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Abstract

The translational GTPases elongation factor Tu (EF-Tu) and LepA modulate the dynamics of
tRNA on the ribosome. EF-Tu facilitates the delivery of aminoacyl-tRNA (aa-tRNA) to the
translating ribosome and LepA catalyzes the retro-translocation of tRNA*mRNA from the E- and
P-sites of the ribosome back to the P- and A-sites. Although an increasing body of structural and
biochemical information is available, little is known about the functional cycle of LepA during
retro-translocation, the kinetics of EF-Tu dissociation from the ribosome and the rate of EF-Tu
conformational change during aa-tRNA delivery. This thesis reports the successful construction
and biochemical characterisation of a mutant form of EF-Tu from Escherichia coli ideal for the
specific incorporation of fluorescent labels, enabling measurements pivotal for uncovering the
rate of EF-Tu conformational change and dissociation from the ribosome. Furthermore, to
determine structural components critical for LepA’s function, mutant versions of the protein

were constructed and biochemically characterised.
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Chapter 1 Introduction to Translation

Chapter 1 - Translation in bacteria

1.1 Introduction to translation in bacteria

Protein synthesis is one of the key processes in all living cells. It is part of the central dogma of
gene expression, which was discussed in 1961 by Jacob and Monod (1). They showed that genes
are expressed in two stages: i) Transcription - DNA is transcribed into messenger RNA (mRNA)
and (ii) Translation - mRNA directed synthesis of the protein polypeptide chain, which utilizes a
message containing triple nucleotide (triplet) codons specific for a single amino acid (1). In
prokaryotes the transcribed mRNA is used directly as a message for subsequent protein

synthesis (2).

The process of gene expression is facilitated by intermediate steps and many key players. In
1966, Crick hypothesized that there are RNA adaptor molecules that recognize a specific mRNA
codon and contain the corresponding amino acid subsequently used in polypeptide chain
synthesis (3). In this way, the molecule bridges the gap between the mRNA and the protein
polypeptide chain (3). Around the same time of Crick’s hypothesis, Zamecnik and Hoagland
found that [**C] labelled amino acids attached to a small RNA were transferred to a growing
polypeptide chain (4). There are approximately 30 different transfer RNAs (tRNAs) within
prokaryotes (5) which are amino acid specific and have been studied extensively over the last 50

years in terms of processing, dynamics and structure.

Each tRNA contains between 75 to 90 RNA nucleotides (6) and forms a cloverleaf secondary
structure (7, 8) (Figure 1.1). While diverse in sequence, determination of the structure of tRNA
revealed a number of common elements between various tRNAs. These are (i) a 5'-terminal

phosphate, (ii) a 3’ acceptor stem, (iii) the so called D loop, containing a modified dihydrouridine
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base, (iv) the anticodon loop, which can base pair with the mRNA triplet codon, (v) the TWC
loop, which contains a pseudouridine and (vi) a variable loop which varies in length between

tRNAs (8, 9).

® Acceptor
3
® Stem
®
5’ ®
® @
® @
® @
® @
® ©
¢ 8 %
D loop e**% o oo’ (A N2 N e TWC
®_00 ...... ® loop
[ @
Variable
Loop

Anticodon loop

Figure 1.1: Secondary structure of tRNA. The cloverleaf structure of a typical tRNA showing the
3’ acceptor stem (blue), TWC loop (pink), anticodon loop (green), D loop (purple), variable loop
(yellow).

The elements of the secondary structure fold into an L-shaped tertiary conformation (8, 9). At
opposite ends of the tRNA are the anticodon loop and the acceptor stem, approximately 76 A
apart, whereas the D and T loops form the elbow region of the tRNA (Figure 1.2) (8, 9). The L-
shape of the tRNA facilitates the contacts made during protein synthesis. For example, the
anticodon loop of the tRNA can interact with the mRNA, while the amino acid on the acceptor

stem can make contacts near the polypeptide chain.

2
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Acceptor Stem

Variable
Loop

Anticodon Loop

Figure 1.2: Tertiary structure of tRNA™™ from yeast. The crystal structure was determined by
Sussman et al. (1978), PDB: 6TNA (8). The anticodon loop (green), the D loop (purple), the
variable loop (yellow), the TWC loop (pink) and the acceptor stem (blue) are shown above.

Not only do tRNAs differ in their anticodon loop but other so called discriminator bases (10, 11)
help to distinguish them from each other during for example aminoacylation. Aminoacylation of
tRNA requires tRNA synthetases specific for individual tRNAs and takes place in a two-step
process (12, 13). First, the amino acid is activated with ATP on the tRNA synthetase, forming
amino acid-adenosine monophosphate (AMP). In the second step, the activated amino acid is
then transferred from the AMP to the tRNA (12, 13), resulting in the following overall

aminoacylation reaction:

Amino acid + tRNA + ATP <> aminoacyl-tRNA + AMP + PP;.
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Errors introduced by mis-aminoacylation can have severe downstream effects, such as cell
growth and protein function (14). Therefore, aa-tRNA synthetases use a double-sieve
mechanism to help prevent errors which may propagate into all synthesized proteins. The first
strategy aminoacyl-tRNA (aa-tRNA) synthetases use to ensure correct aminoacylation is by
restricting the size of the binding pocket for the specific amino acid. However, many amino acids
are very similar in size to one another or smaller and cannot be excluded by this mechanism
alone. Therefore, extra proofreading is needed to ensure translational fidelity. Proofreading of
the aa-tRNA occurs through binding of the 3’ end of aa-tRNA to a specific editing domain of the
tRNA synthetase (15). The editing domain makes additional interactions with the R group of the

amino acid (15), allowing for discrimination of similar sized amino acids.

Following the aminoacylation of tRNA, elongation factor Tu (EF-Tu) binds to the formed aa-tRNA

and facilitates its delivery to the translating ribosome (16).

1.2 The ribosome

Protein synthesis takes place on the ribosome, which is a ribonucleoprotein (RNP) (17). It
contains three tRNA binding sites, the A-site for aa-tRNA, the P-site for peptidyl-tRNA and the E-

site for deacyl-tRNA (Figure 1.3) (18, 19).
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Figure 1.3: The three tRNA binding sites on ribosome. The 70S ribosome with three occupied
tRNA binding sites was solved through cryo-electron microscopy (cryo-EM) from Thermus
thermophilus by Yusupov et al. (2001), PDB 1GIX and 1GIY (20). tRNA binding sites are shown
with respective tRNAs bound to the ribosome, A-site tRNA (red), P-site tRNA (blue) and E-site
tRNA (purple). The 30S subunit is represented in yellow and the 50S subunit is represented in
pink.

The ribosome is essential for the cell and encompasses 30% of the cellular mass in bacteria and
approximately 5% in eukaryotes (21). In Escherichia coli, the ribosome has a mass of 2.5 MDa
and a sedimentation coefficient of 70S (22). It is composed of a large and a small subunit, each
made of approximately two-thirds ribosomal RNA (rRNA) and one-third protein (23). The small
30S subunit in E. coli contains a 1542 nucleotide 16S rRNA and 21 ribosomal proteins, the large
50S subunit consists of a 2904 nucleotide 23S rRNA, a 115 nucleotide 55 rRNA and 34 proteins

(reviewed in (24)). Prior to ribosome assembly 16S and 23S rRNA are processed by RNase Il (25),
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RNase E, RNase G (26) and RNase T (27), to form a mature 16S and 23S rRNA. To ensure an
active ribosome, all rRNA and ribosomal proteins must assemble in the correct manner (28).
Self-assembly can occur in vitro in the absence of co-factors, but the required conditions are not
physiologically relevant and self-assembly does not occur at a rate fast enough to sustain life
(29). Further evidence suggests that several additional ribosomal biogenesis factors monitor the
assembly of the ribosome, such as EngA (30) and ObgA (31), which are required for the fast and

efficient assembly observed in vivo.

Electron microscopic studies on the structure of the ribosome have been available since the
1970s; however, it was not until 1999 that X-Ray crystallographic structures of the ribosome
became available (32). The overall structure of the small ribosomal subunit is largely determined
by the 16S rRNA and forms three domains (5" domain, central domain and 3’ major domain)

which form the body, platform and head of the 30S subunit (Figure 1.4) (33).
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Central
domain

Shoulder

5’ domain

Figure 1.4: 30S ribosomal subunit from Thermus thermophilus. The small ribosome subunit in
T. thermophilus, adapted from Schluenzen et al. (2000) (33), PDB 1FKA. 16S rRNA is shown in
white rendered in space fill and all small ribosomal subunit proteins are represented in black
rendered in space fill. The three main domains forming the head, platform and body of the 30S
are labelled.

The proteins of the 30S subunit range in size from approximately 4 kDa to 61 kDa and are
named S1 to S21 (S for small subunit) (34). The main role of the 30S ribosomal proteins are to
stabilize the ribosomal subunit (33). However a number of these proteins are required for
efficient proteins synthesis in vivo. Generally, a single protein can make several contacts with
RNA to help stabilize the 30S subunit (28, 33). Interestingly, the 30S ribosomal proteins are

found only on the solvent accessible regions (33).

MRNA enters the small ribosomal subunit through the 30S shoulder and exits behind the

platform (35) (Figure 1.4). Once the mRNA is bound to the 30S small subunit of the ribosome, it
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is anchored by proteins S3, S4 and S5 (36). The 30S ribosomal subunit also plays an important
role in maintaining accuracy of translation (37). Nucleotides A1492, A1493 and G530 of the 16S
rRNA interact with the codon-anticodon helix in the ribosomal A-site (38). Cognate Watson-Crick
base pairing results in a short double helix which is stabilized by the conserved nucleotides
A1492, A1493 and G530 (38). This is critical during the decoding process, where the cognate
codon-anticodon interactions are discriminated against the near-cognate and non-cognate

maintaining an error rate of around 10~ to 10™ in prokaryotes (39) .

With the structure of the 30S subunit determined in 1999, the X-ray crystal structures of the
50S ribosomal subunit soon became available in 2000 (40). Like the small ribosomal subunit, the
large subunit structure is mainly determined by its large rRNA (23S rRNA). 50S ribosomal
proteins range from 4 kDa to 30 kDa and make contacts with rRNA to stabilize the subunit.
Ribosomal proteins of the 50S subunit are named L1 to L33 (L for large subunit) (34). The overall
structure of the 50S subunit consists of a large body and three protrusions (20, 40) (Figure 1.5).
The L7/12 stalk forms one of the protrusions and interacts with translation factors, such as EF-Tu
and EF-G (41). The central protrusion is located above the peptide exit tunnel where the
polypeptide chain emerges from the ribosome. The L1 stalk forms the third protrusion, which

interacts with the E-site tRNA, facilitating deacyl-tRNA dissociation from the ribosome (33, 42).
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Central Protrusion

PTC

Figure 1.5: 50S ribosomal subunit from E. coli. Structure of the 50S ribosomal subunit solved by
Cryo-EM (Villa et al. (2009) (43), PDB 3FIK). The L1 stalk, L7/12 stalk and Central protrusion are
labelled. 23S, 5S rRNA are represented by white space fill and 50S proteins are represented with
black space fill.

Structures and mutational studies of the ribosome revealed that mainly RNA is involved in key
catalytic functions of the ribosome, such as peptide bond formation (reviewed in (44)). The 23S
rRNA is the catalytic core of the 50S subunit, which assists in peptide bond formation between
the new amino acid residue in the A-site and the growing polypeptide chain in the P-site (45).
Proteins on the 50S subunit help to organize the peptidyl-transferase center (PTC) (32).
Therefore, the 50S is the site of peptide bond formation enabling the growth of the polypeptide

chain.

1.3 Translation initiation

The process of translation initiation involves the assembly of the ribosomal initiation complex.

Formation of the initiation complex is highly organized and requires three initiation factors (IF1,
9
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IF2 and IF3) to ensure efficient and correct assembly of the 70S initiation complex (46-48)

(Figure 1.6).

Prior to initiation complex assembly, mRNA binds to the 30S ribosomal subunit and is positioned
within the 30S using interactions between its Shine-Dalgarno (SD) sequence AGGAGG,
approximately 15 nucleotides upstream of the start codon (49), and the 16S rRNA (36).
Ribosomal protein S1 then interacts with the SD sequence of the mRNA (50, 51), increasing the
affinity of the mRNA for the 30S. These interactions facilitate the positioning of the AUG

methionine start codon within the 30S subunit P-site (51).

The fully assembled initiation complex not only consists of bound mRNA but also contains a
special tRNA positioned in the P-site of the 70S ribosome (20, 52). This tRNA, called initiator
tRNA, has a number of unique properties to distinguish it from the so called elongator tRNAs
(53). The initiator tRNA in bacteria caries a modified amino acid, formylmethionine (fMet),
which is synthesized in a two step process. First, the tRNA body specific for fMet (tRNA™") is
aminoacylated with methionine by methionine-tRNA synthetase, forming Met-tRNA™® (54).

Next, the methionine amino acid attached to the tRNA™Met

is formylated by methionyl-tRNA
transformylase (55). The formyl-amide group on the end of the methionine amino acid mimics
the structure of a small peptide, and increases its affinity for the ribosomal P-site (53). To
prevent fMet-tRNA™®" from entering the ribosomal E-site IF3 (approximately 21 kDa in E. coli)

fMet

binds to the ribosomal E-site (48), forcing fMet-tRNA™*" to bind to the ribosomal P-site.

Binding of fMet-tRNA™®" to the ribosomal P-site is assisted by IF2 (approximately 93 kDa in E.
coli) in complex with GTP (IF2¢GTP), which recognizes the identity of the aldehyde of the formyl

group to discriminate between initiator tRNA and elongator tRNA (53). IF2¢GTP binds to fMet-
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tRNA™®" and forms a ternary complex that subsequently binds to the 30S ribosomal subunit

fMet

(48). Proper positioning of fMet-tRNA™" is critical for initiation and maintenance of the reading
frame. IF2 positions fMet-tRNA™® by recognizing the SD sequence of the mRNA and the AUG
methionine start codon, which base pairs to fMet-tRNAMe! (56). Subsequently, IF1
(approximately 8 kDa in E. coli) binds to the A-site of the 30S ribosomal subunit to help prevent
premature binding of aa-tRNA in the vacant A site (57). The cryo-EM structure of the pre-
initiation complex was determined by Allen et al., in 2005 (52) and confirmed IF1 and IF3 bind
to the 30S subunit A and P sites respectively. After IF1 and IF3 dissociate from the 30S, the 50S
associates to form the 70S initiation complex, which in turn stimulates IF2 to hydrolyze GTP.

