identified similarly to (B). Lkely trypsinolysis sites are shown as blue (space fill), GDP (stick
structure) and a magnesium ion (yellow) are also shown.
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Figure 4.5. Enzymatic Probing of Hfl X Nucleotide Bound Conformations by L imited
Trypsinolysis.

A) Enzymatic probing in thabsence of ribosorhparticles or the presence B 70S ribosomes

(as an internal control, an unidentified ribosomal protein, indicated by an arrow, was found to be
cleaved consistently after 16 minutes indepabhds the nucleotide present, forming awer
molecular mass fragment), C) 50S subunitsPpB0S subunits. Samples were taken for SDS
PAGE analysis at 0, 0.25, 0.5, 1, 4, and 16 minutes in the absence of ribosomal particles and 1, 4,
16, 32, and 64 minas in the presence of ribosomal particles. Also shown are digestion time
courses of HflX alone (closed circles) or in complex with either GDP (closed squares) or
GDPNP (closed triangles). Inlc,) is plotted over time, where the slope indicates the rate o
trypsinolysis of HflX, ¢is the amount (%) of HfIX at time t and is the initial amount of HfIX
present. Error bars reflect standard deviations (n = 3).
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Table 4.3. Half-life Values (t/, in min) for the Proteolysis of HfIX by Trypsin.

Nucleotide HfIX +30SRb +50SRb +70SRb
apo 47+0.3 21+2 22+ 3 17+2
GDP 7.9+ 0.5 31+4 48+ 5 32+5

GDPNP 9.5+0.7 24+ 4 154+50 108+ 18

4.4 Discussion

Using a highly purified reconstituted vitro system, we were able to demonstrate for the first
time that HfIX fromE. colinot only interacts with the 50S and 70S, but also with 30S ribosomal
particles and that this interaction is independent of the nuclelbdided state of HflXdpo, GDP
or GDPNP). Our findings therefore reveal the promiscuous interaction of HfIX with the three
different ribosomal particles and that the previously observed interaction betwempotiate
of HflX and the 50S ribosomal subunit is not limited to the arch&solataricus(Blombach
et al., 2011) Therefore it is likely that binding of HflX in th&po-form to ribosomal particles is a
general feature of HflX. Promigous ribosome interactions have also been obsevitedF-2,
which interacts with 30S, 50S, and 70S particles with varying affinities depending on the
nucleotidebound state of the fact@Pon et al., 1985and its interaction with the initiator fMet
tRNAM® (Peterson et al., 1979)

The findings reported here also provide the first insight into the structural dynamics of HflX
during interaction with its two maj interaction partners, the ribosome and guanine nucleotides.
The observed structural states are in agreement with the typical GTPase cycle. Our trypsinolysis

results indicate, based on the obtained-hf@ftimes of 12 different functional states, thdfiX
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is likely to exist in two different conformations, a compact (less accessibly to trypsin) GDPNP
bound GTP conformation and an open (easier accessible to trypsinpgaDi@hformation

(Figure 4.6). The existence of very similar conformations for theRG&ndapo form of the

protein is in agreement with the respectiveay structuresS. solfataricuHflX (Blombach et

al., 2011) Furthermore, our detailegre-steadystate kinetics analysis of nucleotide binding
revealed a twstep binding mechanism for GDP to free HflX, in which a first rapid initial
binding of GDP to HflX is followed by a transient exploration of a second -G@hd form of

the complex. Ta partitioning between the two states, based on the respective rate and
equilibrium constantski = 2.5 §', k, = 0.14 &, K, = ko / ko = 0.29), suggests that the majority

of the HfI XAGDP complex exists in mahceange)ni t i al
The equilibrium between the first confor mat i
complex (described by X does only ©partially Iie on the
conformation (Figurel.6). Together with the 10 fold larg&n conpared tok, and the observed
sensitivity to limited trypsinolysis, which is similar to tapo form of free HflX, this suggests

that the initial encounter state is predominantly populated and structurally resembégso the

state.

Interestingly, in the pmence of ribosomal particles, HfIX is biased towards a single
conformation as reflected in the single exponential fluorescence time courses (GDP4Rigure
suggesting a single binding step. This is further supported by the very similar GDP association
and dissociation rate constants for the three ribosomal complexes. Therefore, HfIX is most likely
found in a single GDRonformation when bound to the ribosome (30S, 50S and 70S, Figure

4.6), whereas the mas@DPNP binding kinetics for the correspondingosbmal complexes
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point towards a twastep binding event with a final rearrangement into the GTP conformation
(Figure4.6).

The fact that mas6DP binding to the HfIl XA30S, HfIl XA5(
singlestep binding event reported by a singlgponential fluorescence signal indicates that no
rearrangement of the mant reporter group occurs following binding of the nucleotide to HflX.
Accordingly, we conclude that the biphasic binding of M@BtPNP reflects a true twstep
binding event and not anant reporter group rearrangement. Ultimately this suggests that
interaction of nucleotidéree HfIX with either the 70S, 50S or 30S ribosomal subunit induces a
single very similar conformation, based on the determined rate constants for GDP association
and dissociation and the very similar hafé times in the trypsinolysis assays (Figdré).

Interestingly, the rate constants for nucleotide association of-@&nP NP t o t he Hf |
and Hfl XA50S, but not the HfI XZABvwWeSthan fomipel e x ,
association of manEDPNP to free HflX, which is essentially identical to the respective mant
GDP association rate constant. This suggests that the transition state f@DiRIP binding to
the 50S and 70S bound form of HfIX is energgty higher than for the free and 30S bound
form of HflX. A tenfold reduction in association rate constant for R@GDPNP binding to the
50S and 70S when compared to the 30S complex can be explained by either a slightly different
or a less open conforniah of the nucleotide binding pocket. Partial occlusion of the nucleotide
binding pocket by the 50S ribosomal Ssubunit €
would provide a straightforward explanation for this effect. However, occlusion of the
nucleotidebinding pocket by the ribosome is unlikely as no such effect was observed for the
association of marBDP to the respective complexes. This is in contrast to the recent study on

the S. solfataricudHflX that suggested that the orientation of HflXhding to the 50S subunit
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would cause the guanine nucleotide binding pocket to form part of the interface between HflX
and the ribosomélombach et al., 201).

It is therefore more likely that the interaction of HfIX with 50S and 70S particles (mainly
through the interaction with the 50S subunit) induces a state different from the 30S bound or the
free form of HfIX, which is more sensitive to the present¢he nucleotideyphosphate. The
presence of thg-phosphate then triggers additional conformational changes (also seen in the free
form of HflX), which are then stabilized with the help of the ribosome resulting in the formation
of a closed conformatiofFigure4.6). This is also reflected in the significant protection of the N
terminus against limited trypsinolysis and thes6- 00Gfold increase in affinity for GDPNP
(from ~50mMM to ~1 nM). Mechanistically this mainly occurs by slowing down (~1 000) fitid
conversion between the second GDPb&nd form and the initial conformation, essentially
trapping the protein in the tight second conformation (fré&meppnerix = 2.3 §° tO
K2 copnp Hixos = 0.0015 8). The effect is furtheincreased by slowing down (~1 000 fold) the
dissociation of the nucleotide from the initial bound complex (flofeopnpix = 34 $' to
k1 cppnphixros = 0.041 &, Figure 4.6). Together with the fact that 50S and 70S ribosomal
particles ag able to stimulate the intrinsic GFdrolysis of HflX, it is most likely that this tight
complex also resembles the GTRastivated state of HfIX on the ribosome. This behavior is
very similar to the modulation of nucleotide binding and hydrolysisrebdeor the translational
GTPase EFG, which exhibits a 30 000 fold stabilization of the-BFA GDP NP comp | e x
bound to the 70S ribosomal parti¢l&/ilden et al., 2006b)In conclusionthe ribosome not only
is able to stimulate the GTPasetivity of HfIX and acts therefore as a GAP, but also to
modulate the nucleotideinding affinity for GTP, raising the question to how Ghyrolysis is

regulated in the ribosomal complex.
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Both the S. solfataricusand E. coli proteins share the common-terminal HfIX and C
terminal G domains. Overall, the factors share 40.4% similarity and 24.4% identity across the
356 amino acids present in tBe solfataricugactor. However, an additional 54 amiaoids are
present on the @rminus of the G domain i&. coli. A detailed examination of this region in
prokaryotes revealed that this region is poorly conserved and highly variable in length (not
shown). Polkinghorneet al reported that @erminal or Nterminal C. pneumoniaeHflX
truncations lost 50S specificity or affinity, respectivéBolkinghorne et al., 2008A similar
behavior was also corroborated by Jaiiral. for the E. coli protein(Jain et al., 2009)This would
account for the observed association of HflX to all three ribosomal particles reported here. It is
tempting to speculate that onglecule of HflX interacts with the 70S ribosome in a way that
the Gterminal Gdomain interacts with the 50S subunit, while tha@elkninal HflX-domain
interacts with the 30S subunit, thus bridging the two in the 70S complex. Binding of a single
copy of HIX to both ribosomal subunits of the 70S ribosome would be consistent with the
binding stoichiometry reported here. The fact that théemhinal domain is required for
regulation of the G domaifHuang et al., 2010aNu et al., 2010Wwould further support this
model. Furthermore, the-derminal 15 amino acid extension may play a crucial role in GTPase
activation, accounting for the 1 000 fold stimulation of Ehecoli factor compared to the more
modest stimulatiorof the archaeal homolo@Blombach et al., 2011) Our limited proteolysis
results in conjunction with mass spectrometry identification of the fragmedisaia a
protection of the Nerminal HfIX domain, in particular, the-Mrminal 22 amino acids in the
50S and 70S HfIX complexes. It will be interesting to see how the removal of only-the N

terminal region affects GTPase activity.
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The combined data preged here allows us to develop a mechanistic/kinetic model describing
the functional cycle of HfIX (Figurd.6) and to solve the mystery of the surprising low affinity
of the protein for GTP (K= 187 uM (Shields et al., 2009) Under cellular cocentrations of
nucleotides, HfIX will adopt either the GDP (70%) or GTP bound forms (9%). Binding to the
50S and 70S ribosomal particles significantly enhances the binding affinity for GDPNP, the
nonhydrolyzable GTP analog used here (due to the stimulaftegt on GTP hydrolysis by
these ribosomal particles). In particular, the dissociation of «G&®RNP is inhibited > 1 000
fold by the interaction with these two ribosomal particles. Given the cellular concentration of
GTP and GDP and the high affinityrfasDPNP/GTP in the 50S/70S bound form of HflX,
association of HflX in the GDP bound form to the 50S or 70S ribosomal particle will result in the
exchange of bound GDP for GTP. This will cause an effective shifting of the cellular forms of
HfIX from the manly GDRPbound free form toward a mainly
complex.