IF2¢GDP then dissociates from the complex (58) leaving the 70S bound to mRNA and fMet-

tRNA™<" in the P-site, ready for translation to begin.
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Figure 1.6: Translation initiation in bacteria. Initiation factors are indicated by their number.
First IF3 binds to the E site of the 30S subunit, followed by IF2¢GTPefMet-tRNA™® IF1 and
mRNA. Once mRNA and fMet-tRNA™®" are properly positioned on the 30S, IF2 hydrolyzes GTP
and IF2¢GDP, IF3 and IF1 dissociate. This allows the 50S to bind to the 30S subunit, forming the
70S initiation complex.

1.4 The elongation cycle

Elongation is a cyclic process that consists of three main steps: aa-tRNA binding to the ribosomal
A-site, peptide bond formation and translocation (59) (Figure 1.7). The process of elongation in
translation is universally conserved between prokaryotes and eukaryotes (60) and is facilitated
by elongation factors (EF) EF-Tu, EF-Ts and EF-G, which catalyze various stages of the elongation

process on the ribosome.
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Figure 1.7: The Elongation cycle in bacteria. The cyclic process of elongation begins with the
delivery of aa-tRNA by EF-TueGTP, followed by peptide bond formation between the amino acid
in the A-site tRNA and the polypeptide chain in the P-site. EF-GeGTP catalyzes translocation of
A- and P-site tRNAs to the P- and E-sites of the ribosome, along with mRNA, leaving an empty A-
site with a new mRNA codon for the next round of elongation. The exchange of EF-TueGDP to
EF-TueGTP is facilitated by EF-Ts.

Elongation factor Tu (EF-Tu) is a GTPase that promotes the binding of aa-tRNA to the ribosome
during polypeptide elongation. In the GTP bound form, EF-Tu has a high affinity for aa-tRNA (Kp
= 10® M (61)) and forms a ternary complex (EF-TueGTPeaa-tRNA) that subsequently can interact
with the ribosome. A-site binding of aa-tRNA occurs through a number of intermediate steps
(62) (Figure 1.8). Once aa-tRNA is delivered to the ribosome as a ternary complex (EF-
TueGTPeaa-tRNA), the anticodon loop of aa-tRNA base pairs to the matching mRNA triplet

codon in the ribosomal 30S A-site (63). Base pairing between the anticodon and the mRNA
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codon induce the nucleotides A1492, A1493 and G530 of the 16S rRNA decoding site to flip out
towards the anticodon-codon base pairs (38). A1492, A1493 and G530 monitor anticodon-codon
base pairs one, two and three respectively (38) and stabilize cognate codon-anticodon
interactions, however, these conformational changes do not occur in the presence of near-
cognate and non-cognate codon-anticodon base pairs (38, 64, 65). This method of monitoring

the anticodon-codon base pair contributes to the fidelity of translation.

It is not completely understood how the network of interactions from the 30S decoding site to
the guanine nucleotide binding domain of EF-Tu signals the correct codon-anticodon recognition
has occurred. This critical signal will cause EF-Tu to hydrolyze GTP, leading to phosphate (P;) (66)
release and triggers a conformational change in EF-Tu. The resulting EF-TueGDP conformation
has a two orders of magnitude lower affinity for aa-tRNA (Kp = 10°M (61)), causing EF-TusGDP
to release aa-tRNA, which subsequently accommodates into the ribosomal A-site (61). However,
the details of aa-tRNA release from EF-Tu and the timing of EF-TueGDP dissociation from the
ribosome is unknown. Current single-molecule studies indicate that the process of
accommodation proceeds via several intermediates (67). After accommodation has occurred

and EF-TueGDP has dissociated from the ribosome, EF-G can bind to the ribosome.
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Figure 1.8: Kinetic scheme of EF-Tu dependent A-site binding. During initial binding, the ternary
complex binds to the ribosome, cognate codon recognition occurs followed by GTPase

activation. Rates for the forward and reverse reaction of cognate anticodon are shown above.

GTP hydrolysis, P; release and EF-Tu conformational change are all limited by the rate of GTPase

activation. Accommodation of cognate aa-tRNA occurs following Pi release. kg is the rate

constant for EF-TueGDP dissociation from the ribosome.
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In order to maintain the rate of protein synthesis, a rapid exchange of GDP for GTP bound to EF-
Tu must take place. However, EF-Tu has approximately a 10 times higher affinity for GDP (K =
10° M) than for GTP (K, = 10® M) (68) and spontaneous release of GDP from EF-Tu occurs on a
minute time scale, which is too slow for the fast translation rates observed in vivo (57).
Therefore, this exchange must be assisted in some way to ensure rapid turnover of EF-TueGDP
during elongation. Elongation factor Ts (EF-Ts) binds to EF-TueGDP, and enhances the rate of
GDP dissociation from EF-Tu approximately 10° fold by disrupting interactions within the
nucleotide binding pocket in EF-Tu, weakening the affinity of EF-Tu for GDP (69). Subsequently,
GTP binding to EF-Tu is facilitated by its higher concentration in the cell compared to GDP (69).
GTP binding induces EF-Ts to dissociate from EF-Tu, enabling a new aa-tRNA to bind to EF-Tu

and to be delivered to the ribosomal A-site.

Following aa-tRNA accommodation into the A-site, peptide bond formation occurs rapidly and is
catalyzed by the ribosome (70). This is facilitated through positioning of aa-tRNA in the A-site
towards the PTC (71), allowing the a-amino group of the A-site bound aa-tRNA to attack the
carbonyl carbon of the ester in the peptidyl-tRNA in the P site (Figure 1.9). This results in the
formation of a peptidyl-tRNA that is elongated by one amino acid and bound to the ribosomal A

site.
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P-site

Figure 1.9: Peptide bond formation. The 3’ ends of the P-site peptidyl-tRNA (left) and the A-site
aa-tRNA (right) are shown. First, the amino group (-NH5") of the A-site aa-tRNA is deprotonated.
Next, nucleophilc attack by the NH, on the ester carbonyl carbon leads to a zwitterionic
intermediate. Deprotonation of the zwitterionic intermediate yields an anion, which eliminates
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the deacyl-tRNA in formation of the peptide bond.

In order for elongation to proceed, the peptidyl-tRNA and deacyl-tRNA in the A- and P-sites need
to shift to the P- and E-sites along with the mRNA, leaving the A-site available for another round
of elongation. Concomitant tRNAemRNA movement within the ribosome occurs in two steps
(72). First, the acceptor stems of the tRNAs in the A- and P-sites of the 50S move to the P- and E-

sites respectively, forming a hybrid state (Figure 1.10). Second, the tRNA’s anticodon stem in the
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30S move from the A- and P-sites to the P- and E-sites, along with the mRNA. Under cellular
conditions, EF-G helps catalyze this process (73) by inducing a structural rearrangement of the
ribosome between the subunits (74, 75), L1 and L7/L12 stalk and in the 30S, which allows the
simultaneous movement of tRNAs within the ribosome, along with the mRNA. EF-G also
prevents sliding back of the translocated tRNAs by inserting domain IV into the A-site of the

ribosome (75-78).

Recently, the highly conserved GTPase LepA was shown to be structurally similar to EF-G and to
catalyze retro-translocation (79) (Figure 1.10). In retro-translocation the translocated E- and P-
site tRNAs, along with the mRNA, move back to the P- and A-sites of the ribosome. However,

not much is known about LepA and the function of retro-translocation.

Figure 1.10: Translocation of tRNAs and mRNA within the ribosome. Translocation occurs in
two distinct steps. First a hybrid state is achieved by the movement of the A- and P-site tRNAs
acceptor stems to the P- and E-site of the 50S subunit. Next, the rest of the tRNA, along with the
MRNA translocate from the A- and P-site to the P- and E-sites of the 30S. LepA (labelled with A)
catalyzes retro-translocation, where EF-G is shown (labelled with G) catalyzes forward
translocation.
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Following translocation, the deacyl-tRNA in the E-site has a low affinity for this site and
dissociates from the ribosome. This process leaves a vacant E-site, a new mRNA codon in the A-

site, and the peptidyl-tRNA in the P-site ready for another round of elongation.

1.5 Translation termination and recycling

Three codons, UAA, UGA and UAG, have been identified in E. coli and serve as ‘stop’ codons.
When these codons are displayed in the A-site of a translating ribosome, release factors (RF)
bind to the A-site (80). While UGA is only recognized by RF1 and UAG is recognized by RF2 (81),
the stop codon UAA is recognized by both RF1 and RF2 (81). Binding of RF1 or RF2 to the
ribosomal A-site induces the transfer of the polypeptide chain on the peptidyl-tRNA in the P-site
to a water molecule in the A-site, facilitating the release of the polypeptide chain (82) (Figure
1.11). Subsequently, RF3 in complex with GTP, binds to the ribosome and hydrolyzes GTP to GDP
+ P;, which induces the release of RF1 or RF2. Ribosome recycling factor (RRF) binds to the
ribosomal A-site, followed by EF-GeGTP (83) binding to the termination complex advancing the
translocation of RRF to the ribosomal P-site, promoting the dissociation of the ribosomal
subunits (80). IF3 then binds to the 30S ribosomal subunit E-site through two RNA binding
domains, preventing the re-association of the two ribosomal subunits (84). After the ribosome is
recycled into two separate subunits, a new mRNA can bind to the 30S subunit re-initiating the

process of translation.
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Figure 1.11: Translation termination and ribosome recycling. First RF1 or RF2 bind to promote
the release of the polypeptide chain, followed by RF3 in complex with GTP facilitating RF1/RF2
dissociation from the ribosome. RRF and EF-G in complex with GTP, translocate deacyl- tRNA to
the E-site, which dissociates from the ribosome. Following EF-G, RRF and mRNA dissociation,
ribosomal subunits dissociate from each other and remain separate by IF3, which binds to the
30S subunit E-site.
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Objectives

The tRNA molecule is essential in the process of ribosome dependent protein synthesis (3).
Throughout its functional cycle, tRNA makes contacts with several proteins; EF-Tu binds aa-tRNA
and delivers it to the translating ribosome (85), EF-G catalyzes translocation and LepA catalyzes
retro-translocation of tRNAemRNA complexes within the ribosome (79). Studying the structural
and functional dynamics of tRNA interactions is critical for our detailed understanding of its vital
role in the living cell. Here | focus on EF-Tu and LepA as key interaction partners that modulate
the dynamics of tRNA during the elongation cycle of protein synthesis by addressing the

following questions.

1. Are there intermediate steps involved in aa-tRNA accommodation?

2. What is the rate of EF-Tu conformational change?

3. When does EF-Tu dissociate from the ribosome following aa-tRNA accommodation?

I will use fluorescence resonance energy transfer as a fast and sensitive technique to study
structural transitions involving tRNA on the ribosome. This will involve the construction of a
modified EF-Tu which will allow for the incorporation of fluorescent dyes at specific locations on
its molecular surface. Since this approach will use cysteine specific fluorescent dyes a cysteine
free EF-Tu that fully functional in terms of binding guanine nucleotides, binding aa-tRNA and

ternary complex delivery to the ribosome must be constructed.

4. What are the structural requirements for retro-translocation and forward translocation

in the presence of LepA?
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To dissect this process | have constructed several mutant versions of LepA focusing on structural

elements within LepA likely to be critical for its function.
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Chapter 2 - Elongation Factor Tu (EF-Tu)

2.1 Introduction to EF-Tu

Guanine nucleotide binding proteins (GTPases) are molecular switches involved in facilitating
several key cellular processes, such as protein synthesis and signal transduction (reviewed in
(86)). These proteins are generally active when bound to GTP and inactive when bound to GDP.
Most GTPases undergo the same functional cycle, including binding and hydrolysis of GTP,
typically resulting in a conformational change in the GTPase (86). GTPases also share a common
guanine nucleotide binding domain, which is characterized by several similar sequence motifs
and structural features. These similarities can be summarized by 5 common sequence motifs G1
(GX,GK(T/S) (87) (also known as the walker A motif), G2 (T) (88), G3 (DxxG), G4 (NKXD) and G5
(EXSA) (86) which facilitate nucleotide interactions and are conserved between the different
GTPases. Similar structural features include switch regions | and Il (89), which change
conformation upon GTP hydrolysis and subsequent P; release. Translational GTPases have low
intrinsic GTP hydrolysis rates and require the ribosome to act as a GTPase-activating factor
(GAF) (90). Binding to the ribosome increases GTPase activity 2500 fold for translational GTPases
(91), such as EF-Tu, EF-G, and IF2. They all bind to a similar region on the ribosome, L11, L7/12
and the sarcin-ricin loop of 23S rRNA (39). In addition to the GAP behaviour of the ribosome, EF-
Tu also requires a guanine nucleotide exchange factor (GEF), elongation factor Ts (EF-Ts) to

assist the dissociation of GDP and regenerate the active GTP bound form of EF-Tu (92).

EF-Tu is universally conserved in all domains of life and is one of the most prevalent proteins in
the cytosol comprising approximately 5% of all cellular proteins (93). To ensure that EF-Tu is

produced in sufficient quantities at all times within the cell, two genes, tufA and tufB, encode
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EF-Tu in E. coli independently of each other (94). Therefore, if one of the tufA or tufB genes

cannot be transcribed, EF-Tu can still be expressed in the cell.

EF-Tu is a 3 domain protein (Figure 2.1) with domain | being the guanine nucleotide binding
domain (G domain) (95). Domain | consists of a 5 stranded anti-parallel B-sheet surrounded by 6
a-helices (95). The structures of EF-Tu in complex with GTP or GDP, determined using X-ray
crystallography, revealed significant structural differences between the GTP and the GDP bound
structure of EF-Tu (Figure 2.1) (95, 96). The EF-Tu residues 54-59 in the switch | region (40-62)
change from an a-helix to a B-strand, while switch Il unwinds its helix at the C-terminus end and
forms another helix at its N-terminus shifting the helix 42° away from its original position (95).

Domain | moves away from domains Il and Ill, forming a large gap in the GDP bound structure

(95, 96).
A B
Domain | GDP Domain |

&~ GDPNP

o Mg™ Mg

Switch | Switch |
Switch 11 .

v Switch Il

Domain Il Domain Il - - Domain Il

Domain

Figure 2.1: Nucleotide dependent changes in the tertiary structure of EF-Tu. (A) E. coli EF-Tu
bound to GDP adapted from Song et al. (1999), PDB 1EFC (95) (B) T. aquaticus EF-Tu bound to
GNPPNP, a non-hydrolysable GTP analogue, adapted from Kjeldgaard et al. (1993), PDB 1EFT
(96). Switch | region is shown in red and switch Il is in cyan. The guanine nucleotide in each
structure is shown as space fill and Mg** ion is shown as a yellow space fill.