Furthermore, our results reported here suggest that based on the high affinity binding of all
three nucleotide states of HflX to the ribosome (Figlidg, almost all HfIX will bebound to
ribosomes under cellular ribosome concentration (~ 2Q(idbkawa et al., 2008) Since HflX
also interacts with the ribosome in thpo state, it is likely that the factor remairbound to
ribosomal particles during all stages of its functional GTPase cycle. This raises the question of
Hf |l X6s role during translation and how its G-
70S ribosomal particles drastically stimulate th&insic nucleotide hydrolysis rate of HflX,
together with the high affinity for both GTP and the ribosome, would cause a constant and most
likely futile GTP-hydrolysis cyclen vivo. It is therefore likely that the functional cycle of HfIX

involves a signafrom either within the ribosome or an additional factor that regulates the
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GTPase activity of the HfIXAGTPA50S/70S compl
level of GTPase stimulation is observed with a fieshination like complex contaimgy
deacylated tRNA in the -Bite and that GTHydrolysis can be modulated by the antibiotic
chloramphenicol(Shields et al., 2009)which does not interfere with HfIX binding to the
ribosome (Figuret.l). This suggests that the ribosome itselihigeneral able to modulate the
GTPase activity of ribosorgound HflX. It also suggests that a particular functional state of the
ri bosome during translation is required for
GTPase in the realm of trdason factors rather than ribosome biogenesis factors. This is
particularly interesting as nothing is known about the catalytic mechanism used by HflX to
hydrolyze the bound GTP. Other than the classical translational GTPases which belong to the
family of Raslike GTPases and which mainly bind to the GTPase activating center (GAC) in the
ribosomal Asite, HfIX belongs to a group of GTPases termed HFSases, including Era,
YchF, EngA, and EngB (YihAjMishra et al., 205), which have the catalytic residue (His in
EFRTu) replaced with a hydrophobic side chain (Ph&.rcoli HfIX). Due to the high level of

evolutionary conservation of the GAC, this suggests a different mode of GTPase activation.
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GTP apo GDP

kz. HflX=GTP kﬂ.. Hf|X=GTR kl. HflX=G0P k]. HilX=G0P
HfIXsGTP €= HfIXsGTP €= HfIX =2 HfIX*GDP =2 HfIX*GDP
k.2, wnixscte k.1, wpixacTe k.1, Hiixscop K2, ufix=cop
ks, Hix-ctp=30s ks, HfixacTpasos k1, Hiix=cop=30s
HfIX *GTP #30S €5 HfIX*GTP*30S €5 HfIX*30S E=2 HfIX*GDP*305S
-2, HIIX=GTP=305 -1, Hf | N= G TP =208 =1, HilX = GOP=30%
kt. HflX=GTP=505 kl, HflX=GTP=505 A'1- HfIX=GDP=505
HfIX *GTP 505 €5 HfIX*GTP*50S € HfIX*50S =2 HfIX*GDP*50S
k-‘. HfIX=GTP=50¢ kvl, Hfl{=GTP=505 -1, HflX = GDP=505%
kl. HilX=GTP =705 kl, Hfl¥=GTP=70% kl, HflX=GOP=735%
HfIX *GTP *70S €= HfIX*GTP*70S €= HfIX*70S £=2 HfIX*GDP*70S
k-!.. HfIX=GTP=705 k—l, Hf | {=GTP=705 k—l, HflX=5DP=705%

Figure 4.6. Model for Ribosome andNucleotide Regulation of HflX.

Structural dynamics of HflX. Based on the available trypsinolysis data two distinct structural
forms of HfIX can be identified (yellow background represéetdapen GDRpoform and light

grey the closed GT-Bound form). Superimposed are the kinetically different states of the protein
identified by their respective colors: GDP conformation (gremm),conformation (black), loose
GTP conformation (blue) andgtit GTP conformation (red). Observed rearrangement of a given
nucleotide bound state is represented by the italicized font.

In summary, we have presented the first detailed kinetic study on the two molecular interaction
partners (nucleotide and ribosoméHilX known to date. The 50S and 70S ribosomal particles,
which act as GAPs for HflX, also induce a tight nuclectiteding form of the protein, likely
through a movement of the-términal HflX domain of the protein relative to thet&minal G

domain. Thus, HfIX will exist in the cell mainly in a ribosome bound GTP state.
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5. The Mechanism of GTPase Activation of HflX

5.1Introduction

Allknownt r ans | at i o n-aiphosghatasesqGTPasex)nsktdea family of
proteins whose intrinsic GTPasetigity is stimulated by the large ribosomal subunit. These
include the essential canonical translation factors initiation factor (IF) 2, elongation factors (EFs)
Tu and G, and release factor (R¥)as well as the neessential factors LepA, BipA, SelB,
Tet(O), and HflX. The availableX-ray crystal structures of EFu (Abel et al., 1996; Polekhina
et al., 1996; Song et al., 1998F~G (Chen et al., 2010; Czworkowski et al., 949 Hansson et
al., 2005) RR3 (Gao et al., 2007)LepA(Evans et al., 2008and SelfLeibundgut et al., 2005)
reveal common stictural features. These features incltitke GTP binding domain, followed by
a -bbarr el (domai n | dsheet domain Ilt. MeughMaybstructures ark hot b
available, the Gl and GII domains of-Brare predicted to be similar to those in&mased on
the protein sequenc&mallangle X-ray scatteringd SAXS) and NMR experiments suggest that
the Gterminal domains are also structurally similar to domains IV and V eBERasmussen et
al., 2008; Wienk et al., 2005T heseresultsare supported by the CrnfeM structure ofthe I~
2 A G TRRAA BScomplex(Simonetti et al., 2008 BipA binds to the ribosome at the same site
as its homologs EE and LepA(Owens et al., 2004and shares structural similarity with these
factors (DeLivron et al., 2009) Tet(O) also shares significasequencesimilarity with these
factors(SanchezZ”escador et al., 1998; Taylor and Chau, 1996; Thakor et al.,.28@8¢tural
similarity and a common ribosomal binding site for-E&, EFG, LepA, and BipA suggests not
only a shared binding siten the ribosomdor all the translatinal GTPases, but also a similar
mechanism byvhich GTPase activation occurs. This mechanism involvesdirect posithning

of a conserved catalyticistidine residue in switch lbof the translation factoby A2662 of the
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23S rRNA(Voorhees et al.,, 2010bjccording tothe mechanism outlined by Voorheetsal.,

the phosphate of A2662 (in the sarcitin loop of the 23S rRNA) orders the catalytic His
residue into a catalytic conformation. In this state, the His residue acts as a general base,
allowing a nucleophilicatak by a wat er -phosphate oflbdued Goioorhebse o

et al., 2010h)

Although the GTPase activity of HflX is increased ~ 1000 fold by 70S and 50S ribosomal
particles(Shields et al., 2009the crystal structure of HfIXWu et al., 2010)eveals that the
protein shares nsignificant structural similarity to the other translational GTPases (Figaye
In contrast to the other translational GTPases, in which a key structural feature determining the
function of the factor is a@rminal domain that varies from factor to factoflXHconsist of a
unique Nt er mi n al i Kofloived by a-temmanal® domain, and a poorly conserved
and structurally undefined-@rminus(Wu et al., 201Q)Furthermore, the catalytic His residue
found in the canonical translational GTPasésiw the G domain immediately followg the G3
motif (DxxGH) is replaced by a phenylalanine in HfIX (FiguselH); thus, HfIX has been
classified as a hydrophobic amino acid substituted (HAS) GTfdiséara et al., 2005)This
suggests that HfIX may nanly bind to a distinct site on the ribosome, but tH#K may be the
first translationalGTPase that is not activated by the GTPase activating centre (GAR.
hydrolysis is likely therefore induced by a different mechanism outsitt&t outlined by
Voorheeset al. Additionally, chloramphenicol, an antibiotic targetintige peptidyl transferase
centre, has been shown to inhibit the ribosati@ulated GTPase activity of HfIXShields et
al., 2009) Interestingly, the chloramphenicol binding sgeleep within the riboson{®unkle et
al., 2010) suggesting that a distinct conformation of the ribosome depending on the

conformation of the peptidyl transferase centre is required T#taSe activation. This suggests a
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role of HfIX duringtranslation that is dependent on the conformation of the peptidyl transferase

centre.
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Figure 5.1. Structural Features ofKnown Translational GTPases.