24



Chapter 2 EF-Tu

Domain Il consists of a seven-stranded antiparallel B-barrel and domain Il is a six-stranded
antiparallel B-barrel (95). EF-Tu in its active-state, complexed with GTP binds aa-tRNA with a
high affinity (Kp= 10® M (61)), forming an EF-TueGTPeaa-tRNA ternary complex (Figure 2.2) (97)
that facilitates aa-tRNA delivery to the ribosomal A-site. All three domains of EF-Tu make
contact with aa-tRNA. The 3’ CCA-Phe, 5’ end and the T-stem of aa-tRNA are the contact sites

for EF-Tu (97).

T stem loop

Figure 2.2: Ternary complex of EF-TueGTPeaa-tRNA. T. aquaticus EF-Tu with GDPNP (a non-

hydrolysable form of GTP) in complex with yeast Phe-tRNA"™ shown in green adapted from

Nissen et al. (1995), PDB 1TTT (97). GDPNP is shown as space fill in the G-domain of EF-Tu.
Nucleotides of Phe-tRNA" which are contacted by EF-Tu are shown in red.

Several biochemical and kinetic studies have revealed intermediate steps taking place during the
process of aa-tRNA binding to the ribosomal A-site, facilitated by EF-Tu (85, 98). The EF-
TueGTPeaa-tRNA ternary complex, contacts the ribosome in an initial binding step (85). Cryo-EM

structures reveal EF-Tu in the ternary complex prior to GTP hydrolysis, but after codon
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recognition, contacting the ribosome through domains | and Il (99). Domain | contacts the base
of ribosomal protein L7/12 and the sarcin-ricin loop (SRL) on the 50S subunit, while domain Il of
EF-Tu makes contacts with the 30S ribosomal proteins S12, S5, S4 and 530 stem-loop (99).
Following codon recognition, a signal is transmitted through an network of interactions, which
are not completely understood, from the codon-anticodon interaction on the 30S to the G
domain of EF-Tu, leading to GTPase activation (43, 100). When EF-Tu is bound to GTP, His 84
(the catalytic residue for GTP hydrolysis) on switch Il points away from the y-phosphate (101).
Contacts between His 84 and the y-phosphate is blocked by residues lle 60 and Val 20, called the
hydrophobic gate (101). Following codon recognition an unknown network of signals causes the
SRL to anchor the phosphate binding loop (P-loop) of EF-Tu at one end of the hydrophobic gate
and the 23S rRNA opens the other end of the hydrophobic gate through switch | interactions,
causing lle 60 and Val 20 to move away from each other (43). His 84 moves closer towards the
acceptor end of the aa-tRNA and orientates towards the guanine nucleotide y-phosphate (43).
GTP hydrolysis to GDP, followed by P; release, causes a major conformational change in EF-Tu
(Figure 2.1), lowering the affinity of EF-Tu for aa-tRNA (61). The aa-tRNA is then released into

the ribosomal A-site and EF-Tu dissociates from the ribosome (85).

In order for elongation to continue in a cyclic manner, EF-TueGDP must be regenerated into its
active GTP-bound state in a quick and efficient manner. EF-Tu has a higher affinity for GDP (Kp =
10° M) than for GTP (K, = 10® M), (68) and a very slow GDP dissociation rate (0.002 s™) (69)
preventing fast and efficient nucleotide exchange required to maintain protein synthesis rates
observed in vivo (10 s™*) (68). GTP has a 10 times higher concentration in the cell (923 puM) than

GDP (128 uM) (68). However, this does not compensate for the slow spontaneous dissociation
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of GDP from EF-Tu (0.002 s™) (68). The exchange of guanine nucleotides in EF-Tu is facilitated by

the GEF, EF-Ts (92).

EF-Ts
EF-Tu N-terminal domain
I e
“;"’{ C-terminal
Nucleotide - module
binding

pocket Subdomain

Subdomain C

Dimerization domain

Figure 2.3: EF-Tu in complex with EF-Ts. E. coli EF-Tu in complex with EF-Ts adapted from
Kawashima et al. (1996), PDB 1EFU (102). Interaction of EF-Tu and EF-Ts is seen between
domain 1 of EF-Tu, which contacts the N-terminal domain (yellow), subdomain N (green) and C-
terminal module (cyan) of EF-Ts. The dimerization domain (pink) and subdomain C (orange) are
shown as well and are in close proximity to domain Ill of EF-Tu.

EF-Ts interacts with domain | and domain Il of EF-Tu (Figure 2.3) (102). Interestingly, EF-Ts and
ribosomal protein L7/12 make similar contacts to helix D in domain | of EF-Tu (103). Phe 81 in
subdomain N of EF-Ts intrudes between His 84 and His 118 of EF-Tu, disrupting interactions
between the residues that coordinate water molecules and Mg”* (102). Also, the first four
residues in the phosphate loop are displaced by the interactions between EF-Tu and EF-Ts. This

destabilizes GDP binding to the guanine nucleotide binding pocket in EF-Tu, allowing for GDP
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release (102). The interaction between EF-Tu and EF-Ts does not disrupt all the interactions in
the P-loop of EF-Tu (102). Therefore, guanine nucleotides can still bind to EF-Tu, but with a
lower affinity. The EF-TueEF-Ts complex has a comparable affinity for GTP and GDP. Given the
10-fold excess of GTP over GDP in the cell, GTP binds to the EF-TueEF-Ts complex. GTP binding
to EF-TueEF-Ts pushes the equilibrium towards the EF-TueGTP complex, letting EF-Ts dissociate
from the complex. With the assistance of EF-Ts, the rate of GDP dissociation from EF-Tu is
enhanced by a factor of 60 000, enabling the rapid turnover associated with elongation required

by the cell (68).

Objectives: EF-Tu has been studied for many years and is probably one of the best characterized
translation factors. However, questions remain about the structural dynamics of intermediate
steps that may occur during the functional cycle of EF-Tu. For instance, how is aa-tRNA
accommodated into the ribosomal A-site? Due to the many intermediate steps involved in aa-
tRNA binding (85), accommodation seems more complex than a simple swinging-in of the aa-
tRNA into the A-site. Also, the 3’ end of aa-tRNA must move 70 A from EF-Tu to the
accommodated state near the PTC (62). Accommodation is fast for cognate aa-tRNA but slow
for non-cognate aa-tRNA, which is rejected from the A-site (85) and will most likely require
several steps to facilitate this movement and the observed discrimination between cognate and
non-cognate aa-tRNA. In addition, little is known about the timing of EF-Tu dissociation from the
ribosome after aa-tRNA has been released. The use of fluorescence resonance energy transfer
(FRET) in conjunction with rapid kinetic measurements is ideal for answering the questions
above and has been previously used successfully to address similar questions (85). However,
most of the accessible data for EF-Tu has been acquired through ensemble measurements,

which has numerous EF-Tu molecules in different conformational states. Therefore, ensemble
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measurements are difficult to isolate intermediate conformational changes that may occur. In
addition, ensemble measurements cannot measure the rate of EF-Tu conformational change
unless all molecules are synchronized to have the same starting point. Therefore | have begun to
construct and validate a mutant version of EF-Tu suitable for single-molecule FRET studies
enabling the identification and characterization of novel intermediate conformations and rates

of conformational change.

FRET is a distance dependent quantum dynamics process (Figure 2.4) that can occur between
two fluorescence dyes (104), where excitation energy is transferred from a donor dye to an
acceptor dye without the emission of a photon. Energy is only transferred if the donor emission
spectrum overlaps with the acceptor absorption spectrum (104). Each dye pair has a distinct Ry,
which is the distance at which energy transfer is 50% efficient (Figure 2.4) (104). As the distance
between the dyes increase, this transfer of energy decreases by a sigmoid function until FRET is

no longer observed.
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Figure 2.4: Efficiency of fluorescence resonance energy transfer as a function of distance.
Efficiency (E) of energy transfer plotted against the distance between the two fluorescent dyes is
distance dependent.
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Typically, fluorescent dyes used are thiol reactive and therefore cysteine specific (Figure 2.5).
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Figure 2.5: Reaction scheme for the covalent labelling of proteins with thiol reactive
fluorescent dyes. lodine acts as the leaving group in a substitution reaction (SN2), leaving the
fluorescent dye attached to the protein through the sulphur on the cysteine side chain.

To follow the release of aa-tRNA from EF-Tu into the accommodated state, FRET can be used to
observe the change in distance between the two molecules. During dissociation, the distance
increase between fluorescently labelled aa-tRNA and fluorescently labelled EF-Tu results in a
decrease of FRET over time. In this way, detailed distance changes and movement between EF-

Tu and aa-tRNA can be uncovered.

FRET can also yield information on the time point of EF-Tu dissociation from the ribosome by
using a fluorescent dye pair, one located on the ribosome and one on EF-Tu. When EF-Tu is
bound to the ribosome, FRET will be high, and when dissociation occurs, FRET will decrease. This
will yield precise information on how fast EF-Tu dissociates from the ribosome. In turn the rate
of dissociation can be compared to the rate of aa-tRNA accommodation to understand the

timing of EF-Tu dissociation from the ribosome.

Thiol specific fluorescent dyes can specifically be incorporated at cysteine residues. EF-Tu
contains three intrinsic cysteines. In order to make detailed measurements using FRET, only one
fluorescent dye should be placed on EF-Tu. Furthermore, the position of the dye must be

optimal for the occurrence of distance dependent FRET changes. Therefore, a cysteine free
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(cysless) EF-Tu must first be constructed so that a cysteine can be inserted in positions optimal

for labelling and FRET measurements.

EF-Tu contains three cysteines, two of which are not conserved among 151 bacterial sequences
(Figure 2.7, appendix Figure 1). One cysteine (Cys 81) however, is highly conserved throughout
bacteria, and is buried near the nucleotide binding pocket. Cys 81 has previously been shown to
affect aa-tRNA interactions with EF-Tu (105). These studies, however, used glycine as a
substitution for cysteine, a mutation designed to have a large effect on the function of EF-Tu.
The introduced glycine may have increased flexibility of the backbone of EF-Tu, leading to the
observed effect on aa-tRNA binding. To circumvent this problem the side chain of Cys 81 was
substituted with three different amino acid residues based on the multiple sequence alignment

of 151 bacterial EF-Tu sequences (Figure 2.7, appendix Figure 1).

Nucleotide Cys137

binding

Cys255

Figure 2.6: Cysteines present in E. coli EF-Tu. EF-Tu in complex with GDP adapted from Song et
al., 1999 (95). Cysteines are shown in pink and space fill representation. Mg2+ ion is shown as
yellow space fill and GDP is shown in a green space fill.
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To assess the affect these substitutions have on the function of EF-Tu, three key properties of
EF-Tu were analyzed; guanine nucleotide binding, aa-tRNA binding and binding to the ribosome
in a ternary complex. From these results and structural data, ideal positions for inserting a new
cysteine for future fluorescent labelling and analysis were engineered. Leu 264 is located on
domain Il of EF-Tu and is not conserved. Thr 361 is located on domain Ill of EF-Tu, which is in
close proximity to the anticodon loop of aa-tRNA when bound to EF-Tu (Figure 2.2), and is not
conserved. Therefore, these sites can be used in the future to analyze the release of aa-tRNA
into the ribosomal A-site during accommodation as well as the dissociation of EF-Tu from the

ribosome.
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Figure 2.7: EF-Tu multiple sequence alighment. A segment of a multiple sequence alignment
between 151 bacterial species primary protein sequences. Black represents 100% identity, grey
is >80% identity, and white is <80% identity. Cys 81 is shown and is 87.5% conserved between all
151 bacterial species.

2.2 Material and Methods

All chemicals were obtained from VWR, Sigma-Aldrich or Invitrogen, unless stated otherwise.
Fermentas restriction enzymes were used and all other enzymes were purchased as described in
the respective sections. BL21-(DE3) competent cells were purchased from Novagen and DH5a

cells were purchased from New England Biolabs. PCR primers were purchased from Invitrogen
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and Integrated DNA Technologies (IDT). Nucleotides and fluorescent nucleotide analogs were
purchased from Invitrogen. Radioactive chemicals were purchased from Perkin-EImer. Small-
scale plasmid preparations were performed according to the manufacturer’s specifications (EZ
spin column plasmid DNA kit BioBasic). All buffers were filtered through 0.45 um Whatman

nitrocellulose membranes.

2.2.1 Molecular biology — All PCR reactions were carried out in a Tguadient (Biometra)
thermocycler. 6X-Histidine tagged EF-Tu was previously constructed through the insertion of the
tufA gene from E. coli into a derivative of pET21a (pKECAHIS (106)). All subsequent mutagenesis

was performed on this background.

ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used to align 151 bacterial
EF-Tu species sequences found in the Swiss-prot Database (www.expasy.org). Analysis of aligned
sequences was performed in GeneDoc software version 2.7 (107). The non-conserved Cys 137
(34% conserved) and Cys 255 (29% conserved) were both substituted with valine. Valine was
chosen because it was the most conserved residue among the 151 bacterial aligned sequences
(position 137, 29% conserved, position 255, 66% conserved). The two-cysless background was
then used for further mutagenesis substituting Cys81, which was found to be 87% conserved.
Alanine was found in 12% and methionine in 1% of the sequences. Serine was also used to
substitute Cys 81 on the two-cysless background due to their isosteric structures. Mutations
substituting Cys 81 to alanine, methionine and serine were performed using site-directed
Quickchange™ mutagenesis (Stratagene). Primers and PCR conditions used to generate the

three different cysless tufA constructs are summarized in Tables 2.1, 2.2 and 2.3.
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Table 2.1: EF-Tu mutagenesis primers.

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

C81A CGCACACGTAGACGCACCGGGGCACGC | GGCGTGCCCCGGTGCGTCTACGTGTG | 67°C
C CG

C81S CACTACGCACACGTAGACAGTCCGGGG | AGTCGGCGTGCCCCGGACTGTCTACG | 81°C
CACG TGTG

L264C ATGTTCCGCAAATGTCTAGACGAAGGC | ACCAGCACGGCCTTCGTCTAGACATTT | 63°C
CGTGCTGGT GCGGAACAT

T361C ATGGTTGTTTGCCTGATCCACCCGATCG | CGCGATCGGGTGGATCAGACAAACAA | 61°C
CG CCAT

T34C GCAATCACTTGCGTGCTAGCTAAAACCT | GTAGGTTTTAGCTAGCACGCAAGTGA | 58°C

AC

T

Table 2.2: Quickchange mutagenesis PCR protocol for engineering EF-Tu C81M, C81A and C81S
on a two-cysless background.

ert':ser Temperature
1 Initial Denaturation 98°C 3 min
2%* Denaturing 95°C 1 min
3* Annealing 64°C 1 min
4* Extension 70°C 16 min
5 Final Extension 70°C 15 min

35
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Table 2.3: Components used for mutagenesis of EF-Tu.