Cartoon representations of GEeundA) EF-G (PDB IFNM (Laurberg et al., 200D)B) LepA

(PDB 2YWH Kawazoeet al.,to be publisheg C) SelB (PDB 1WB1Leibundgut etl., 2005),

D) RF3 (PDB 2H5E(Gao et al., 2007) E) EFTu (PDB 1TUI(Polekhina et al., 199%)and a

homology modeF) of HflX (Chapter 4)All factors are in the GDBound conformation. Colors

of domains aras in G), which shows the relative domamangementf the known translational
GTPases. Red, G domai n; p i n koarrel @damaind geloa,i n ; b
structurally conserved U/ b d o maermminal ddmhinse |, CVi
Domans II-V can be spatially superimposed, though in some factors lack sequence similarity. H)
Conservation of the G3 motif.
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Ribosomal antibiotics target specific ribosomal complexes during protein synthesis,

effectively @Al ocki ngfonctiorfalestate. iFdr exanoplaefusidicnacicahasd e f i r

been used to trap the BEFAGDP compl ex on the 70S ribosome

crystallization of translocation intermediates forra§ crystallography studiegGao et al.,
2009a) kirromycin (which binds to EF'u) and paromomycin have been used to trapr&fn
the ribosome to monitor a&NA delivery and GTPase activatigidchmeing et al., 2009
Voorhees et al., 2010aln order to assess potential ribosomal complexes that are tergéte
for Hf | X, as we |l | as obtain a tool -rayo

crystallography and cryelectron microscopy studies, the effectdiffferent antibiotics on the

GTPase activity of HfIX were examinedAntibiotics that bind to the peptidyl transferase centre

(chloramphenicol, azithromycin, erythromycin, lincomycin, and clindamycin) show significant

inhibition of the ribosomestimulated GTPse activity of HflX.Interestingly the aminoglycoside

st at

tobramycin also showed a moderate inhibitory effect, whereas other aminoglycosides had no

effect on GTP hydrolysis. This information demonstrates that HflX is indeed a target for

antibiotic inhibition.

To assess if this inhibition is due to modulation of the nucleotide binding properties of

HfIX while bound the ribosome, a psteady state analysis was carried out, monitoring

fluorescent nucleotide association to and dissociation from HflX in the mresef 50S

ribosomal subunits. To confirm that antibiotics do not affect binding of HflX to the ribosome,

microfiltration assays along the lines of previous experiments were perf¢@hagter 4 of this

work), and suggest that ribosome binding is not affeé.c
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Furthermore, n an effort to localize a potential binding site for HfIX ome 70S
ribosomal particle crosslinking experiments utilizing HfIX conjugated to the -Uhducible
photolabile crosslinking reagentazidophenacyl bromide (AzP) revealed th#tX interacts
with ribosomal proteins L2L5, and S18.Interestingly,L2 is located in close proximity to the
peptidyl transferase centre, thus suggesting that the presence of antibiotics targeting this region
may cause a conformational change in L2 #n$ interfee with the GTPase activation of HflX
by the 50S subunitBased on the available crosslinking data and the structural information
available on HflXthe potential binding site for HflXvould overlapwith that of IF3; thus, the
effect of IF3 on GTP hydrolys by HfIX in the presence of ®ribosomes was examined.
Surprisingly, IF3 furthe stimulated GTP hydrolysis by ~ 2 fold (2 fold molar excess3 IF
compared to HflX).

Overall, thisindicates a new ribosome binding site for a translationeP#&3e near the
ribosomal Esite,and a potentially new mode of GTPase activation by the 50S subunit that may
occur viaa communication network from the peptidyl transferase centre through ribosomal
protein L2. To examine a potentially new mechanism for @3& activation, 50S and 70S
ribosomes were depleted of L7/L{Zquired for GTPase activation ofgite factorsklong the
lines of previous studieSavelsbergh et al., 2000n the presence of depdel ribosomes, the
GTPasestimulated activity of EFG was reduced ~ 2 fold, while no effect was observed on the
ribosomestimulated GTPase activity of HfEurther research is required to determine the exact
functional requiremenbnthe ribosome for GTR& activatiorof HflX ; for example, cleavage of
the GTPase activating centre (GAC) via sarcin or raong the lines of previous experiments

(GarciaOrtega et al., 2010)
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5.2 Experimental Procedures

5.2.1Materials

Antibiotics were purchased from BioBasic or Sigma. 50 or 100 mM stocks of antibiotics were
made in either TAKM (50 mM TrisCl pH 7.5 at 20 °C, 70 mM Ni€I, 30 mM KCI, 7 mM
MgCl,) buffer (kanamycin, paromomycin, treptomycin, tobramycin, hygromycin B,
spectinomycin, neomycin, fusidic acid, lincomycin, clindamycin, and fusidic acid), 50% v/v
TAKM 7/ethanol (azithromycin and erythromycin), or 100% ethanol (chloramphenicol and
tetracycline), and diluted to working stibns with TAKM;. All experiments were performed
such that ethanol concentrations were less than 3% v/v. Control experiments with only ethanol

were also performednd revealed no significant influence on GTP hydrolysis

5.2.2 GTP hydrolysis assays

GTP hydplysis assays were performed as described in section 3.2.7. Rates were calculated
from the slope of each time course of GTP hydrolysise V@lues were calculated based on the
initial rate of GTP hydrolysis at various concentrations of antibiotic.

5.2.3Microfiltration of HfIX ARbAantibiotic complexes

To examine the effect of peptidyl transferase centre antibiotics on binding of HfIX to 50S
ribosomal subunits, microfiltration assays were carried out as descritsedtian4.2.2 in the
presence of 50QM antibiotic.

5.2.4 Presteady state kinetics

Mant-nucleotide binding and dissociation constants were determined as outlined in section

4.2.4 in the presence of 500 uM antibiotic.
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Table 5.1. Antibiotics Examined for Inhibition of HflX.

Antibiotic Target Classification Step Inhibited
(abbreviation)
Kanamycin 30S Aminoglycoside Translocation
(Kan)
Paromomycin 30S Aminoglycosde Initiation and elongation
(Par)
Streptomycin 30S Aminoglycoside Interferes with tRNAbinding
(Strp)
Tobramycin 30S Aminoglycoside Translocation
(Tob)
Hygromycin B 30S Aminoglycoside Translocation
(HygB)
Spectinomycin 30S Aminocyclitol Translocation
(Spec)
Neomycin (Neo) 30S Aminoglycoside Translocation
Chloramphenicol  50S Phenicol Blocks peptidyl transfer
(Cam)
Azithromycin 50S Azalide Blocks peptidyl transfer
(Azi)
Erythromycin 50S Macrolide Blocks peptidyl transfer
(Ery)
Lincomycin 50S Lincosamide Blocks peptidyl transfer
(Linc)
Clindamycin 50S Lincosamide Blocks peptidyl transfer
(Clin)
Tetracycline 30S Polyketide Blocks aatRNA delivery
(Tet)
Fusidic Acid EFRG Cyclic oligopeptide Traps EFGAGDP on the
(Fus) ribosome
Puromycin (Pur)  30S aatRNA analog Blocks peptide chain synthesi
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5.25 UV-inducible crosslinking

HfIX was labeled with th€ys-specific crosslinking reagedtazidophenacyl bromide (AzP).
Briefly, 100 uM HfIX was incubated with 300 uM AzP at°€ for 24 h. The sample was then
dialyzed against TAKM high saltbuffer (50 mM TrisCl pH 7.5 at20 °C, 70 mM NHCI, 600
mM KCI, 7 mM MgCh) overnight to remove unreacted AzP. Small aliquots were flash frozen
and stored at80 °C prior to use. Complexes were formed in 20 pL volumes (100 pmol AzP
HfIX, 20 pmol 70S Rb, with or without 10 000 pmol nuzfile and 20 000 pmol
chloramphenicol) at 37C for 15 min in TAKM, buffer. Samples were then briefly placed on ice
for 5 min,anddiluted to 500 pL with TAKM. Samples were thesubjected to microfiltration
(Section 5.2.3until 20 pL remained. 10 pL sgmfes were placed in 96 well microtiter plates,
and exposed to 365 nm UV light (Spectroline model E28BC UV light) placed ~ 1 cm above
the sample for 15 min at AC. Samples were then analyzed by SBYXSGE fixed for 10 min in
50% v/v EtOH, 2% w/v BPOs and stained with 20% v/v MeOH, 10% w/v3AQO,, 10% w/v
NH4SQO,, and 0.1% w/v Coomassie-Z50. Samples not exposed to UV light were also analyzed
as a control. Crosslinkswere excised from the SDSAGE gels andanalyzed by mass

spectrometry (University of Albéa).

5.2.6 Depletion of L7/L12 from ribosomal particles

50S and 70S ribosomal particles were depleted of L7/L12 essentially as previously described
(Savelsbergh et al., 200@®riefly, 450 pmad of 50S ribosomal particle was diluted in buffer
TAKM 7 (final volume 450 uL). 250 pL depletion buffer was added (25 mM-CTlipH 7.8 at

4°C, 10 mM MgCJ, 500 mM NHCI, 50% v/v ethanol). Samples were incubated on ice for 10

114



min; an additional 250 pL degiion buffer was added. After mixirfgllowed by anadditional 5

min incubation on ice, samples volumes were adjusted to 2.2 mL with depletion buffer and
centrifuged at 80 000 xdpr 24 hin a Beckman TLA 100.3 rotorRibosome pellets were
resuspended in 6 pL TAKM7. Concentrationsof the resulting ribosome solutiowere
determined via spectrophotometry at 260 rsimg extinction coefficients A9 103 438 and 25

457 162 M<cmi' for 70S and 50S particles respectivdyoteins present in supernatants were
precipitated with 8 mL iceold acetone at20 °C and centrifuged at 15 000 xg for 30 min.

Pellets were resuspended in 20 pL 8 M urea and examined vilPBBE.