Component Final Concentration

Water -

dNTPs 0.4 mM
Forward Primer 0.4 uM
Reverse Primer 0.4 uM

Pfu buffer -MgSQ, 1x

MgS0O, 2mM
Template 1pgin 25 puL
Pfu Polymerase (Fermentas) 3 unitsin 25 pL

Template DNA was digested with Dpnl restriction enzyme at 37°C overnight. Dpnl digested PCR
product containing the desired mutation was subsequently transformed into DH5a E. coli
competent cells and grown on LB agar overnight at 37°C, complemented with 100 pg/mL

ampicillin. DNA sequence and orientation was confirmed by sequencing (Macrogen).

L264C and T361C substitutions in EF-Tu were introduced into the cysless C81A tufA background.
Primers and conditions used to generate these substitutions are listed in Tables 2.1, 2.3 and 2.4.
The L264C background was further used as a template for introducing T34C, generating the

T34C/L264C double mutation. Primers and conditions are listed in Tables 2.1, 2.3 and 2.5.
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Table 2.4: Quickchange mutagenesis protocol for generating L264C and T361C EF-Tu mutants.

Step Number Step Temperature Time ‘
1 Initial Denaturation 95°C 5 min
2% Denaturing 95°C 45 sec
Cycle
3* Annealing 59°C 1 min 18
times
4* Extension 72°C 15 min
5 Final Extension 72°C 15 min

Table 2.5: Quickchange mutagenesis protocol for generating L264C/T34C EF-Tu mutant.

Step Number Step Temperature Time ‘
1 Initial Denaturation 95°C 5 min
2%* Denaturing 95°C 45 sec
Cycle
3* Annealing 47°C 1 min 18
times
4* Extension 72°C 15 min
5 Final Extension 72°C 15 min

2.2.2 Protein expression - The respective mutant pEECAHIS plasmids (106) were transformed
into BL21-(DE3) competent cells for expression of recombinant 6X-His tagged EF-Tu. Cells were
grown in 500 mL LB with 100 pg/mL ampicillin at 37°C, starting at an optical density (ODgg)
value of 0.1 ODgy. Once the ODgy reached a value of 0.6 ODgy, EF-Tu overexpression was
induced through the addition of a final concentration of 1 mM Isopropyl PB-D-1-
thiogalactopyranoside (IPTG). The cultures were grown for another 3 hrs and harvested by
centrifugation at 5 000 xg for 10 min using a TA-10 rotor (Beckman). Cells were flash frozen and

stored at -80°C prior to use.
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Expression levels of EF-Tu were analyzed using time samples lysed in 8 M urea in TAKM5 (50 mM
Tris-Cl pH 7.5 (20°C), 70 mM NH,CI, 30 mM KCI and 7 mM MgCl,) and analyzed on a 12% SDS-
PAGE run at 200 V for 55 min (BioRad Mini Protean 3 System). Gels were stained with

Coomassie blue; all other SDS PAGEs were performed in a similar manner.

2.2.3 Protein purification - Harvested cells containing overexpressed EF-Tu were opened in
buffer A (50 mM Tris-Cl 8.0 (4°C), 60 mM NH,Cl, 7 mM MgCl,, 7 mM B-mercaptoethanol, 1 mM
PMSF, 300 mM KCl, 10 mM imidazole, 15% glycerol and 50 uM GDP), supplemented with 0.1
mg/mL lysozyme and centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The
cleared lysate (S-30 extract) containing the EF-Tu protein of interest was purified using affinity
chromatography (7 mL column Ni-Sepharose from GE Healthcare). The column was washed with
150 mL buffer A and 200 mL buffer B (buffer A supplemented with 20 mM imidazole). Protein
was then eluted in 10 column volumes of buffer C (buffer A supplemented with 250 mM
imidazole) and further purified and re-buffered through size exclusion chromatography (160 mL
Superdex 75 from GE healthcare) in TAKM;. Fractions containing only EF-Tu were pooled and
concentrated using ultrafiltration (Vivaspin 20 MWCO 30 000 (Sartorius)). The final protein
concentration was determined photometrically at 280 nm using a molar extinction coefficient

32900 M™ cm™ (calculated using ProtParam) and using the Bradford BioRad microassay.

2.2.4 Preparation of nucleotide free EF-Tu — Since EF-Tu has a high affinity for GDP and needs to
be bound to a nucleotide for stability and prevent EF-Ts association, EF-Tu was purified in the
presence of GDP. To remove the bound nucleotide EF-TueGDP was incubated in buffer D (25

mM Tris-Cl pH 7.5 (20°C), 50 mM NH,CI, 10 mM EDTA) for 30 min at 37°C to chelate Mg2+,
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leading to GDP dissociation from EF-Tu. GDP and EF-Tu were separated using size exclusion

chromatography (Superdex 75 HR 10/30 from GE healthcare) in TAKM,.

2.2.5 Preparation of EF-Tuemant-GTP/mant-GDP — EF-TueGDP was incubated with a 10-fold
excess of mant-GTP/GDP for 30 min at 37°C, to exchange the GDP from EF-Tu for mant-
GTP/GDP (69). 3 mM phosphoenolpyruvate (PEP) and 0.1 mg/mL pyruvate kinase (PK) (Roche

Diagnostic) were added to the EF-Tuemant-GTP mixture to convert GDP present to GTP.

2.2.6 Rapid kinetic measurement - Mant-GDP/GTP dissociation rates from and association to EF-
Tu were determined using a KinTek SF-2004 stopped-flow apparatus. The rate constant for the
bimolecular association of mant-GTP/GDP to nucleotide free EF-Tu was determined by rapidly
mixing 25 ulL of nucleotide free EF-Tu (0.3 uM after mixing) with 25 uL varying concentrations of
mant-GTP/GDP (ranging from 0.3 to 10 uM after mixing) at 20°C in TAKM,. The single
tryptophan at position 185 of EF-Tu was excited at 280 nm and the fluorescence emission from
mant was monitored through LG-400-F cut off filters (NewPort). Data was evaluated by fitting to

a one-phase association (equation 1)

F = B*(1-exp (-k*t) (Equation 1)

Where F is the fluorescence at time t, B is the fluorescence at time infinity, and k is the apparent
rate constant of association. The apparent rate constants were plotted as a function of guanine

nucleotide concentration, and the slope of this function yielded the rate of association.

Dissociation constants were determined by rapidly mixing 25 pL EF-Tuemant-GTP/GDP (0.3 uM
after mixing) with 25 puL GTP/GDP (30 uM after mixing) at 20°C in TAKM; Again, the single

tryptophan in position 185 was excited at 280 nm and mant fluorescence was monitored. Due to
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the fact that excess unlabeled nucleotide was present the dissociation was treated as
unidirectional and zero-order. Therefore, a one exponential fit (equation 2) yields k as the

dissociation rate constant.

F = B + A*exp(-kt) (Equation 2)

2.2.7 Preparation of [*C]Phe-tRNA™® -  [*C]Phe-tRNA™ was prepared through the
aminoacylation of 10 uM E. coli tRNA"™ (Sigma) with 40 uM [**C]Phe (MP-Biomedical), 5% crude
synthetase (see below for preparation), 3 mM ATP (Sigma) in aminoacylation buffer (25 mM tris-
acetate (OAc) pH 7.5 (20°C), 8 mM Mg(OAc),, 3 mM ATP, 100 mM NH,0Ac, 30 mM KOAc, 1 mM

DTT) to a final volume of 500 pL.

PP was determined by spotting 10 pL (15 pmol) of the

The fraction of aminoacylated tRNA
reaction mixture onto Whatman paper (2.5 cm? 3MM CHR) pre-soaked with 5% TCA. Any amino
acid bound to tRNA™ was precipitated together with the nucleic acid and free amino acid,
which was removed using three washes with 5% TCA. Excess TCA was removed through a 30%
ethanol wash. Subsequently the filter papers were dried at 80°C and added to 5 mL scintillation

cocktail (MP Ecolite) in 20 mL vials (Wheaton plastic liquid scintillation vials). Decays per

minute (dpm) were measured using a Tri-Carb 2800TR Perkin Elmer Liquid Scintillation Analyzer.

[**C]Phe-tRNA™™ was separated from tRNAP™ with a Jupiter 5u C18 300A reverse phase
chromatography column (Phenomenex) on an HPLC (BioCad Sprint Perfusion Chromatography
system) using a linear ethanol gradient 100% buffer F (20 mM NH;O0Ac pH 5 (20°C), 10 mM

Mg(OAc),, 400 mM NaCl) to 100% buffer G (buffer F, 30% Ethanol).
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5% crude synthetase was prepared in the following method: 14 mL of supernatant from the first
200 000 xg spin from a ribosome preparation (see ribosome preparation), was overlaid on a 9
mL 1.1 M sucrose cushion and centrifuged at 100 000 xg for 16 hrs in a Beckman Ti-45. The
resulting supernatant was diluted with TAKM; supplemented with 6 mM B-mercaptoethanol. 17
g of (NH,),SO, was added to 100 mL of crude synthetase mixture and centrifuged at 17 000 xg
for 30 min. The resulting pellet was dissolved in buffer E (20 mM Tris-Cl pH 7.5 (4°C), 10 mM
MgCl,, 0.3 M NaCl, 6 mM B-mercaptoethanol) and dialyzed overnight against 2 L of buffer E.
Dialysis was repeated in 2 L of buffer E for 5 hrs, resulting in a final dilution of 1 in 40 000.
Nucleic acids were separated from proteins by anion exchange chromatography (DE-52 cellulose
Whatman), running buffer E at 6 mL/min. 70 g of (NH,),SO,/ 100 mL was added to the eluted

protein and centrifuged at 17 000 xg for 60 min.

2.2.8 Hydrolysis protection of the aminoacyl-ester bond - A hydrolysis protection assay was used
to analyze the binding of EF-Tu to aa-tRNA. To form an active GTP bound form of EF-Tu, 1.5 uM
EF-Tu, 1.5 mM GTP, 3 mM PEP, 1% PK and 0.9 uM EF-Ts in a total volume of 40 puL in TAKM o was
incubated for 20 min at 37°C. 0.5 pM [**C]Phe-tRNA™™ in 20 uL TAKM,, was added to the EF-Tu
mixture and incubated at 37°C. At various time points, from 0 to 100 min, aliquots of 10 pL (15
pmol) of the reaction mixture were spotted onto pre-soaked 5% TCA Whatman paper (2.5 cm?
3MM CHR). Free [**C]Phe liberated by spontaneous hydrolysis was washed away through three
washes with 5% TCA and excess TCA was subsequently removed by washing with 30% ethanol.
Filter papers were dried at 80°C for 30 min and then added to 5 mL scintillation cocktail (MP
Ecolite). Samples were analysed similar to the preparation of [**C]Phe-tRNA™™ above. The
amount of [**C]Phe-tRNA"™ at a certain time was divided by the amount of [**C]Phe-tRNA"™ at

the beginning and the natural logarithm (In) of this was plotted over time.
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2.2.9 Ribosome preparation — 50 g of E. coli MRE600 cells were crushed in a cold mortar (20 cm
diameter) at 4°C. Cold alumina (100 g) was added to the cells and the mixture was ground for 30
min. DNAse | was added to the mixture and mixed for 10 min, followed by the addition of 70 mL
of opening buffer (20 mM Tris-HCl pH 7.6 (4°C), 100 mM NH,CI, 10.5 mM MgCl,, 0.5 mM EDTA, 3
mM B-mercaptoethanol). The mixture was centrifuged at 1 000 xg for 10 min then at 10 000 xg
for 30 min using a Beckman JA-14 rotor. The supernatant was centrifuged at 30 000 xg in a
Beckman Ti-45 for 30 min. 40 mL aliquots of the resulting supernatant was overlaid on a 20 mL
sucrose cushion (20 mM Tris-HCI pH 7.6 (4°C), 500 mM NH,CI, 10.5 mM MgCl,, 0.5 mM EDTA,
1.1 M Sucrose, 3 mM B-mercaptoethanol) and centrifuged at 200 000 xg in a Beckman Ti-45 for
17 hrs. Pellets were dissolved in washing buffer (20 mM Tris-HCI pH 7.6 (4°C), 500 mM NH,CI,
10.5 mM MgCl,, 0.5 mM EDTA, 7 mM B-mercaptoethanol), then pooled and the volume was
adjusted to 100 mL. 50 mL aliquots of the resulting solution was overlaid on a 4 mL sucrose
cushion and centrifuged at 200 000 xg for 14.5 hrs in a Ti-45 rotor. Pellets were again dissolved
in a total of 60 mL washing buffer and 10 mL aliquots of solution was overlaid on 1.5 mL sucrose
cushion and centrifuged at 141 000 xg for 13 hrs using a Beckman SW28. Pellets were then
resuspended in buffer for dissolving pellets (40 mL overlay buffer supplemented with 20 mM
Tris-HCl, 60 mM NH,CI, 5.25 mM Mg(OAc), 0.25 mM EDTA, 3 mM B-mercaptoethanol, 5 mL 50%
sucrose pH 7.6 (4°C)) and the concentration of ribosomes was determined by measuring Ajsonm

and using the extinction coefficient 23 pmol/A,g.

Zonal centrifugation was used to separate the 30S, 50S and 70S ribosomal subunits from each
other. First, 400 mL overlay buffer was pumped into a 217 xg spinning rotor (Beckman Ti-15),
followed by the addition 22.5 mL (10 000 - 15 000 A,s, units) of ribosomes. Next, a 10-40%

sucrose gradient (20 mM Tris-HCI pH 7.6 (4°C), 60 mM NH,CI, 5.25 mM Mg(OAc),, 0.25 mM
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EDTA, 10% to 40% sucrose, 3 mM B-mercaptoethanol) was added until 150 mL of the overlay
eluted. Finally 150 mL 50% sucrose (sucrose gradient buffer supplemented with 50% sucrose)
was added and ribosomes were centrifuged at 42 000 xg for 19 hrs using a Beckman Ti-15.
Fractions corresponding to 30S, 50S and 70S peaks were pooled and centrifuged at 200 000 xg
for 46 hrs in a Ti-45. Resulting pellets were dissolved in a final storage buffer (20 mM Tris-HCI pH

7.6 (4°C), 50 mM NH,CI, 5 mM MgCl,) then flash frozen and stored at -80°C.