5.3 Results

5.3.1 Antibiotic inhibition of HfIX

As an initial screen for potential inhibi®rof the ribosomatimulated GTPase activity of
HflX, the effect ofseveral30S and 50Specific antibiotics were examined a concentration of
500 uM. None of these antibiotics completely inhibited the sthmestimulated GTPase activity
(Figure 5.2) ofHfIX under these conditions.dwever,significant decreases in the rate of GTP
hydrolysis (14-21 fold) were observed in the presence of azithromycin, erythromycin,
lincomycin, and clindamycin, which bind to the peptidyl transferaseeeifthe 50S ribosuoal
subunit (Bulkley et al., 2010; Dunkle et al., 2010; Hansen et al., 2002; Schlinzen et al., 2003)
along with chloramphendd (3.4 fold inhibition) Interestingly,although it is specific to the 30S
subunit, the aminoglycoside tobramycin also exhibitathibited ribosomestimulated GTPase
activity to asimilar extent compared to chloramphenicol (3.4 fold inhibitidrt)e macrolide
erythromycin and its azalide derivative azithromycin exhibited slightly less piotghition (14

fold and 68 fold inhibition for 70S and 50S experiments respectively) comparetheo
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lincosamides lincomycin and clindamycin (26 fold and 1612 fold for 70S and 50S
experiments respectivelyfhe observed inhibitory effects gpeesentd in Table5.2 In order to
assess the efficiency with which these antibiotics inhibit the ribostimellated GTPase
activity of HfIX, 50% inhibitory concentrations (k) were determined by examiniribe rate
dependence of GTP hydrolysis in the presesic@0S ribosomes anB0S subung at various
concentrations of antibiotics. Only those antibiotitat showed a greater than 2 fold inhibitory
effect were examinedchloramphenicol, which has previously been descri&uelds et al.,
2009) lincomycin, clindamycin, azithromycin, and erythromycin. sJdCvalues for
chloramphenicol were significantly larger compared to the lincosamides clindamycin and
lincomycin, which in turn were greater than the azalide/macrolides (erythromycin and
azitrhomycin). Interestingly, the 16 values describing the inhibition of the 7@8mulated
GTPase were 135 fold lower for azithromycin and erythromycin compared to the 50S
experiment, while a -32 fold difference was observed for the lincosamide antibiotics; IC
values for lincomycin, clindamycin, azithromycin, and erythromycin are comparable to the
binding affinities of the various antibiotics interacting with the 70S ribosome, and are
significantly lower than the minimum inhibitory concentrations (MICs) requidrevent
bacterial growtl{Table 5.3) Chloramphenicol, by contrast, has a highep tl6an the MIC value

for growth inhibition ofE. coli; the 1G, value is consistent with the binding affinity of the
antibiotic for the peptidyl transferase centre. Data summarized in table 5.one of the
antibiotics examined had any effect on binding to the 50S subunit (as studied by microfiltration;

Figure 5.2
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Figure 5.2. Antibiotic Inhibition of HflX.

A) Time courses of GTP hydrolysis by HflX in the presence of 70S ribosomes and 500 uM
aminoglycosides: closed circles, no antibiotic; closed squares, kanamycin; closed triangles,
paromomycin; closed diamonds, streptomycin; closed reverse triangles, hygromycin B; x
tobramycin; asterisk, spectinomycin; plus sign, neomycin. Time courses were fit to a linear
regression. B) Time courses of GTP hydrolysis by HflX in the presence of 70S ribosomes and
500 uM peptidyl transferase centre antibiotics: closed circles, nbi@mj open squares,
chloramphenciol; open diamonds, azithromycin; open circles, erythromycin; open triangles,
lincomycin; open reverse triangles, clindamycin. Time courses were fit to a linear regression. C)
Effect of antibiotics on the apparent rate@TP hydrolysis in the presence of 70S ribosomes
(abbreviations are given in tabtel). Error bars represent standard deviations of the linear fits
shown in A) and B); each time course was performed in triplicate. D) Effect of antibiotics on the
apparentate of GTP hydrolysis in the presence of 50S ribosomal subunits. E) Microfiltration of
50S complexes in theresence of various antibiotics.
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Table 5.2. GTP Hydrolysis by HflX in the Presence of Ribosomal Partles and Antibiotics.

Antibiotic ~ GTP hydrolysis Ratio of GTP hydrolysis rate Ratio of rates of

rate (UM s); +  rates of GTP (UM s1); + 508 GTP hydrolysis
70S hydrolysis (50Sh0S +
(70S/70S + antibiotic)
antibiotic)

None 0.21+0.01 1 0.19+£0.01 1

Kan 0.21+0.01 1 N/D N/D
Par 0.21+0.01 1 N/D N/D
Strp 0.21+0.01 1 N/D N/D
Tob 0.062+ 0.004 3.4 0.067+0.011 2.8
HygB 0.16+ 0.01 1.3 N/D N/D
Spec 0.17+0.01 1.2 N/D N/D
Neo 0.15+0.01 14 N/D N/D
Cam 0.062% 0.004 3.4 0.046+ 0.004 4.1

Azi 0.015+ 0.001 14 0.031+ 0.008 6.1

Ery 0.015% 0.004 14 0.023+ 0.004 8.3
Linc 0.013+ 0.006 16 0.016 + 0.004 12

Clin 0.010x 0.001 21 0.019 = 0.002 10

Tet 0.23+0.02 0.91 N/D N/D
Fus 0.13+0.01 1.6 N/D N/D
Pur 0.13+0.02 1.6 N/D N/D

N/D, not determird
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Figure 5.3. HfIX Inhibition by Peptidyl Transferase Centre Antibiotics.

A) Antibiotic concentration dependence of GTP hydrolysis by Hfixthe presence of0S
ribosomes and B) 50S ribosomal subunBsamonds, azithromycin; circles, erythromycin;
triangles, lincomycinreverse triangles, clindamyci@pen symbols are in the presence of 50S
subunits. ¢ Structures of peptidyl transferase centre antibiotics.
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Table 5.3. ICscs, MICs, and Binding Affinities of Peptidyl Transferase Centre Antibiotics.

Antibiotic ICs0,70s  ICs0,50s MIC (M) for E. coli Kp for binding to 70S
(UM) (UM) ribosomes (1M)
Cam 150+ 32 210+22 0.97-3.9(Feldman and 2 (A-site); 200 (pep*tidyl
Manning, 1983) transferase centre)
Azi 0.06£0.03 1.5+£0.4 11(Chayaniet al., 0.020- 0.050"
2009)
Ery 0.07+0.03 1.1+0.4  44(Werner et al., 0.075i 0.52*
1978)
Clin 1.5+0.7 4.4x1.1  220(Douthwaite, 1.05.0Y
1992)
Linc 3.0£0.9 37+7.5  4500(Douthwaite, 5.0Y
1992)

fFrom reference@.ong and Porse, 2003; Schlunzen et al., 2001)

~Dependent on ionic strength and presence of polyar(ibasthwaite, 1992; Kouvela et al.,
2006; Petropoulos et al., 2008; Petropoulos et al., 2009)

Y Affected by mutations in rRNA residues in the peptidyl transferase o@rehwaite, 1992)

5.3.2Dissociation ofmant-nucleotidesfrom HfIX ARbAAntibiotic complexes
The initial screen for antibiotic inhibitor®f HfIX indicated that the 50S/70Sstimulated
GTPase activit is strongly inhibited by thosantibioticsthat bind to the peptidyl transferase
centre but these antibiotics have no effect on HflX binding to ribosomal parti€@esxamine if
this effect is due toaltering the binding of guanine nucleotides to HftX adoption of the
proposed GTPase activated state,presteady state analysis dhe interaction between
Hf | XAri bosome complexes and guanine nuMIl eotid
antibiotic. These studies were performed along the lriexperiments performedh sectiors

4.3.2and 4.3.3
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Fluorescence traces representative of the dissociation of-@@r® fr om Hf | XA m:
GDPA50SAant i b{Fmird 5c4A)averenipest ditxwithsa single exponential function,
which describes a single stdfgssociation as described by the scheme below. These experiments
showed that thesignal amplitudes of experiments in the presence of chloramphenicol,
lincomycin, or azithromycirwere ~ 6 fold smaller compared to the same experiment lacking
antibiotic. Howerer, the obtained rate constants did not vary more than ~ 2 fold compared to the
control experiment lacking antibiotic (Table 5.4). The obtained +@&&®P dissociation rate
constant for experiments in the presence of chloramphenicol were slightly lowess= 0.31 +
0.03 §') than experiments lacking antibiotik 1 cpp= 0.53 + 0.01 8), whereas experiments in
the presence of azithromycin and lincomycin yielded slightly larger rate constaniss= 0.75
+0.08 §'and 1.2 + 0.12 5respectivey).

k

HfIX + mantGDP2 Hf | X A@DPn t (Scheme 1)
k1

Fluorescence traces describing the dissociation rate constants feGDBMP dissociating
from Hf-GRRMBASO0OSAantibiotic compl exmitstwo( Fi gur

exponential functionsThese data best describe a {step dissociation mechanism, outlined in

Scheme 2 (as per Scheme 1 in Chapter 4).

kl k2
HfIX + mantGDPNP2 Hf | X A@DPNP2 Hf | X AGDRNPt (Scheme 2)
k_l k—2

Unlike in mantGDP dissociation experiments, the fluorescence amplitude chamge

higher in the presence of antibiotics, particularly in the presence of chlorampheng&@I¢h.
121