2.2.10 Ternary complex binding to the 70S ribosome — Translation initiation complexes were
prepared by incubating 0.2 uM purified E. coli 70S with 0.6 pM fMet[>H]-tRNA™®! (108), 1 mM
GTP, 0.6 uM mRNA (122nt derivative of m022 sequence 5’-AUGGUU-3’ (109)), and 0.3 uM
initiation factors 1, 2 and 3 in TAKM; to a final volume of 250 pL for 40 min at 37°C. Ternary
complexes were formed by first activating EF-Tu. Activation of EF-Tu was performed by
incubating 3 uM EF-Tu, 1 mM GTP, 1% PK, and 3 mM PEP in TAKM; at 37°C for 15 min and then
adding 1 pM [*C]Phe-tRNA™ to activated EF-Tu mixture and incubating for 1 min at 37°C (final

volume of ternary complex mixture 75 pL).

The ternary complex solution was then mixed with the initiation complex solution and incubated
for 1 min at 37°C. The extent of ribosomal A-site binding for [**C]Phe-tRNA™" was measured by
reacting 65 pL (10 pmol) of mixture with excess puromycin, which is a small aa-tRNA analogue

that binds to the A-site of the 50S when it is vacant.

Stability of the complex was measured using nitrocellulose filtration (65 L (10 pmol) aliquots of
the mixture were filtered through 0.2 um Whatman nitrocellulose filter paper and washed with
TAKM). The amount of fMet[*H]-tRNA™®* and [**C]Phe-tRNA®™ still bound to the ribosome over

time was assessed by comparing [*H] and [**C] counts to initial [*H] present.
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2.2.11 Fluorescent labelling of EF-Tu L264C - Fluorescent labelling of EF-Tu L264C with 5-((2-
[(iodoacetyl)amino]ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) (Invitrogen) was

done using three different methods to optimize the labelling efficiency.

Method | - 12 000 pmol of previously purified 6X-His tagged EF-Tu L264C was incubated on a 2.5
mL Ni-Sepharose affinity chromatography batch column (GE healthcare) for 2 hrs in
equilibration buffer (50 mM Tris-Cl pH 7.5, 70 mM NH,4CI, 30 mM KCI, 7 mM MgCl,, 10 mM B-
mercaptoethanol) at 4°C. Excess protein was removed through centrifugation at 500 xg and the
resulting supernatant was re-buffered in labelling buffer (25 mM Tris-Cl pH 7.5, 7 mM MgCl,, 30
mM KCl, 20% glycerol). A 20 fold molar excess of 1,5-IAEDANS over EF-Tu was added drop wise
to the resin and incubated for 2 hrs at room temperature, in the dark, with mixing. Excess dye
was removed by washing the column 4 times with labelling buffer. The labelled protein was then
eluted by adding 10 column volumes of elution buffer (25 mM Tris-Cl pH 7.5 (4°C), 7 mM MgCl,,
300 mM KCI, 250 mM imidazole, 20% glycerol). Elution fractions containing EF-Tu were pooled

and concentrated through ultrafiltration (Vivaspin 20 MWCO 30 000 (Sartorius)).

Method Il - 12 000 pmol of EF-Tu L264C was diluted in labelling buffer and a 20-fold excess of
1,5-IAEDANS was added drop wise to EF-Tu in a 50 mL falcon tube. The mixture was incubated
at room temperature for 3 hrs in the dark, with continuous mixing. Excess dye was removed by
dialyzing the mixture in 32 mm dialysis tubing (Sigma) against 350 times excess labelling buffer
for 16 hrs at 4°C, in the dark. Dialysis was repeated, giving a final dilution factor of 1 in 122 500

and EF-Tu was concentrated using ultrafiltration as in Method | above.

Method Il — 20-fold molar excess of 1,5-IAEDANS was added drop-wise to 12 000 pmol of EF-Tu

L264C in labelling buffer in a 50 mL falcon tube, followed by an incubation for 3 hrs at room
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temperature, in the dark with continuous mixing. The excess dye was removed by gel filtration
using a 30 mL size exclusion chromatography column (G-25 Sephadex (GE Healthcare))
equilibrated in labelling buffer. Fractions containing labelled EF-Tu were pooled and

concentrated as above.

2.2.12 Analysis of fluorescently labelled EF-Tu - Fluorescence measurements were performed
using a Varian Cary Eclipse Fluorescence Spectrophotometer, in a 0.3 x 0.3 cm quartz cuvette
(Starna), at room temperature. EF-Tu contains one intrinsic tryptophan residue, which has a
maximum absorbance at 280 nm and a maximum fluorescence emission at 340 nm. 1,5-
IAEDANS has an excitation maximum at 336 nm and emits at a maximum of 490 nm. FRET
measurements between Trp 185 (donor) and 1,5-IAEDAN labelled L264C (acceptor) were done
by exciting tryptophan at 280 nm and measuring the fluorescence emission from 300 to 550 nm

through 5 nm slits.

2.3 Results

2.3.1 Activity of cysless EF-Tu — EF-Tu contains three intrinsic cysteines, two of which are not
conserved and one (Cys 81) is highly conserved and in close proximity to the guanine nucleotide
binding pocket. Therefore, mutating Cys 81 may affect the function of EF-Tu. In an effort to
construct a cysless version of EF-Tu which retains wild type activity, three conservative
mutations (C81S, C81A and C81M) were introduced based on the multiple sequence alignment
(Figure 2.7, appendix Figure 1). All Cys 81 mutations were performed on a two-cysless EF-Tu

background.

Once the cysless EF-Tu mutants were generated, their ability to bind guanine nucleotides GTP

and GDP were analyzed. The association and dissociation constants for GTP and GDP to EF-Tu
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mutants were determined, using rapid-kinetics (experimental procedures 2.2.6). EF-Tu C81A and
C81M were shown to have association and dissociation rates for GTP and GDP similar to wild
type EF-Tu (Table 2.6). However, C81S was found to be more than 10 times slower than wild

type for GTP dissociation and 1000 times slower for GDP association (Table 2.6).

Table 2.6: Association and dissociation constants of mant guanine nucleotides to EF-Tu.

Mutants are compared to wild type EF-Tu. C81A and C81M are similar to wild type, however,
C81S is not comparable to wild type EF-Tu.

kassociation (GTP) kdissociation (GTP) kassociation (GDP) kdissociation (GDP)
wild Type 4.29x10°+0.72M's™ 0.029 +0.0003 s™ 2.18x10°+0.12M's™* 0.003 +2.782x107 s™
wild Type (69) | 5x10° Ms™? 0.03s™ 2x10° M s 0.002 5™
c81S 6.57x10°+ 1.01 M's™ 0.001 + 1.221X10°s™ 6.86x10°+ 1.31M's™” 0.002 +1.221x10° s™
C81M 3.87x10°+0.28 M's™ 0.022 +0.0002 s™ 3.92x10° +0.26 M's™ 0.002 +1.704x10° s
C81A 1.79x10° + 0.08 M™'s™ 0.063 +0.0008 s 1.5x10°+0.2 M™'s™ 0.007 +2.706x10° s™

Next, the ability of all mutants to bind [**C]Phe-tRNA™™ in the presence of GTP were compared
to wild type. A hydrolysis protection assay was used to assess the formation of the ternary
complex (see experimental procedures 2.2.8) using the fact that EF-Tu binding will protect the
labile aminoacyl ester bond against spontaneous hydrolysis. The natural logarithm (In) of
[*C]Phe-tRNA™™ over the original amount of [**C]Phe-tRNAP™ was plotted as a function of time
(Figure 2.8). The half-life of [*C]Phe-tRNA™™ in the presence of each mutant was calculated and
compared to wild type in order to assess the ability of the mutants to bind to [**C]Phe-tRNA®™
(Figure 2.8). Results indicate that the half-life of [**C]Phe-tRNA"™ in the presence of EF-Tu wild
type and EF-Tu C81A is 145 min, whereas the half-life of [**C]Phe-tRNA™" in the presence of EF-

Tu C81M is 23 min and EF-Tu C81S is 26 min (Figure 2.8). This indicates that only the mutation
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EF-Tu C81A protects the aminoacyl ester bond as efficient as the wild type, indicating the
efficient formation of the ternary complex. Although C81M and C81S do not protect the
aminoacyl-ester bond from cleavage like wild type EF-Tu both mutants protect the aminoacyl
ester bond against cleavage compared to the spontaneous hydrolysis in the absence of EF-Tu
(Figure 2.8) which has a half life of 12 min. This indicates that a ternary complex also forms in
the presence of these mutants. However, the C81M and C81S were 10 times less efficient at

protecting the aminoacyl-ester bond than wild type and C81A.

In(cn/cq)

Time (min)

Figure 2.8: Hydrolysis protection assay of the aminoacyl-ester bond in [**C]Phe-tRNA™,
[**C]Phe-tRNA™ incubated in the presence of EF-Tu (filled circles) EF-Tu C81A (filled triangles)
EF-Tu C81S (open triangles) EF-Tu C81M (filled squares) and no EF-Tu (open circles). In(c./co) is
plotted over time, where the slope indicates the rate of aminoacyl-ester bond cleavage. c, is the
concentration of [**C]Phe-tRNA™ at that time point and ¢, is the concentration of [**C]Phe-
tRNA"™ at time 0.

Based on the guanine nucleotide binding and Phe-tRNA"™ binding results, the C81S cysless
mutant was not comparable to wild type and was not used in any further analysis or further

mutagenesis.
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Next, the ability of EF-Tu C81A and C81M to bind to the ribosome as a ternary complex were
compared to wild type. Various amounts of C81A and C81M were used to assess the ability of
the cysless EF-Tu mutants to promote Phe-tRNA"™ binding to 70S initiation complexes (see
experimental procedures 2.2.10). This was done using puromycin reactivity, which binds to the
50S A-site when unoccupied, and forms a peptide bond with [*H]fMet in the P-site. After a 1 min
incubation with the initiation complex, both mutants (C81A and C81M) promoted [**C]Phe-
tRNA™™ binding to the ribosomal A-site, with comparable efficiency to wild type EF-Tu (Figure
2.9). In the absence of protein no [*C]Phe-tRNAP™ was bound to the ribosome. In addition,

Phe delivered

increasing amounts of C81A or C81M did not affect the overall amount of Phe-tRNA
to the A-site (Figure 2.9). These results indicate that the C81A and C81M mutants are capable of

[**C]Phe-tRNA®™ delivery to the ribosomal A-site at levels similar to wild type protein.

To ensure that the delivery of [**C]Phe-tRNA™ seen in the presence of the C81A and C81M
mutants was in a fully accommodated state, the stability of the [**C]Phe-tRNA"™ in the A-site
was assessed through nitrocellulose filtration (experimental procedures 2.2.10). A ternary
complex consisting of wild type or mutant EF-Tu, GTP and [**C]Phe-tRNA™ was mixed with an

™Met i the P-site of the ribosome, then incubated

initiation complex containing [*HlfMet-tRNA
and filtered through nitrocellulose (experimental procedures) (Figure 2.10). Equimolar
concentrations of [**C]JPhe-tRNA™™ and [*H]fMet-tRNA™®" remained bound to the programmed

70S, indicating that neither [**C]Phe-tRNA™™ nor [H]fMet-tRNA™® dissociated from the

ribosome after 1 minute of incubation.

The above results show that substitution of Cys 81 with alanine resulted in a functional cysless

EF-Tu mutant. Even though the C81M mutant was functional in binding guanine nucleotides and
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delivering Phe-tRNA™™ to the ribosome as a ternary complex, C81M did not protect the
aminoacyl-ester bond from cleavage like C81A or wild type. Therefore, the EF-Tu C81A

background was used for further mutagenesis.
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Figure 2.9: Percentage of [**C]Phe-tRNA™ delivered to the ribosomal A-site by EF-TueGTP.
[**C]Phe-tRNA™™ bound to the ribosomal A-site in the presence of EF-Tu determined using
puromycin reactivity. Up to 8 times excess of EF-Tu C81A or EF-Tu C81M over ribosomal
initiation complex were analyzed in the delivery of [**C]Phe-tRNA™™ to the ribosome.
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Figure 2.10: Percentage of pre-translocation complex in the presence of EF-Tu determined by
nitrocellulose filtration. Percentage of the pre-translocation complex is determined by the
amount of [**C]Phe-tRNA™™ and f[>H]Met-tRNA™®* bound to ribosome after 1 min compared to
the amount at time 0. Up to 8 times excess EF-Tu C81A or EF-Tu C81M over ribosomal initiation
complex are also analyzed.

2.3.2 Fluorescent labelling of EF-Tu L264C using 1,5-IAEDANS - In order to study the rate of
conformational change in EF-Tu, as well as the timing of EF-Tu dissociation from the ribosome
following aa-tRNA accommodation using rapid kinetics techniques in combination with
fluorescence, cysteine specific fluorescent dyes need to be conjugated to a specific cysteine in
EF-Tu. Based on the construction of a fully active cysteine free EF-Tu new cysteine substitutions
within EF-Tu have to be incorporated, without affecting the overall function of EF-Tu, on the

molecular surface of EF-Tu in positions ideal for future FRET experiments.

omain Il of EF-Tu comes into close proximity to the ribosome when it is in a ternary complex (43)
and is an optimal location for analyzing dissociation of EF-Tu from the ribosome. Leucine 264 is a

surface accessible non-conserved residue in domain Il (95, 96) (appendix Figure 1). To enable
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subsequent labelling Leu 264 was mutated to a cysteine within the cysless (C81A) EF-Tu
background. Following purification EF-Tu L264C was fluorescently labelled with 5-((2-

[(iodoacetyl)amino]ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) (Figure 2.11).

My, = 434.25 g/mol

A (Absorbance) = 336 nm

O
Il A (Emission) = 490 nm
HO—S
I Extinction coefficient (336 nm)=5 700 M cm™.

Figure 2.11: Chemical structure of 1,5-IAEDANS. Molecular weight, absorption maximum and
emission maximum as well as the extinction coefficient for the fluorophore are listed beside the
structure.

Labelling and purification of fluorescently labelled EF-Tu L264C protein was optimized using

three different methods (experimental procedures 2.2.11).

In the first labelling method, L264C EF-Tu was incubated on a Ni-Sepharose column (GE
healthcare) and 1,5-IAEDANS was added drop wise to the column. Only 50% of EF-Tu added to
the column eluted from the column after the addition of 250 mM imidazole. Following the
addition of EDTA to the Ni-Sepharose column, the other 50% of EF-Tu eluted from the column.
Of the 50% that eluted from the column prior to EDTA addition, 40% was lost during

ultrafiltration due to precipitation of the protein, giving an overall yield of 20%.

In the first method most of the protein precipitated on the Ni-Sepharose column. Therefore, in

an effort to avoid affinity chromatography purification, EF-Tu L264C was incubated with 1,5-
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IAEDANS in the absence of Ni-Sepharose resin. Following incubation of EF-Tu L264C and 1,5-
IAEDANS, excess 1,5-IAEDANS was removed through dialysis against labelling buffer. The dialysis
caused the formation of a white precipitate in the dialysis tubing containing the labelled protein.
Contents in the dialysis tubing were collected and centrifuged. The resulting pellet and
supernatant were analyzed on a 12% SDS PAGE, confirming that approximately 90% of EF-Tu

was in the pellet, giving a final yield of less than 10% labelled EF-Tu L264C for this method.

In the final method for labelling EF-Tu L264C, EF-Tu L264C and 1,5-IAEDANS were incubated
together and the excess dye was removed using size exclusion chromatography (Figure 2.12).
EF-Tu eluted around a volume of 10 mL off the column and absorbed at 280 nm (protein) as well
as 336 nm (dye), indicating that the EF-Tu L264C protein was labelled. Excess dye eluted
approximately 30 mL afterwards and was confirmed by its absorbance at 336 nm. This method

gave a yield of approximately 35% labelled protein with a 1:1 dye to protein ratio.
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Figure 2.12: SEC purification elution profile of fluorescently labelled 1,5-IAEDANS EF-Tu L264C.
Absorbance was measured at 280 nm (right) for measuring the protein and at 336 nm (left) for
measuring 1,5-IAEDANS. Fluorescently labelled protein eluted after 10 mL (closed circles) and
excess dye eluted at 40 mL (closed diamonds).
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2.3.3 Analysis of fluorescently labelled EF-Tu L264C — A fluorescence label incorporated at
position 264 in EF-Tu is not only a promising reporter for Ribosome interaction but will also
enable the measurement of conformational changes within EF-Tu during nucleotide exchange or
GTP hydrolysis. For example Leu 264 moves a distance of over 20 A from Trp 185 on domain |
upon GTP hydrolysis (35 A (GTP-bound) to 57 A (GDP-bound)) (Figure 2.13). The large distance
change between Trp 185 and Leu 264 is ideal to measure the conformational changes in EF-Tu
using fluorescence resonance energy transfer (FRET). Furthermore, Trp and 1,5-IAEDANS is a
promising dye pair since the emission spectra of Trp (maximum of emission peak 340 nm)

overlaps with the absorption spectra of 1,5-IAEDANS (maximum of absorption peak 336 nm).

A (GDP) B (GTP)

Leu264

Figure 2.13: Distance changes between Leu 264 and Trp 185 in E. coli EF-Tu in the GDP or GTP
bound conformation. (A) E. coli EF-Tu bound to GDP adapted from Song et al. (1999), PDB 1EFC
(95) shows a distance of 57 A between Leu 264 and Trp 185. (B) T. aquaticus EF-Tu bound to
GNPPNP (a non-hydrolysable GTP analogue) adapted from Kjeldgaard et al. (1993), PDB 1EFT
(96) shows a distance of 35 A between Leu 264 and Trp 185. The guanine nucleotide in each
structure is shown in space fill and Mg*" is shown in yellow. Leu 264 and Trp 184 are shown in
pink space fill.
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In order to be able to measure conformational changes the occurrence of FRET between the two
labels has to be confirmed. Therefore, 1,5-IAEDANS labelled EF-Tu L264C was excited at 280 nm
and the resulting fluorescence emission was measured between 300 nm to 500 nm (see
experimental procedures 2.2.12). Following excitation at 280 nm two peaks were observed, one
with a maximum at approximately 340 nm reflecting the tryptophan emission, and another with
a maximum around 490 nm for 1,5-IAEDANS emission (Figure 2.14). The spectra of free 1,5-
IAEDANS however, indicated that emission of labelled protein at 490 nm can be excited directly
at 280 nm but with a significant lower efficiency than observed in the labelled protein (Figure

2.14).
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Figure 2.14: Fluorescence spectrum of 1,5-IAEDANS labelled L264C EF-Tu. Fluorescence
emission scan was performed from 300 nm to 550 nm after an excitation at 280 nm. EF-Tu
L264C labelled with 1,5-IAEDANS (red), EF-Tu wild type (black), 1,5-IAEDANS (orange). All
spectra were recorded at a concentration of approximately 20 pM.

Since EF-Tu L264C was purified in the presence of GDP all the previous data collected was based

on the GDP-bound EF-Tu state (Figure 2.13). When EF-Tu is in complex with GTP, Leu 264 and
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Trp 185 move 20 A closer together compared to the GDP-bound state. As such, an increase in
FRET efficiency is expected to be observed in the GTP-bound resulting in increased fluorescence
at 490 nm. Therefore the fluorescence emission of 1,5-IAEDANS labelled EF-Tu was measured
also in the presence of GTP (Figure 2.15). When the relative fluorescence at 340 nm and 490 nm
were compared, no detectable difference between the fluorescence emission of EF-Tu bound to
GTP or GDP was observed. Given that 35 A is the closest distance between these two
fluorescent dyes, and that tryptophan and 1,5-IAEDANS have a reported R, of approximately 20
A (110) when attached to position 264 this dye pair is not sensitive enough to measure
conformational changes. This suggest either the use of a different dye pair with an R, of
approximately 40 A to see distinct changes or to position 1,5-IAEDANS further away from the

fluorescence donor.

Fluorescence emission (a.u.)

300 350 400 450 500

Wavelength (nm)
Figure 2.15: Fluorescence spectra of 1,5-IAEDANS labelled EF-Tu L264C with GTP or GDP
bound. The fluorescence emission scan was performed from 300 nm to 550 nm after an

excitation at 280 nm. 20 uM EF-Tu L264C labelled with 1,5-IAEDANS in the presence of GDP
(red) and EF-Tu L264C labelled with 1,5-IAEDANS in the presence of GTP (green).
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2.3.4 Mutagenesis performed on EF-Tu =In order to enable the use of another dye pair another
cysteine was introduced at residue Thr 34 on domain | of EF-Tu. Leu 264 and Thr 34 move
approximately 20 A away from each other after GTP hydrolysis and P; release (Figure 2.16) and
should be detectable by double labelling with a dye pair which has an R, closer to 40 A (Cy3 and

Cy5 or CPM and fluorescein-5-malemide (111)).

Leu264

Leu264

Figure 2.1/ 49 A 1ce changes upon EF-Tu conformational change between Leu 264 and Thr 34
on domain | of EF-Tu. (A) E. coli EF-Tu with GDP adapted from Song et al. (1999), PDB 1EFC (95)
shows the distance between Leu 264 and Thr 34 on domain | to be 49 A apart. (B) T. aquaticus
EF-Tu with GDPNP a non hydrolysable GTP analogue adapted from Kjeldgaard et al. (1993), PDB
1EFT (96) shows a distance between Leu 264 and Thr 34 on domain | to be 26 A apart. The
guanine nucleotide and Mg ion is also shown in space fill. Residues Leu 264 and Thr 34 are
shown in pink and space fill.

In order to measure the structural details of aa-tRNA release into the ribosomal A-site and

uncover likely intermediate steps between aa-tRNA delivery to the ribosome and
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accommodation (85), another single cysteine mutant of EF-Tu was engineered substituting Thr
361 on domain Il (Figure 2.17) with cysteine in the C81A cysless EF-Tu background. Thr 361 is
not conserved (appendix Figure 1) and is in close proximity to the aa-tRNA when bound (Figure

2.17).

Nucleotide binding
pocket

Thr361

Figure 2.17: Residue Thr 361 in domain lll of EF-Tu. Thr 361 shown in pink on domain Il of EF-
Tu in the ternary complex of EF-TueGTPeaa-tRNA. T. aquaticus EF-Tu with GDPNP in complex
with yeast Phe-tRNA™™® (green) adapted from Nissen et al. (1995), PDB 1TTT (97). GDPNP is
shown as a space fill structure.

2.4 Discussion and future directions

| have successfully engineered a fully functional cysless EF-Tu . Furthermore, | have inserted
cysteines in this cysless background for future fluorescent labelling. In addition, | have
generated an efficient method for fluorescently labelling and purifying EF-Tu for fluorescent
analysis. Previously published studies on the substitution of Cys 81 with a glycine (105) as well
as chemical modification of the side chain of Cys 81 (112) have suggested that this residue is
important for EF-Tu interactions with aa-tRNA. These studies used glycine as a substitution for
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Cys 81 (105), which may dramatically increase the flexibility of the peptide backbone, ultimately
altering the conformation in this region of the protein. Consistent with the previous study, the
motivation here is to understand the functional role of Cys 81, which when alkylated inactivates
EF-Tu (105). However, Parmaggiani and coworkers (105) were not interested in replacing the
cysteine residue with a side chain that retained the activity of EF-Tu and therefore are
consistent with our finding that a serine substitution in position 81 significantly affects the
activity of EF-Tu. Furthermore, only little information regarding the amino acid sequences of
different bacterial EF-Tu species were available for Parmaggiani and coworkers (105), preventing
an evolutionary analysis of Cys 81. Here, an extensive multiple sequence alignment was
performed using 151 bacterial EF-Tu sequences to identify amino acid residues that
evolutionarily can be tolerated. Results presented in this study reveal that alanine as a
substitution for Cys 81 is not only the most abundant substitution in nature (12%), but does not
show any effect on mant-GTP/GDP binding, binding to Phe-tRNA"™ to form a ternary complex or
delivering Phe-tRNA®™ to the ribosome in a ternary complex. The results for the EF-Tu mutants
(C81M and C815S) binding to mant-GTP and mant-GDP were not surprising, since methionine is
found as a natural Cys 81 substitutions in some bacterial species (1%). Interestingly for the C81S
mutant, the GTP dissociation rate is identical to the GDP dissociation rate, and because the GTP
concentration in the cell is 10-fold higher than that of GDP, the C81S mutation may spend more
time in the GTP-bound form than in the GDP. Furthermore, the C81S mutation may inhibit
conformational changes in EF-Tu from the GTP-bound state to the GDP-bound state. The
conformation of EF-Tu C81S must be analyzed in further detail to fully answer how C81S effects

EF-Tu.
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For the C81M mutant, association and dissociation of guanine nucleotides are similar to wild
type. Therefore, the weaker interaction between EF-Tu C81M and aa-tRNA cannot be explained
by a reduced level of the GTP-bound form of EF-Tu. Even though Cys 81 has not been shown to
be involved in binding aa-tRNA directly, it is near the C-terminus of the effecter loop, which is
positioned above the minor groove of the acceptor stem in aa-tRNA (Figure 2.18) when bound
to aa-tRNA (97). Furthermore, it is near the GTPase switch Il region, which is involved in
recognition of the major groove of the acceptor and the T-stem in the ternary complex. The
methionine side chain has an extra methylene and methyl group than cysteine and may have an
impact on nearby residues, thereby tightening the binding pocket for aa-tRNA, which may

Phe

reduce the affinity for Phe-tRNA™™.

Figure 2.18: Cys 81 is in close proximity to the acceptor stem of aa-tRNA. T. aquaticus EF-Tu in
PP shown in green adapted from Nissen et al. (1995), PDB 1TTT
(97). Cys 81 is shown in space fill and coloured pink.

complex with yeast Phe-tRNA

Phe

Furthermore, the results demonstrate that C81A and C81M deliver Phe-tRNA™ to the ribosome

in a ternary complex, similar to wild type. Combining the results for guanine nucleotide

Phe

association/dissociation, ternary complex formation and delivery of Phe-tRNA™ to the
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ribosome for the C81A mutation, it can concluded that Cys 81 can be substituted for alanine
without affecting the function of EF-Tu. Therefore, the cysless C81A mutant can be used as a
promising background in subsequent mutagenesis and fluorescent labelling experiments for

future FRET studies.

Mutagenesis and fluorescent labelling of EF-Tu L264C with 1,5-IAEDANS revealed the
conformation change in EF-Tu resulting in a distance change between Trp 185 and 1,5-IAEDANS
labelled L264C (35 A (GTP bound) to 57 A (GDP bound)) did not result in a detectable change in

FRET efficiency. This is was surprising since the R, of this dye pair is approximately 20 A (110).

Based on this observation a double mutant (L264C/T34C) was constructed enabling fluorescent
labelling with a dye pair that has an R, closer to 40 A (such as Cy3 and Cy5 or CPM and
fluorescene-5-malemide) (111). This mutant has the potential to be a powerful tool to measure
EF-Tu conformational changes on a single-molecule level as well as to measure rates for EF-Tu

conformational change and identify novel intermediates steps during A-site delivery of aa-tRNA.

Due to the fact that domain Il of EF-Tu also comes into close contact to the 30S subunit and Leu
264 is in close proximity to 16S rRNA (Figure 2.19) (43) a mutant EF-Tu carrying a fluorescent
label in this position can be used to study the interaction with the ribosome. Successful random
labelling of whole ribosomes has been reported in Peske et al., (80) providing a novel way of

determining the timing of EF-Tu dissociation from the ribosome subsequent to aa-tRNA release.
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Figure 2.19: Leu 264 in EF-Tu is in close proximity to the 30S subunit during A-site binding. EF-
Tu from E. coli (domain | (purple), domain Il (ice blue) and domain Il (blue)) is shown in complex
with aa-tRNA (red space fill) bound to the ribosome (30S subunit (yellow space fill)), 50S subunit
not shown here. It can be seen that all three domains of EF-Tu come into close contact with the
ribosome. Leu 264 is shown in green and in close proximity to the ribosome. Cryo-EM structure
is adapted from Villa et al. (2008) (43).

2.5 Conclusion

A cysless EF-Tu mutant has been obtained that is not compromised with respect to binding
guanine nucleotides, binding Phe-tRNA™™ or delivery of Phe-tRNA™™ to the ribosome as a
ternary complex. Based on this, mutant versions of EF-Tu were generated by introducing
additional cysteines, enabling subsequent fluorescent labelling. Efficient fluorescent labelling of
cysless L264C and a method for purifying this labelled EF-Tu has been shown. Furthermore, this
provides a powerful tool for creating double fluorescently labelled EF-Tus and to measure the

rate of conformational changes in EF-Tu using single-molecule FRET.
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Chapter 3 - LepA

3.1 Introduction to LepA

Only recently has the gene product of lepA been suggested to be a novel translation factor (79).
The lep gene (leader peptidase) in E. coli encodes for signal peptidase | (113). The function of
signal peptidase | is to cleave 15 to 30 residues of the N-terminal signal peptide of secreted
proteins, which are generally membrane bound proteins (113). The lep promoter is located
approximately 2 kb upstream of the lep gene (113). Between the lep promoter and the lep gene
there is an open reading frame encoding for a 599 amino acid residue protein, which has been

termed lepA (113).