Rate constantslescribing manGGDPNP dissociation varied to a greater degree compared to
mantGDP dissociation rate constants: in the presence of chloramphenicol,GD&MNP
dissociation K1 cpend is ~ 5 fold faster @.055 + 0.007sY), while in the presence of
clindamycin, this rate is 3 foldlower 0.0040 + 0.0006™Y compared to the same experiment
without antibiotic (0.012 + 0.004"%. The second fluorescence phake &pend again showed
little difference between the various antibiotics compared to the iengyer with no antibioticK

» copnp= 0.0012 + 0.000179, with the greatest effect (~ 7 fold faster) again in the presence of
chloramphenicol K2, copne= 0.0086 + 0.0006™Y. The fluorescence traces in the presence of
chloramphenicol did have a-2fold increase in the amplitude of the observed fluorescence
signal. Comparison of the various dissooatrates revealed that the rate constaftshant
GDPNP dissociation vary from 5 folthster (in the presence of chloramphenicol) to 3 fold
slower (in the presence of clindamycin), while values Kgrare ~ 10 foldarger(in the presence

of chloramphaeicol) to only slightly lowerin the presence of lincomycin).
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Figure 5.4. Dissociation of mantnuclea i d e s f r o rmudied 1 X & eABtiBIGHS A
Complexes

A) Fluorescence traces for the dissociation of @@ P fr om EDIPAS@Sntcompl e
(black) in the presence of chloramphenicol (green), lincomycin (orange), or azithromycin
(purple). B) Fluoresawe traces for the dissociation of m&@DPNP from Hf |mérk

G D P Ng®pFcomplex(black) in the presence of chloramphenicol, lincomycin, azithromycin (as
above), clindamycin (red), or erythromycin (blue)

Table 5.4. Rate Constants for theDissociation of mantGDP f r om Hf | XAmant
G D P A 5A@tiBidtic Complexes.

Antibiotic k1 cop(S?) k. fold change
None 0.53+0.01 1.0
Cam 0.31+0.03 1.7
Azi 0.75+ 0.08 0.71
Linc 1.2+0.12 0.44
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Table 5.5. Rate Constantsfor the Dissociationof mant-GDP NP f r oimantHf | X A
G D P NP R Snhibiotic Complexes.

Antibiotic K1, copnp(SY) k.1 fold change K2, copnp(SY) k.. fold change
None 0.012+ 0.004 1.0 0.0012+ 0.0001 1.0
Cam 0.055+ 0.007 0.22 0.0086x 0.0006 0.14
Azi 0.013+ 0.005 0.92 0.0024+ 0.0001 0.50
Ery 0.029+ 0.008 0.41 0.0023% 0.0007 0.52
Clin 0.0040+ 0.0006 3.0 0.0021+ 0.003 0.57
Linc 0.010+ 0.001 1.2 0.0016+ 0.0007 0.75

5.3.3 Association of matrnucleotides to HfIXARbAAntibiotic complexes

Association of manhucleotides to various antibiotiound H f |50SA complexes was
examined using the stoppéldw technique Similar to experiments in the absence of antibiotics,
association of manBDP resuked in a single exponential incseain fluorescence due to FRET
between the intrinsic tryptophan residues of HfIX and the mant moiety of@GaRt and were
fit accordingly. Similar to experiments studying the dissociation of @GP from
Hf | XA5 0 S8cAcamptexes ithe signal amplitudes of observed fluorescence traces were
lower compared to similar experiments lacking antibiotic (Figure 5.5A; ~ 3 fold maximum
difference for experiments with chloramphenicol). Fitting the concentration dependence of
asseiation experiments (Figure 5.5B) with a linear function yielded association rate constants
lower than experiments lacking antibiotic (~ 2 fold; summarized able 5.6). They axis
intercepts, which in section 3.3.2 have been shown to provide accsiiatates for nucleotide
dissociaion rate constantsvere consistently ~ 5 fold higher comparedvatuesdeterminedn
the nucleotide dissociation experime(itsTable 5.4).
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Experiments examining the association of @@ P NP t o Hf | XA50e8e5ant i bi
exhibited two exponential fluorescence traces similar to experiments lacking antibiotics, with ~ 3
fold lower fluorescence signamplitudes (Figure 5.5C). Only one phase of the two exponential
function showed a linear concentration dependence; lmegmession of this faster fluorescence
signal yielded marGDPNP association rate constants for experiments in the presence of
antibiotics that were up to ~ 3 fold lowet.7{ + 0.6 x 16, 45 + 1.1 x 1§ and 2.9 + 0.6 x 10
M™st in the presence of ramphenicol, azithromycin, and lincomycin respectiyelympared
to experiments lacking antibiotickg, copne = 9.2 + 1.2 x 16 M7'sh). Values for the
concentration independent fluorescence phase, corresponding to the proposed conformational
change irHflIX outlined in Chapter 4, had similar rate constants, with chloramphenicol having a
~ 3 fold larger rate constant (0.600.09 §) compared to control experimentsZ3+ 0.09 &),
while azithromycin experiments had a slightly larger rate constantf@ldp and lincomycin
experiments showed similar values kog, cpere (rate constants of 0.1#60.05and0.23+ 0.04 &'
respectively). Values obtained from thg,, plots of k.1, cppne provided poor estimates df;
compared to experimentally determinealues (inTable 5.5), especially in experiments with
chloramphenicol and lincomycifhus, for determining equilibrium dissociation constants, only

the experimentally determined rate constants were used.
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Figure 5.5. Associationofmanthnuc |l eot i des

A) Fluorescence traces for the association of r@abtP

)

Bdmplexds5 0 SAANt i bi ot
Hf | XA5

complexes in the absence (black trace) or presence of chloramphenicol (green), lincomycin
(orange), or azithromycin (purple). Boncentration dependence wlantGDP association to

Hf | XA50SAantibiotic complexes. C) -BDPNRB@R®scenc
OM) to HfI XA50SAantibiotic kigplotpforemamGDPNPc ol or s
association to Hfl XA50SAantibiotic complexes.
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Table 5.6. Rate Constants for theAssociation of mantGDP t o HAntibo#c5 0 S A
Complexes.

Antibiotic ki1 cpp(M™sY) ki1 Ratio (50S/50S k.1, gpp from y axis

+ antibiotic) intercept (s%)
None 6.7+£03 x 10 1.0 2.4+0.4
Cam 42+07x10 1.6 1.3+1.1
Azi 3.2+205x 10 2.1 3.5+0.8
Linc 3.7+1.1x10 1.8 5.8+1.7

Table 5.7. Rate Constantsfor the Associationof mantGDP NP t o

Irtibioidd 5 0 S A

Complexes.
Antibiotic k+1y GDPNP k+1 Ratio k+2, GDPNP k+2 Ratio k.1, GDPNP
11 (50S/50S + 1 (50S/50S + fromy axis
(M7s%) antibiotic) (s) antibiotic) intercept (s%)
None 9.2+1.2x 1.0 0.23+ 1.0 0.081 + 0.050
10* 0.09
Cam 7.7+ 06 X 1.2 0.60+ 0.38 1.6+0.1
10* 0.09
Azi 45+1.1x 2.0 0.15+ 1.5 0.025 + 0.19*
10* 0.05
Linc 2.920.6 x 3.2 0.23+ 1.0 0.29 £0.10
10* 0.04

* Large uncertainty iy axis intercept value

Comparison of the nieotide binding affinities for HflX interacting with ma@DP or mant

GDPNP (Table 5.8) shows that the ¥alue for mantGDP (calculated from the ratio &f cpp/

ki1, cpp does not significantly differ in the presence of chloramphenicelHK.74 £ 014 uM)

compared to experiments lacking antibiotico(K 0.79 £ 0.02 uM), whereas the affinity for

mantGDP is lowered by ~ 4 fold in the presence of either azithromycin or lincomycin (2.3 £ 0.4
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~

and 3.2 N 1.0 OM respect i viotidcgmplexesTidr marBDPRA ni t y
is reduced in the presence of antibiotics, with a 15 fold decrease in affinity in the presence of
chloramphenicol (K = 10 = 2.1 nM) compared to experiments lacking antibiotic, which have a
calculated swmanomolar affinity Q.68 + 0.37 nM). Azithromycin and lincomcyin had a
similarly lowered (approximately 10 fold) affinity for ma@DPNP (K values of 4.6 + 2.4 and

2.4 + 1.2 nM).This indicates that the presence of the appropriate antibiotic may induce a
conformational chargin the ribosome that reduces the affinity of HfIX for m&mRPNP. This

likely occurs due to interference of the initial binding stkp,(table 5.7) as opposed to the
subsequent conformational change in HfIX (reflectedkbyand k., which vary only ~2 fold

compared to experiments in the absence of antibiotic).

Table 5.8. Equilibrium DissociationConstantsGoverning the Interaction between mant
nucleotides and HflIX whileBound to 50SRibosomalParticles.

Antibiotic  Kp, gpp (UM) Ratio (50S/50S + Ko, copne(UM)  Ratio (50S/50S +

antibiotic) antibiotic)
None 0.79 £0.02 1.0 0.00068+ 1.0
0.00@7
Cam 0.74+0.D 11 0.010+ 0.002 0.068
Azi 2.3+04 0.34 0.0046+ 0.002 0.15
Linc 3.2+1.0 0.25 0.0024+ 0.0012 0.28

5.34 Crosslinking of HfIX to ribosomal proteins
In order to determine a potential ribosome binding site for HflX, the protein was reacted with
the cysteinespecific photolabile crosslinking reagentagidophenacyl bromide (AzP; Figure

5.6A), an approach previously utilized to studgr example)the interaction between E& and
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the E. coli ribosome(Nechifor, 2007) E. coli HfIX contains threentrinsic cysteine residues at
positions 96, 98, and 415 that may react with AzP and thus become potential prothes for
interaction withvarious ribosomal components. Upon expeso UV light, proteins within 41

A of the cysteine residue may react with the Azijugated protein. HflXibosome complexes
were pre-formed in the presence of various nucleotides witd or without chlorampénicol.
Incubation of complexes in the absence of UV light causeddditional band& beobserved

upon separation by SBIBAGE (70S control in Figure 5.6B, 708V). However, upon UV light
exposure,severaladditional bands of molecular masses highen tHélX were reproducibly
observedn several experimenighen visualized wittCoomassie Brilliant Blueindependent of

the complex formed (Figuré.5B). These bands were excised and analyzed by mass
spectrometry. Tabl®.9 shows the identity of potentiatasslinks based on mass spectrometric
analysis of peptide fragments found in each band after protedigsisl experiments, a high
molecular mass band of ~ 100 kDa was observed, that was found to only contain peptide
fragments from HfIX m all complexesexamined indicating the formation of an HffIX

dimer. In 70S complexesthe second high molecular mass bafilgure 5.6 band )} also
contained 9 distinct peptides from ribosomal protein L2 (29.9 kDa), covering 42.1% of the
primary sequenceof L2. Additional, lower intensity crosslinksontaining peptides fromh5
(Figure 5.6, band 2, 4 distinct peptides wah.3% coverage) and S18igure 5.6, band 3, 2
distinct peptides witt85.1% coverage)vere also observemh 70S complexes. By contrast, no
distinct peptidesfrom ribosomal proteinsvere identified in 50S experiments, while in 30S
complexes, an additional S18 crosslink with a single distinct peptide was identified (18.9%
coverage).These data indicate that HfIX crosslinks to proteins near the ribodeqsite, and

may suggest different conformations of HflX on the 70S compared to thbdd®l complexes.
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Figure 5.6. Crosslinking of AzP-HfIX to Ribosomal Patrticles.

A) 4-azidophenacyl bromide chemistriReaction of 4azidophenacyl bromide with cysteine
residues forms a photolabile crosslinkable conjugate with a probing range of ~ 11 I&ft,(B)
AzP-HflX complex without UV irradiation.AzP-HfIX -ribosome complexes formed crosslinks
(higher molecular masband labeled HflIX is an HflXHfIX crosslink bands 1, 2, and 3 are

indicated) in the presence of 70S ribosomé&®S ritbsomal subunits (only the HBKIfIX
crosslinkwas olserved), and 30S subunits (HfbXfIX crosslink and band 4)Contamination of

the 50Ssubunit preparation with ribosomal prote#i was detected (as determined by mass
spectrometry). ldentical crosslinks were observed regardless of nucleotide bound or the presence

of chloramphenico(data not shown)Additional ribosomal proteins (S1, SR1, and L2) were
identified by mass spectrometry and are labeled.
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Table 5.9. HfIX -Ribosomal Protein Crosslink Identification by Mass Spectrometry.

Band Description Distinct peptides Coverage (%) Intensity
1 L2 9 42.1 +++
2 LS 4 30.3 +
3 S18 2 35.1 ++
4 S18 1 18.9 +
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Figure 5.7. Binding Sites of Ribosomal Antibiotics and HflX Crosslinks.

Cartoon representation of rRNA with HAMbosomal protein @asslinks.A) Crosslinks of HfIX

to ribosomal proteins L2, L5, and S18 with respect to the ribosomal A, P,-aitesEB) View

of ribosomal crodmks from the ribosomal &ite C) View of the 50S (top) and 30S (bottom)
subunits from the subunit interfac@ntibiotics are labeled. DYoomedin view of L2 in relation

to the peptidyl transferase centre antibiotics (50S cartoon images made transparent). In all
figures, the 50S ribosomal subunit is showrdark grey the 30S, in light grey. Antibiotics,
shown as spheres, are chloramphenicol (green), azithromycin (orange), erythromycin (blue),
clindamycin (red), hygromycin B (cyan), spectinomcyin (brown), and neomycin (purple).
Antibiotics were superimposagsing PYMOLon ribosomes using PDB fil&QAL (Neomych,

30S), 2QOY (Spectinomycin, 30S), 3DF1 (Hygromycin B, 30S), 30FR (Erythromycin, 50S),
30FZ (Clindamycin, 50S), 30HZ (Azithromycingnd 30OFC (Chloramphenicol, 50S). From
referencegBorovinskaya et al., 2007a; Bafioskaya et al., 2008; Borovinskaya et al., 2007b;
Bulkley et al., 2010; Dunkle et al., 2010)
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The locations of crosslinks to L2, S18, and L5 are distant from the ribosositsd Bommon
to other known TRARC GTPases, and are located near the ribosorstieE This information,
combined with the replacement of the catalytic His residue in the switch Il region of the
canonical GTPases with a Phe residue in HfIX and the observation that HfIX lacks common
structural domains crucial for interacting with theasomal GTPase activating centre indicates
that the ribosome might possess an additional GTPase activatingibitsomal protein L7/L12
is an essential requirement for the ribosestimulated GTPase activity of BE (Datta et al.,
2005; Savelsbergh et al., 2005a; Savelsbergh et al., 20@DEFTu (Diaconu et al., 2005;
Kothe et al., 2004)To examine if L7/L12 influences the ribosostmulated GTPase activity of
HfIX, L7/L12 was depletedby washing 50S ribosomal subunits with MH. and EtOH,
conditions which remove L7/L13long the lines of previous assdyavelsbergh et al., 2000)
In apreliminary assay, examining the 568&mulated GTPase activity of HflX and EF (Figure
5.8) demonstrates that EFalone does not have any significant GTPase activity in the absence
of 50S ribosoras app, ctrass 0.0002uM s™), whereas in the presence of 50S subunits, the rate
of hydrolysis increases 1000 folt#afp, ctrase= 0.20+ 0.01 uM s™). In the presence of 50S
subunits treated with 500 mM N8I and ethano(conditions that remove L7/L)2this rate is
reduced- 2-3 fold (Kapp, cTrase= 0.088% 0.004uM s™?). By contrast, washing of 50S subunits had
no effect on themultiple turnoverrate of GTP hydrolysis by HflX, though the rate in this
experiment was ~ 25% slower than reported in Egb2 Kapp, crrase= 0.15% 0.01 uM st
without NHiCl/ethanol treatment anb.pp crpase= 0.14 + 0.02 pM s! in the presence of
NH,Cl/ethanol washed 50S particleghis may be due to inaccuracies in determining the

concentration of L7/L12lepleted ribosmes.
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Figure 5.8. Effect of L7/L12 Depletion on the Ribosomestimulated GTPase activity of HflX
and EF-G.

A) Time course for initial rates of GTP hydrolysis by-BHn the presence of 50S subunits (red),
50S subunits washed with NEI and ethanoto remove L7/L12orange), EFG alone (black),
HfIX in the presence of 50S subunits (blue) and 50S subunits washed wjtl iRl ethanol
(magenta). B) Initial time course for GTP hydrolysis used to calculatepparent rate of GTP
hydrolysis.

Interestingly,extrapolating the potential binding site for HfIX basedooosslinking data also
indicates that the putative binding site for HfIX on thbodome may overlap with that of
initiation factor 3(Figure 5.9) as shown by Xay crystallography studies and RNA protection
mapping(Moazed et al., 1995; Pioletti et al., 2001 order to investigate a potential interaction
between HflX and I3, GTP hydrolysis experiments in the presence of 70S ribosomes were
performed(Figure 5.10) IF-3 alone had no sigficant GTPase activity; nor did HfIX alone or
HfIX in the presence of H3. Surprisingly, rather than inhibit GTP hydrolysis by HflX,
experiments in the presence of3FRand 70S ribosomes further enhanced the GTP hydrolysis rate

of HfIX by an additional Zold (to a maximum rate of 0.38 0.02 pM §" at 2 pM IR3 under
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these conditionspver the already 106fold stimulatory effect by the 70S ribosome (Figure

5.108).

Figure 5.9. Binding Sites of IF3 on the 30S Subunit Relative to HfIX Crosslinks.

Cartoon representation of ribosomal RNA with HitXosslinked ribosomal proteins visualizing
the binding site of IR3 relative to HflX crosslinks. The 50S subunit (PDB ID 2AW4) is shown in
dark grey 30S (PDB ID2AVY) in light grey. Left panel, view from the ribosomaidiie, similar

to Figure 5.5B. Ribosomal protein L5 is shown in green, L2 in blue, and S18 in red (stick
models). Peptides identifieilom crosslinking and mass spectrometry analgses shown as
spheresFor perspective, the homology model of HfIX is shown below in cyae. binding site

of IF-3 (purple spheres) was visualized by superimposing the crystal structurd diolnd to

the 30S subunit (PDB ID 1196) reported (Rioletti et al., 2001) 16S rRNA nucleotides
protected from chemical protection, determinedMoazed et al., 1995)are shown as dark
yellow spheres.

135



>

GTP hydrolyzed (M)

Figure 5.10. GTPase Stimulation of HfIX by 70S Ribosomes and .