The lepA gene is found in all bacteria, mitochondria and chloroplasts (79). LepA is one of the
most conserved proteins having 55-68% identity in bacteria (79). The conservation of LepA is
less than EF-Tu (70-82%) and similar to EF-G (58-70%), but higher than the essential translation
factors IF2 (35-49%), IF3 (43-69%) and EF-Ts (33-50%). However, knockout of the lepA gene
produces no visible phenotypic effect on cellular growth under optimal conditions (114). This

raises the question of what is the function of LepA and why is it so highly conserved?

The primary sequence of LepA was shown to be homologous to those of translation factors EF-
Tu and EF-G (Figure 3.1) (113). Due to sequence similarity with translation factors, it was
speculated that LepA may be a translational GTPase (113). Previous studies have demonstrated

that LepA binds GTP and interacts with the ribosome (115-117).
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EF-Tu E. coli

EF-G E. coli

LepA E. coli

epA
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Figure 3.1: Domain alignment of LepA, EF-Tu and EF-G. LepA sequence from E. coli, EF-G is from

E. coli and EF-Tu is taken from E. coli. Domains are aligned according to their similarity and are

coloured accordingly. Domain | (pink), domain Il (blue), domain Il (red) and domain V (yellow) of

LepA is homologous to these domains on EF-Tu and EF-G.

LepA is structurally similar to EF-G (Figure 3.2) (118). Domains |, II, Il and V of LepA correspond

to domains |, Il, Ill and V of EF-G. However, LepA lacks domains similar to domains IV and G’ of

EF-G, but contains a unique C-terminal domain (CTD). Little is known about the function of the

CTD, which was investigated through truncation mutations in this study (Figure 3.3). Three

different truncation mutations were constructed based on the predicted secondary structure

changes of LepA. The predicted secondary structure was later confirmed through the crystal

structure of LepA (118). Residues 555 to 599 were not resolved in the crystal structure however,

in the predicted secondary structure it is thought to form a B sheet.
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Nucleotide
binding
pocket

Figure 3.2: Comparison of LepA and EF-G structures. (A) LepA from E. coli PDB: 3CB4 (118). (B)
EF-G from T. thermophilus PDB: 1FNM (119). Domain | (pink), Il (blue), lll (red), V (yellow), CTD
(green) of LepA are labelled and domain G (pink), G’ (purple), Il (blue), Il (red), IV (cyan), V
(yellow) of EF-G are labelled.
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Figure 3.3: Secondary structure LepA CTD. Arrows on C-terminal domain indicate primer
positions. Green cylinders indicate B-sheets, and blue arrows indicate a-helices.
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The structural similarity of LepA to translational GTPases, such as EF-G, is a strong indication for
the potential involvement of LepA in translation. A recent investigation into the involvement of
LepA in translation has lead to the discovery that LepA might catalyze a process called retro-

translocation (79).

Retro-translocation is the movement of the translocated deacyl-tRNA and peptidyl-tRNA from

the ribosomal E- and P-sites back to the P- and A-sites respectively (Figure 3.4).

| %

)

EPA

Figure 3.4: Retro-translocation of tRNA-mRNA within the ribosome. P-site peptidyl-tRNA and E-
site tRNA, move to the A- and P-sites of the ribosome during the process of retro-translocation.
mMRNA is also retro-translocated in this process by one triplet codon.

In the presence of deacyl-tRNA and absence of EF-G, retro-translocation can occur
spontaneously (109). However, this process is prevented in the presence of EF-G. EF-G inhibits
retro-translocation through the insertion of its domain IV into the ribosomal A-site (120). Also,
retro-translocation requires deacyl-tRNA in the E-site, which is unstable and dissociates rapidly
from the ribosome. In the presence of polyamines, such as spermine, deacyl-tRNA is stabilized in

the E-site and retro-translocation may occur (109).

The rate and extent of spontaneous tRNA movement within the ribosome is dependent upon

the affinity of the peptidyl-tRNA and tRNA for the respective ribosomal sites (109). In the
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absence of competitors, all tRNAs and peptidyl-tRNAs will bind to the ribosomal P-site.
However, the spontaneous movement of peptidyl-tRNA and deacyl-tRNA is dependent on their
respective affinities for the P-site, reflecting their greatest thermodynamic stability (109).
Therefore, the equilibrium between the forward and retro-translocated complex varies based
on the peptidyl-tRNA (109). Many questions involving LepA and retro-translocation arise, such
as: What does retro-translocation consist of? How does LepA catalyze retro-translocation? What

is the function of LepA’s CTD? What is the active state of LepA?

Although LepA has been suggested to be a translational GTPase (79), little is known about the
guanine nucleotide bound state which is required for LepA activity in retro-translocation.
Therefore, the rate and extent of retro-translocation in the presence of various guanine
nucleotides (GTP, GDP, GDPNP) was studied. In order to identify different ribosomal substrates
of LepA, the substrate specificity of LepA for two different ribosomal complexes, which differ in

their peptidyl-tRNA was analyzed.

Similar to other translational GTPases, the Cryo-EM structure shows that LepA contacts the
ribosome within the translation factor binding site (117). This structure also showed LepA in
contact with the retro-translocated A-site tRNA through its CTD, and contacts the acceptor
stem, D-loop and the TWC-loop of the A-site tRNA. To address the function of the CTD, three
different truncation mutations of the CTD in LepA were constructed and their function was

compared with the function of full-length protein.

Forward translocation in the presence of EF-G has been shown to occur in the presence and
absence of GTP (75). EF-G seems to promote an unlocked conformation of the ribosome (121),

which enables tRNA, along with mRNA, to translocate. However, translocation does not require
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GTP hydrolysis but does require GTP hydrolysis to release EF-G from the ribosome (75). LepA is
structurally similar to EF-G and may not require GTP hydrolysis to catalyze the process of retro-
translocation. To address this the putative catalytic residue for GTP hydrolysis (His81), based
upon sequence similarity to EF-Tu (101), was substituted with alanine to generate a GTPase
inactive mutant of LepA. Lastly, the structural similarity of LepA to EF-G prompted the analysis
of a potential role of LepA in catalyzing the dissociation of the 70S ribosome into 30S and 50S

subunits during ribosome recycling.

3.2 Materials and Methods

All chemicals were obtained from VWR, Sigma or Invitrogen, unless otherwise specified.
Restriction enzymes were from Fermentas; enzymes purchased from other sources will be
indicated. BL21-(DE3) competent cells were purchased from Novagen and DH5a cells were
purchased from New England Biolabs. PCR primers, nucleotides and fluorescent nucleotide
analogs were purchased from Invitrogen. Radioactive chemicals were purchased from Perkin-
Elmer. Small-scale plasmid preparations were performed according to the manufacturer’s
specifications (BioBasic EZ spin column plasmid DNA kit). All buffers were filtered through 0.45

pm Whatman nitrocellulose membranes.

3.2.1 LepA Cloning - Genomic DNA was isolated from an overnight culture of E. coli DH5a cells
grown at 37°C in 25 mL of LB media overnight. The overnight culture was spun at 5 000 xg and
the pellet was re-suspended in TES buffer (50 mM Tris-Cl pH 7.5, 10 mM NaCl, 10 mM EDTA). 10
mg/mL of lysozyme and proteinase K were added to the re-suspended solution, followed by a 1
hour incubation at 37°C. 4 M NH,OAc was added to the solution, followed by a10 min incubation

at room temperature. A 1:1 phenol: chloroform extraction of the DNA was performed, then
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spun down for 2 min at 5 000 xg. This was followed by a wash with chloroform to wash away the
phenol. The extracted aqueous phase containing the DNA was precipitated with 2.5 volumes of
isopropanol and incubated for 10 min at -20°C. After a precipitate formed, the solution was
centrifuged and the pellet was re-suspended in 0.1 mL 0.1 M NH4OAc. 70% ethanol was added
to re-precipitate the DNA and incubated for 10 min at -20°C. Precipitate was spun down for 10
min at 5 000 xg and the pellet was re-suspended in TES buffer. Isolated genomic DNA was used
as a template to amplify the lepA open reading frame using PCR. Primers used were 5’-
AATCATACCATATGAAGAATATACG-3’ and 5-CTCCTAAGCTTTATTTGTTGTCTT-3’. Pfu DNA
polymerase (Fermentas) was used in a Biometra Tgngient thermocycler using the conditions

outlined in Tables 3.1 and 3.2.

Table 3.1: Components used to isolated and amplify the lepA gene in E. coli.

Component Final Concentration

Template 8 ng/mL
Primers 1 uM each
Pfu buffer 5X 1X

10 mM dNTPs 0.3 uM
Pfu Polymerase 0.3 U/ uL
Distilled water -

68



Chapter 3 LepA

Table 3.2: PCR protocol used to isolate and amplify the /lepA gene in E. coli.

Step Number | Step ‘ Temperature ‘ Time ‘
1 Initial Denaturation 95 °C 3 min
2% Denaturing 95 °C 1 min
Cycle
3* Annealing 65 °C 1 min 30
times
4* Extension 72 °C 14 min
5 Final Extension 72 °C 15 min

A restriction digestion of amplified lepA DNA was performed with Scal (Fermentas) then ligated
into a pBR322 vector using T4 DNA ligase. The resulting plasmid was transformed into E. coli
DH5a cells and grown on LB agar plates supplemented with 50 pg/mL of kanamycin. A maxiprep
was performed to extract the transformed DNA in the following method. ALS1 (50 mM glucose,
25 mM Tris-Cl pH 8 (20°C), 10 mM EDTA), ALS2 (0.2 M NaOH, 1% SDS), and ALS3 (5 M K-acetate,
glacial acetic acid) were added to the pellet of the overnight culture. This was centrifuged at 5
000 xg for 10 min. A 1:1 phenol: chloroform extraction was performed on the resulting
supernatant. The mixture was centrifuged at 5 000 xg for 15 min. A 1:1 phenol: chloroform was
repeated on the upper aqueous layer followed by a final chloroform extraction. The resulting
aqueous layer was ethanol precipitated overnight. Precipitate was pelleted and re-suspended in
RNase A. Following an overnight incubation at 37°C with RNase A another ethanol precipitation
was performed. The resulting pellet was re-suspended in water. lepA was excised with Hindlll
and Ndel (Fermentas) and ligated into a pET28a vector containing a 6X-Histidine-tag using T4
DNA ligase, resulting in pET28-lepA. Sequence and orientation were confirmed by sequencing

(Macrogen).
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3.2.2 Mutagenesis - All PCR reactions were carried out in a Tgadient (Biometra) thermocycler. C-
terminal deletion mutations were generated based on a secondary structure prediction using

Jpred http://www.compbio.dundee.ac.uk/www-jpred/ (Figure 3.3).

Deletion mutants of LepA (AA494, AP520, AG555) were constructed via PCR using pET28a lepA
as a template. A single stop primer was used for the construction of all three deletion mutants
(5’-TAAGGCTTGCGGCCGCACTCGA-3’), which had a T,, of 63.9°C. The forward primers used in
construction of the truncation mutants differed depending on which deletion was being
constructed. The sequences of the forward primers were 26 nucleotides long and correspond to
the coding region of lepA and the 5’ terminal nucleotides correspond to the terminal amino acid
in the resulting deletion mutant. The product of each PCR was a linear DNA fragment with the
desired C-terminal LepA codon at one terminus, and the AUG start codon at the other. Blunt end
ligations of the products produced circular plasmids encoding LepA deletion mutants in pET28a
vectors. Forward primers for each CTD deletion mutant are listed in Table 3.3. Conditions for the

PCR and the components used are listed in Tables 3.4 and 3.5.

Site directed mutagenesis to produce the LepA H81A substitution was carried out on the pET28a
lepA template using Quickchange™ mutagenesis (Stratagene). Primers designed for this
mutation also removed a Scal restriction site and are listed in Table 3.1. PCR conditions used to

introduce the LepA H81A mutant are listed in Tables 3.6 and 3.7.
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Table 3.3: Primers used to generate /epA mutants.

Forward Primer 5’-3’

Reverse Primer 5’-3’

H81A TATCGACACCCCAGGCGCCGTAGACT | ATAGGAGAAGTCTACGGCGCCTGGGGT | 81.5°C
TCTCCTATG GTCGATA

AA494 CGCATCAACACGTTCACCGTTGATTA | TAAGGCTTGCGGCCGCACTCGA 62.2°C

AP520 TGGGATCAGATCTTTCATCTTCTCCA | TAAGGCTTGCGGCCGCACTCGA 60.6°C

AG555 GCCATAACATTTAGCCAGTACGTTTT | TAAGGCTTGCGGCCGCACTCGA 59.9°C

Table 3.4: PCR protocol used to engineer the CTD truncation mutants (AA494, AP520, AG555).

Step Number ‘ Step ‘ Temperature ‘ Time

1 Initial Denaturation 98 °C 3 min
2%* Denaturing 98 °C 1 min
3* Annealing 60 °C 45 sec
4* Extension 72°C 5 min
5 Final Extension 72°C 5 min

Cycle
35
times

Table 3.5: PCR components used to engineer the CTD truncation mutants (AA494, AP520,
AG555).

Component Final Concentration

Template 3.2 ug/mL
Primers 13 pM each

1X
5X HF buffer 5

(1.5 mM MgCl2)
10 mM dNTPs 200 uM
Polymerase (Phusion) 0.016 U/ uL
Distilled water -
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Table 3.6: Quickchange mutagenesis protocol used to generate the H81A LepA substitution

mutant.
Step Number ‘ Step ‘ Temperature ‘ Time ‘
1 Initial Denaturation 95 °C 3 min
2% Denaturing 95 °C 45 sec
Cycle

3* Annealing 65 °C 60 sec 18

- - times
4% Extension 72 °C 12 min
5 Final Extension 72 °C 20 min

Table 3.7: Quickchange mutagenesis components for generating the H81A LepA substitution.

Component ‘ Final Concentration
Template 3.2 ug/mL
Primers 1 uM each

1X

10X Pfu buffer
(1.5 mM MgCl2)

10 mM dNTPs 0.3 uM

Polymerase (Pfu) 0.016 U/ uL

Distilled water -

Mutagenesis was confirmed by sequencing (Macrogen) and the mutated pET28-/lepA plasmids

were transformed into BL21-(DE3) E. coli competent cells.