60

40

20

e oo S S s

30 60 90 120 150

Time (s)

GTP hydrolysis rate (UM s™)

e
=
L

o
(%]
T

o
N
T

[IF-3] (M)

A) GTP hydroysis (125 puM GTP)by 1 uM HflX was monitored alone (closed squares), in the
presence o2 pM IF-3 (closed diamonds)l puM 70S ribosomes (closed circles), or in the
presence of both 70S ribosomes andIfpen squares). 18 alone (closed reversed triang)e
had no detectable GTPase activity.IB)3 concentration dependence of GTP hydrolysis by HfIX
in the presence of HflX. H3 stimulated the rate of GTP hydrolyskis{pase, max= 0.38 + 0.02 uM

s* based on the fit in B)y an additional Zold comparedo 70S ribosomes alone.
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5.4 Discussion

HfIX exhibits a 50S and 70S ribosorsmulated GTPase activity that is also exhibited by the
known TRAFAC GTPases B, EFTu, EFG, RF3, LepA, BipA, Tet(O), and SelB. This
GTPase activity of HfIX has lem shown to be inhibited by the peptidyl transferase centre
antibiotic chloramphenicol (Chapter 3). In an effort to dissect the functional role of GTP
hydrolysis by HflX, additional antibiotics were screened for inhibitory effects on GTPase
activation. Inerestingly, antibiotics of different classes (a phenicol, lincosamides, and a
macrolide and ketolide derivative) that interact with the peptidyl transferase centre are inhibitors
of the ribosomestimulated activity of HfIX. Additionally, the aminoglycosidebramycin also
exhibited a modest inhibitory effect. However, other inhibitors of TRAFAC GTPases
(tetracycline, whichbinds EFTu (Heffron etal., 2006) or fusidic acid, which targets EG
(Chen et al.,, 2010)have no effect on GTPase activation, nor do other aminoglycosides
(Streptomycin, for examplereducesboth cognate codeanticodon recognition and GTP
hydrolysis by EFTu (Gregory et al., 2009; Gromadski and Rodnina, 2D0B)y contrast,
erythromycin has e showrto have no effect on the ribosoroeupled GTPase activity of EF
G and EFTu (Chinali et al., 1988)but is aninhibitor of HfIX.

While the presteady state analysis of mamicleotides interacting with Hfl%0S complexes
the peptidyl transferase centre antibiot&l®ows an approximately 10 fold reduction in the
affinity for mantGDPNP and little effect on the interami with mantGDP. This is insufficient
to fully explain the overall 120 fold inhibition in GTP hydrolyis in the presence of these
antibiotics. The signal amplitudes of the {3teady state analysis vary depending on the
antibiotic present: marfEDP experiments show a smaller signal amplitude change in the

presence of PTC antibiotics, whereas m@mPNP exgriments show antibiotics increase the
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signal amplitude in marGDPNP dissociation experiments yet decrease the signal amplitude in
association experiments. Examination of raw fluorescence data of these experiments shows no
significant difference in the aiting fluorescence of the system, suggesting that PTC antibiotics
do not directly influence the structure of HfIX bound to the 50S subunit (not shown).
Microfiltration assays indicate that binding to the 50S is not influenced by antibibhiese data
swggestthat a subpopulation of different complexes exists in these experiments, reflecting
different signal amplitudeg:his is unlikely, due to saturating concentrations of antibiotics used.
It is possible that the changed signal amplitude in these exg@snis due to an additional
contribution of ribosomal particles to the fluorescence of the system, i.e. that intrinsic tryptophan
residues contribute to the energy transfer to the mant group ofnmeletides. If the nucleotide
binding pocket were on ¢hinterface between HfIX and the ribosomal particle, any tryptophan
residues nearby would contribute to the FRET signal. If the conformation of this region alters
due to binding of an antibiotic to the ribosomal particle, such a residue may be morefidistant
the fluorophore, leading to a decreased fluorescence sighas, it is highly unlikely that
antibiotic binding to the 50S subunit has any effect on the structural dynamics ofRtétiber,
the fluorescencamplitude of the system likely differdueto the FRET contribution of the
ribosome to the marmgjroup.

Crosslinking data presented here reveals forfitke time that HfIX crosslinks to ribosomal
proteins L2, L5, and S18, which lie in close proximity to the ribosonsitde L2 has previously
been shown to affect the ATPase activity of tle coli Hsp90 homolog HptGn vitro
(Motojima-Miyazaki et al., 201Q) suggesting @t L2 perhaps has some mechanism for

activation of NTPase activity of an exogenous factor. It would be of interest to examine if the
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GTPase activity of HfIX could be stimulatdy purified L2 if so, this would demonstrate that an
additional ribosomal protein acts as a GTPase modulator

The additional GTPase stimulation of HfIX by-8in the presence of 70S ribosomes is
particularly intriguing, and supports crosslinking expemts that indicate ahared or similar
binding site for the two factors. Howeveahe observation thalfF-3 alone is not capable of
stimulating the GTPase activity of HfIX may indicate thmmding of IF3 to the ribosome
potentially causs a conformatioal changein the ribosome (perhaps inducing a transint
ratcheting motion such as that outlined in Figure 1.6®)s in turnmay expose madditional
region of the ribosome to HflX, or aid in positioning a catalytic residue. It is tem@sgd on
this interactionto speculate that HfIX has a role in modulating either translation initiation or
ribosome recyclingFurther studies aimed at reconstituting an H#X3 binary complex will be
required to examine the role of-B-as a modulator dhe GTPasedivity of HfIX.

Different antibiotic inhibitors, unique domain architecture, structural replacement of a key
conserved His residue WitPhe, a unique binding site, and no requirement for L7/L12 for
efficient GTPase activation of HfX indicate that a umigoatalytic mechanisnexists that
activates the GTPase activity of HflXJnlike the Asite TRAFAC factors, which contain the
conserved catalytic His residue that is correctly positioned for GTP hydrolysis by the ribosomal
GTPase activating centre (GAQpaon interaction with the ribosom@/oorhees et al., 2010b)
this factor could potentially be supplied by an external factor. For example, an external Arginine
finger could be supplied by a ribosomal protein (in analogy to activation of Ras by its GAPs,
reviewed in(Gamblin and Smerdon, 1998 stabilize HfIX in its GTPasactivated form.

Due to the close proximity of L2 to the peptidyl transferase centre, it is tempting to envision a

communication network between the PTC and the putative binding site of HféXpresence of
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a PTC antibiotic could potentially affecommunication across thidistance (~ 90A) by
changing the conformation of the 50S ribosome, in particular the externally supplied catalytic
residue such that efficient GTP hydrolysis by Hi€&mot occur. This may also explain the
puzzling fluorescence amplitude variation obsehin the presteady state analysis; the presence

of ribosomal particles may in fact contribute to the observed fluorescence sigadts FRET if

the nucleotide binding pocket is indeed located at the interface of HfIX and the 50S subunit as
proposedBlombach et al., 2011)Thus, GTPase activation may not be caused by the ribosome
inducing a conformational change in HflX, but rather by the conformafitimearibosome itself.
Information regarding the occupanand functional statef the ribosome (& presence of
MRNA, aatRNA, deacytRNA in various positions in the ribosome) and its effect on the
GTPase activation of HflX will be pivotal to furtherderstanding the functional role of HflX.

In summary, a detailed antibiotimsed inhibition study, coupled with structural information,
crosslinking experiments, and examination of potential interaction partners (L7/L12 -&)d IF
suggests a novel communimen pathway through ribosomal protein L2 to HflX that is
influenced by the peptidyl transferase ceniieis has important implications for understanding
the fundional role of HflX in the cell, as L2 has been shown to be essential for ribosomal subunit
associationas well as binding of aBlRNA to the ribosomal Bite (Diedrich et al., 200Q)which
in turn may indicate a role for HfIX in subunit association or sensing the functional state of the
peptidyl transferase centréddditionally, L2 has been previously shown to regulate both DNA
replication(Chodavarapu et al., 201&hd transcription of DNARIippa et al., 201Q)which may
also indicate a role for HflX in regulating expressiorceftain proteins, such as those involved

in stress response.
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6. HflX has a Ribosomal Subunit Antiassociation Activity

6.1 Introduction

In an effort to elucidatehe threedimensional structure of HfIX bound to the 70S
ribosomeH f | 78Shibosome complexesave formed as described in section 5.2 and examined
in a cryeelectron microscope (Holger Stark lab at the Max Planck Institute for Biophysical
Chemistry).Serendipitouslyexamination of the resulting micrographs revealed intact 50S and
30S ribosomal submits with no additional factors attachdout no 70S ribosomes preseAs
HfIX shares a binding site overlapping that of3Fwhich was shown in section 5.3 to further
stimulate the GTPase activity of HfIX in the presence of 70S ribosotmesstabilityof 70S
ribosomes was examined using Rayleigh light scattering in the presence of Hf&Xbehitd to
guanine nucleotidealong the lines of previous experimeri&orisch et al., 1976)F-3 has a
potent 70S ribosome ardssociation furtion thought to be key in regulating both translation
initiation (Section 1.2.1) and ribosome recycling (Section 1.5.1) and can slowly dissociate
ribosomes into 50S and 30S subugiitgokawa et al., 2007; Singh et al., 2005b)

Here it is demonstrated that HflX can dissociate 70S ribosomes in a nuciepeedent
manner(apo<GDP<GTP). While hydrolysis of GTP accelerates this process, it is not required
for ribosome dissociation as HflIX in complex with the #omrolyzable GTP analog GDPNP is
also capable of dissociating 70S ribosomes to a similar extent, albeit 10 do&l slowly
compared to experiments with GTP. Dissociation of 70S ribosomes is inhibited by polyamines,
high concentrations of Mg, and the aminoglycoside paromomycin. However, as paromomycin
does not influence GTP hydrolysis (Chapter 5), nor does thepbates analog vanadate, it is
likely that GTP hydrolysis and subsequent release of inorganic phosphate are not required for

efficient ribosome dissociatioGiven the promiscuous ribosome binding properties of HflX, the
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ability of HfIX to prevent subunit @®ciation was also examined. These experiments suggest that

the ribosome dissociation function of HflX is due to preventing suburdgisseciation; thus,

HfIX has a similar functionto B8 i n t hat it -AsBeoti ah@liookawa & ac fia

et al., 2007) While HfIX functions as a guanireucleotide dependent ar@ssociation factor,

this activity can be decoupled from its GTPase activity based on aminoglycoside inhibition of
70S dissocation but not GTPase activity. Detamg the affinity of the nucleotide bound states

of HfIX for 30S, 50S, and 70S ribosomal particles will be pivotal for development of a model for
this activity and observegreferential association to the 50S subumitzivo (Jain et al., 2009;

Polkinghorne et al., 2008)

6.2 Experimental Procedures

6.2.1Purification of Initiation Factor 3

Initiation factor 3 waspurified asanN-terminally 6X Histagged protein fromnE. coli
expression construabtained from lhe National BioResource Project (NBRRitagawa et al.,
2005). The obtained expression construwas grown in LB media supplemesd with
chloramphenicol 30 pg/mL) at 37°C to an ORy of ~ 0.6. Overexpression was induced by
addition of IPTG to a final concentration of 1 mM. Cells were grown &C3intil the mid log
phase, harvested by centrifiiga at 5000xg, and flash frozen prior to use. To monitor protein
expression levels, small culture samples were taken, lysed in 8 M urea, and analyt28d by
SDSPAGE. Gels were stained with Coomadsidliant blue.

Previously frozen cells were resuspeddn 7 mL buffer A (50 mM Tri&Cl pH 8.0 at 4
°C, 60 mM NHCI, 300 mM KCI, 7 mM MgCJ, 7 mM b-mercaptoethanol, 10 mM imidazole,

15% v/v glycerol, 1 mM PMSF) per gram of cells and opened by incubation with 1 mg/mL
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lysozyme for 30 min. Sodium deoxycholate was added to a final concentration of 12.5 mg/g of
cells. Following an increase in viscosiggveral crystals of DNase | were addezsulting in a
decrease in viscosity, the cell mixture was centrifuged at 0@ °C) to remove cell debris.

The resulting supernatant was centrifuged ad@@xg (4°C) to obtain a cleared cell lysate. This
cleaed lysate was applied to NiSepharose columns (GE Healthcare) equilibrated in buffer A,
washed in 50 column volumes buffer A and 50 column volumes buffer B (buffer A with 20 mM
imidazole). His tagged initiation factors were eluted with several 90% colwiume elutions of
buffer C (buffer A with 250 mM imidazole). Fractions containing eluted proteins were pooled
prior to size exclusion chromatography: fractions were dialyzed againg@ bld volume of

buffer D (50 mM TrisCl pH 7.5 at 4°C, 70 mM NHCI, 600 mM KCI, 7 mM MgC]J) prior to
concentratior{Vivaspin 20; 3000 MWCO, SartoriusProtein samples were then purified by size
exclusion chromatography (superdex 75 resin packed in an XK26/100 column, GE Healthcare).
Fractions containing the pure iaition factor were pooled and camtrated. Protein
concentrationwas calculated photometrically usingn extinction coefficiend 470 M'cmi™.

Protein samples were aliquoted, flash frozen, and stor8@ &€ prior to use.

6.2.2 Rayleigh Light Scattering

Dissociation of 70S ribosomes into 50S and 30S particles was monitored by Rayleigh
light scattering with a KinTek SB004 Stoppedlow apparatus at 20C. Samples were
illuminated at 436 nm; scattering of light was monitored &t 2B uL samples coniaing HflX,
nucleotidesinitiation factorsand antibiotics (as described in figure captjansTAKM s buffer
(50 mM TrisCl pH 7.5 at 20C, 70 mM NH,CI, 30 mM KCI, 5 mM MgCJ) were epidly mixed

with 0.15uM 70S ribosomes (final concentration) in thearge buffer. As a control, ribosomes
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were also mixed with an equal volumeTAK buffer (50 mM TrisCl pH 7.5 at 20°C, 70 mM
NH4CI, 30 mM KC), resulting in a decrease in the ¥Mgoncentration. A2.5 mMMg**, 70S
ribosomes completely dissociat@drisch et al., 1976)70S = 0 uM at 29% signal decrease)
Light scattering signals were normalized with respect to the initial light scattering of the
ribosome solution, which is indicative of 100% 70S ribosomes presést.cfianges in light
scattering were fit with either one or two exponential functions (equafi@m&l 3), where LS is
the light scattering at time t, Ss the final light scattering valué, is the signal amplitude, and
kappiS the apparent rate constant for ribosome diasiodi.

LS = LS + Arexp(-Kappi) (equation?)

LS = LS + Arexp(-Kappit) + Acexp(-Kappd) (equation3)

6.2.3 Nucleotide Hydrolysis Assays

Hydrolysis assays invoing polyamines, antibiotics, and iration factors were
performed as previously described in sect®oB.7. Experiments performed in the presence of
sodium metavanadate (2 mM) were performed similarly but using thin layer chromatography
(TLC) to separate hydrolysis products. Briefly, samplese quenched in 5QL 6 M formic
acid, dried via vacuum centrifugation and resuspended pL10:1 6 M formic acid/TAKM
buffer. 3uL aliquots were spotted onto CCM Cellulose PEI plates (EMD Chemicals), hydrolysis
products were resolved by TLC utilizing.5 M KH,PO, pH 3.4 as the mobile phase.
Radioactivity was detected using a Typhoon Trio phosphorimager (GE Healthcare). Liberated
inorganic phosphate and unhydrolyzed GTP was quantified using ImageJ s¢ftvanamoff et

al., 2004)
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6.3 Results

6.3.1HfIX induces subunit dissociation in a nucleotidedependent manner

Initial experiments on 70S ribosome dissociafibigure6.1) were performed by rapidly
mixing 70S ribosome$0.15 pM final concentration)n buffer containing 5 mM Mg with
buffer lacking magnesium. Under these conditions, 70S ribosorseeciite completely into
50S and 30S subugiGorisch et al., 1976 Jpon mixing 70S ribosomes with TAK)buffer, a
small ~ 1% decrease in light scattering was observed. By contrast, mixing 70S ribosomes with
TAK buffer resulted in 29% decrease in the light scattering signal at a rate of 0.055 + 07001 s
In the preseme o f Hf | XAnuc (koM HiXe 125 pMnpucleokide final
concentrations the extent of ribosome dissociation as reflected by the change in light scattering
signal varied, as did the rate of dissociation. Light scattering signals were best fit with a two
exponential functionApoHfIX a n d Hf |dXshc&g@dPribosomes to the least extent (~1.5%
light scattering changépp: = 0.027 + 0.008 Sandkapp2= 0.0038 + 0.0002 S for apo HfIX; ~
1.5% LS changekapp: = 0.0069+ 0.002 s andkappz= 0.0014 + 0.00028f or Hf ). BYAGDP
contrast, Hf | XAGDPNP dissociated ribosomes toc
same rate (Depending on the experimaaitformed, %LS change was between 20 to 2&%pi
= 0.017 + 0.007 Sandkapp2= 0.0044 + 0.00028 , whil e Hf|l XAGTP rapidly
to the greatest extent (~ 25 to 30% LS chamhggy = 0.065 + 0.001 5 and kappz = 0.0018 +
0.0001 s%). The rates of ribosome dissociatibry H f | &efapproRimatelgqual to the rate

of ribosome dissociation by EEA GT P a (HitokaRvR ét al., 2008)
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Figure 6.1. 70S Ribosome Dissociation by HflX.

A) 70S ribosomes mixed rapidly with TAKMZ1) or with with TAK (2). B) 70S ribosomes

rapidly mixed with TAKMs (1) , Hf I X (2), Hfl XAGDP (3), Hfl XA

Ribosome recylng, of the postermination complex by EE and RRF is dependent on
the concentration of GTP presdhtirokawa et al., 2008)Exhaustion of GTP in experiments by
Hirokawaet al. resulted m the reassociation of split subunits back into 70S ribosomes, unless
IF-3 was present to prevent subunitassociation(Hirokawa et al., 2008)These experiments
also demonstrated that cieasing concentrations of EF not only induced more rapid
dissociation of 70S ribosomes, but also induced dissociation to a greater(Extekawa et al.,
2008) To examine if Hflxinduced subunit dissociation exhibits similar properties, 70S
ribosomes were rapidly mixed with increasing concentrations of HflX, in the presence of 125
UM GTP. At low concentrations of HflX, the light scattering signal was monophasic, while at
concentration®f HfIX greater than 0.3 uM, signals required two exponential functions to fit.
Along the lines of experiments with EEA GT P a n(ldirok&® et al., 2008)the GTP

concentration dependemof these experiments (Figure 6.2) yielded estimates for the Michaelis

Menten parametet§y 1 andkea 1 values of 3.9 uM and 0.036 mirandKy,» and ke » values of
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1.8 pM and 0.0073 mihrespectively. Th&y values are significantly higher than treported

value forthe EFGAGTP RRF r e c KyeI10.69udl), whilek 4 isesimnificantlylower

(0.35 min') (Hirokawa et al., 2008)Additionally, the light scattering signal reachés

maximum at 3 pM HflX, at which point the light scattering signal change decreased (Figure
6.2B). These data indicate that similar to the ®&RRF ribosome recycling system, increasing
amounts of HfIX induce greater extents of 70S dissociation, atchdrolysis of GTP to GDP

allows subunit reassociation. Preliminary experiments examining the concentration dependence

of Hfl XAGDPNP and Hfl XAGDP indicate that GDPN
rate and to a lesser extent, while GDP hasy ittle effect on either rate or extent of 70S

dissociation (data not shown).

Figure62. 70S Ri bosome DGEPsoci ation by Hfl XA

A) 70S ribosomes mixed rapidly ®mblack. Apparentr easi n
rateskapp1 and kapp2 are plotted as closed circles and closed squares respecByaBhange in
light scattering at various concentrations of HXBTP.
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