3.2.3 Protein expression - BL21-(DE3) competent cells were used for the expression of
recombinant 6X-Histidine tagged LepA. Cells were grown in 500 mL LB media supplemented
with 50 pg/mL of kanamycin at 37°C. Once the ODgy reached 0.6 ODgy, LepA overexpression

was induced through the addition of 1 mM IPTG (lsopropyl B-D-1-thiogalactopyranoside). The
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cultures were grown for another 3 hrs and harvested at 5 000 xg in a TA-10 rotor (Beckman).

Cells were flash frozen and stored at -80°C prior to use.

Expression levels of LepA were analyzed through time samples, lysed in 8 M urea in TAKM; and
analyzed on a 12% SDS-PAGE run at 200 V for 55 min (BioRad Mini Protean 3 System). Gels were

stained with Coomassie blue; all other SDS PAGEs were performed in a similar manner.

3.2.4 LepA Protein purification- Harvested cells containing overexpressed LepA and the H81A
LepA mutant were opened in buffer A (50 mM Tris-Cl 8.0 (4°C), 60 mM NH,Cl, 7 mM MgCl,, 7
mM B-mercaptoethanol, 1 mM PMSF, 300 mM KCI, 10 mM imidazole, 15% glycerol) with the
supplement of 0.1 mg/mL of lysozyme, 12.5 mg/g sodium deoxycholate and DNase | and
centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The cleared lysate (S-30 extract),
containing LepA, was purified using affinity chromatography (7 mL Ni-Sepharose resin from GE
healthcare) and eluted in a step gradient in buffer C (buffer A supplemented with 250 mM
imidazole). The Ni-Sepharose column was washed 10 times with a column volume of buffer C
and fractions containing LepA were pooled and concentrated using ultrafiltration (Vivaspin 20
MWCO 30 000 (Sartorius)). LepA was further purified using size exclusion chromatography
(preparative Superdex 75 column from GE Healthcare) run in high-salt TAKM; (50 mM Tris-Cl pH
7.5, 70 mM NH,4CI, 300 mM KCI, 7 mM MgCl, and 10% glycerol). Fractions were analyzed on a
12% SDS-PAGE and fractions containing LepA were pooled and concentrated using ultrafiltration
(Vivaspin 20 MWCO 30 000 (Sartorius)). The final concentration of LepA was determined
photometrically, at 280 nm using the molar extinction coefficient 39 935 M™*cm™ (calculated

using ProtParam) and using the BioRad microassay.
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3.2.5 Protein purification of LepA mutants - Harvested cells containing overexpressed LepA CTD
truncation mutations were opened in buffer H (50 mM Tris-Cl 8.0 (4°C), 60 mM NH,CIl, 7 mM
MgCl,, 7 mM B-mercaptoethanol, 1 mM PMSF, 300 mM KCl, 10 mM imidazole, 15% glycerol, 8
M urea) with the addition of 0.1 mg/mL of lysozyme, 12.5 mg/g sodium deoxycholate and DNase
and centrifuged at 30 000 xg for 45 min in a JA-16 rotor (Beckman). The cleared lysate (S-30
extract) containing the LepA protein of interest was purified using batch affinity
chromatography (7 mL Ni-Sepharose resin from GE Healthcare) eluting with a step gradient into
buffer | (buffer H supplemented with 250 mM imidazole). The Ni-Sepharose column was washed
10 times with a column volume of buffer | and fractions containing the LepA CTD truncation
mutant of interest were pooled and concentrated (Vivaspin 20 MWCO 30 000 (Sartorius)). The
LepA CTD truncation mutant was further purified using size exclusion chromatography (160 mL
preparative Superdex 75 from GE Healthcare) running the column in high-salt TAKM,. Fractions
were analyzed on a 12% SDS-PAGE and fractions containing the LepA CTD truncation mutant of

interest were pooled and concentrated as above.

3.2.6 Nucleotide hydrolysis assay — To measure ribosome stimulated GTP hydrolysis of LepA and
LepA mutants, liberation of **P; from [y*°P]-GTP was determined in the following manner. 0.6
1M 70S, 1.2 uM [y**P]-GTP (specific activity approximately 3500 dpm/pmol) and 0.03 pM LepA
were incubated at 37°C in a total of 100 uL TAKM; buffer. At various time points (0 to 45 min) 10
pL (0.3 pmol) of LepAe70S reaction mixture was removed and quenched with GTPase quencher
(1 M HCIO, with 3 mM potassium phosphate). 300 uL of 20 mM Na,Mo, and 750 pL of ethyl
acetate were added to the quenched reaction to extract free *P;. Samples were vortexed for 30
sec and centrifuged at 15 800 xg for 5 min. The aqueous upper layer containing free *’P; was

extracted and added to 2 mL of scintillation cocktail (MP Ecolite) in 7 mL polyethylene
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scintillation vials (PerkinElmer). [**P;] decays per minute (dpm) were counted with a PerkinElmer
TriCarb 2800TR liquid scintillation analyzer. Background radioactivity was subtracted and the

percentage of GTP hydrolyzed was calculated and plotted as a function of time.

To determine the K, and k., for the GTPase activity of LepA compared to EF-G, 0.03 uM EF-
G/LepA, 50 uM [y**P]-GTP and titrating amounts of 70S (0 to 2 uM) were mixed and incubated in
TAKM; at 37°C. After 10 min the reaction was quenched as above with GTPase quencher and
free 3P, was extracted and counted as above. The K,, was calculated as % Vmax and k., was

calculated as the turnover number using Vmax/[protein].

3.2.7 Equilibrium binding constants for guanine nucleotide binding to LepA - To determine
guanine nucleotide binding affinities to LepA and mutants of LepA, fluorescence measurements
were performed using a Varian Cary Eclipse Fluorescence Spectrophotometer. E. coli LepA
contains two intrinsic tryptophan residues (Trp 199, Trp 257), which were excited at 280 nm in a
0.3 x 0.3 cm quartz cuvette (Starna) at room temperature. The fluorescence emission was
monitored from 300 nm to 500 nm through 5 nm slits. Measurements were carried out using 2
KM LepA in TAKM; and adding increasing amounts of the respective mant-guanine nucleotide,
which is a fluorescent analogue of guanine nucleotides. Mant is a small anthraniloyl aromatic

group attached to the 3’ or 2’-OH of the ribose on the guanine nucleotide (Figure 3.5).
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Figure 3.5: Mant-GTP. The 2’-OH in this structure of GTP has a methylanthraniloyl (mant) group
attached, however, the 3’-OH and 2’-OH are labelled with mant in an equal ratio.

Fluorescence resonance energy transfer (FRET) between tryptophan and mant was utilized to
determine the equilibrium dissociation constants for mant-GTP/GDP to LepA. Changes in the
fluorescence emission at 338 nm were plotted as a function of increasing nucleotide
concentration. The background fluorescence signals due to the presence of protein and
nucleotide were subtracted from the overall fluorescence of the system. Fluorescence changes
were plotted against nucleotide concentration ([nt]) were fit with a quadratic function (Equation
1), with respect to the initial (Fl)) and maximum (Fl.,,) fluorescence to determine the
dissociation constant (Kp) for each nucleotide or fluorescent derivative using the software
GraphPad Prism 5. Additional variables for total protein concentration ([P]) and signal amplitude

(B = Fl,ax — Flp) were accounted for (122).

AFI=0.5(B / [P]) * (Kp + [P] + [nt] — ((Ko + [P] + [nt])*— 4 * [P] * [nt])l/z) (Equation 1)
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3.2.8 Retro/forward translocation of tRNA on the ribosome - Ribosomes (108), EF-Tu, initiation
factors (123), EF-G(124), [*H]fMet-tRNA™®t (125), [**C]Phe-tRNAP", and [**C]Val-tRNA"® from E.
coli were purified individually as indicated (126). In brief, EF-Tu, initiation factors and EF-G were
purified using affinity chromatography and size exclusion chromatography. tRNAs were
aminoacylated then purified through reverse-phase chromatography, and ribosomes were
purified and separated using ultracentrifugation. An initiation complex was prepared by
incubating 3 uM [*H]fMet-tRNA™®, 1 mM DTT (BioBasic), 1 mM GTP (Sigma), 2 uM 70S, 4 uM
MRNA (122 nt derivative of m022 sequence 5’-AUGGUU-3’ for fMet-Val and sequence 5’-
AUGUUC-3’ for fMet-Phe, purified by HPLC) and 3 uM initiation factors in a total volume of 3 mL
in TAKM; and incubated at 37°C for 50 min. Ternary complexes were prepared by first charging
EF-Tu with GTP by mixing 1 mM GTP, 1 mM DTT, 1% pyruvate kinase (PK) (Roche), 3 mM
phosphoenol pyruvate (PEP) with 27 uM EF-Tu for 15 min at 37°C in TAKM,. The ternary
complex was formed by adding 9 pM [**C]Phe-tRNA™™ or [**C]Val-tRNAY® in TAKM to the GTP-
bound EF-Tu complex and incubating for 1 min at 37°C. Pre-translocation complexes were
formed by incubating the initiation complex with ternary complex for 1 min at 37°C. This
mixture was divided into two, where one half was used to make post-translocation complexes in
the following manner; 3 uM EF-G was added to the pre-translocation complex and incubated for
1 min at 37°C. The extent of peptidyl-tRNA binding was determined through nitrocellulose
filtration and was found to be >80%. Aliquots of 1 mL of the above mixtures were purified
through centrifugation on a 400 plL 1.1 M sucrose cushion in a Sorvall M120GX ultracentrifuge at
259 000 xg for 2 hrs. Pellets containing purified post-translocation complexes were dissolved in
TAKM; and pellets containing pre-translocation complexes were dissolved in TAKM,,, flash

frozen and stored at -80°C.
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Retro-translocation was measured using 0.1 uM post-translocation complexes containing
[*H]fMet[**C]Val-tRNA or [*H]fMet[**C]Phe-tRNA"™ in the P-site. Post-translocation complexes
were mixed with 0.5 mM guanine nucleotide, 0.15 uM tRNA™® and 2 UM LepA and incubated at

37°C in TAKM; buffer with 0.6 mM spermine to stabilize tRNA™®! in the E-site.

Forward translocation was analyzed using 0.1 UM pre-translocation complex containing
PHIfMet[*C]Val-tRNAY or [*H]fMet[**C]Phe-tRNA™™. 0.5 mM guanine nucleotide and 2 puM

LepA were mixed with pre-translocation complexes and incubated at 37°C in TAKM; buffer.

In order to assess A-site occupancy on pre/post-translocation complexes, an excess of a small
analogue of aa-tRNA (puromycin) was added to 15 pL (4 pmol) of the ribosomal complexes and
incubated for 15 sec at 37°C. If the A-site is unoccupied, puromycin can bind to the 50S A-site
and form a peptide bond with the polypeptide in the P-site. The reaction was stopped with 1.5
M sodium acetate (pH 4.5) saturated with magnesium sulfate. Puromycin was extracted with
ethyl acetate and the formation of peptidyl-puromycin was assessed through [*H]fMet and
[*C]Phe radioactivity, which are attached to the extracted puromycin. Decays per minute (dpm)

were counted after the addition of scintillation cocktail (LumaSafe Plus - Zinsser) in 7 mL

polyethylene scintillation vials (Zinsser).

3.2.9 Ribosomal subunit dissociation - Pre-termination complexes were prepared by combining
8 LM mRNA (UUC sequence), 4 uM tRNA™ from yeast (chemical block) and 2 uM 70S in TAKM,
buffer and incubating at 37°C for 20 min. Pre-termination complexes were rapidly mixed (55 uL
each) with a factor mix of 10 uM RRF, 4 uM IF3, 1 mM GTP and 4 uM EF-G or 4 uM LepA.
Dissociation of ribosomal complexes was measured through light scattering at 430 nm on a SX-

18MV stopped-flow (Applied Photophysics) apparatus. Measurements contained 1000 data
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points each. Scattering was detected through 2 photomultipliers using a KV400 cut-off filter

(Schott).

Traces were fit with a two-exponential decay (equation 2) using GraphPad Prism5 software. B is
the fluorescence end level where x>0, k is the rate constant for the fast decay and k; is the
rate constant for the slow decay. Cis the amplitude for the fast decay and D is the amplitude for

the slow decay.

Y=B + C * exp(-k; * x) + D * exp(-k, * x) (Equation 2)

3.3 Results

3.3.1 Guanine nucleotide binding properties of LepA - All GTPases bind guanine nucleotides with
various affinities ranging from nM to uM (127). EF-Tu binds guanine nucleotides on the nM scale
(69) and requires the guanine nucleotide exchange factor EF-Ts (92) for efficient exchange of
guanine nucleotides to facilitate in vivo translation rates. However, EF-G binds guanine
nucleotides with an affinity on the uM scale (124) and does not require an exchange factor
because dissociation and exchange of guanine nucleotides is fast enough to facilitate in vivo
translation rates. Therefore, it is important to determine the binding affinity of guanine

nucleotides to LepA to assess if an exchange factor is needed.

Analysing the nucleotide binding properties will allow the assessment of whether the LepA CTD
truncation mutants are properly folded. Since the LepA CTD truncation mutants were purified in
8 M urea and exchanged to high-salt TAKM5, folding of the mutants may have been inhibited by

the presence of urea disrupting hydrogen bonds. However, the G-domain of LepA is a large
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portion of the protein (comprising 31% of the protein) and is the site for GTP hydrolysis.
Therefore, the ability of the G-domain to bind guanine nucleotides will be a strong indication on
whether the LepA CTD truncation mutants are properly folded. Fluorescence spectroscopy
measurements were used to study the equilibrium binding properties of guanine nucleotides to
purified LepA. Increasing amounts of guanine nucleotides (mant derivatives) were titrated into a
2 UM LepA TAKM; solution and FRET was monitored (Figure 3.6). Addition of mant-guanine
nucleotides resulted in a decrease of tryptophan fluorescence (Aemission = 338 nm) and an
increase in mant fluorescence (Aemission = 440 nm) (Figure 3.6), indicating binding of the guanine
nucleotide to LepA. The equilibrium dissociation constants (Kp) were determined by fitting the
concentration dependence of tryptophan/mant fluorescence (see experimental procedures
3.2.7). Resulting Ky values for LepA wild type for mant-GDP and mant-GTP to be 37 uM and 65
UM respectively (Table 3.8). Similar equilibrium dissociation constants of mant-GTP/GDP were
obtained for the LepA CTD truncation mutants and the mutant LepA H81A (Table 3.8), therefore,
it can be assumed that the CTD truncation mutants are properly folded. Furthermore, due to the
relative similar affinities for mant-GTP and mant-GDP for LepA, an exchange factor is not likely
required and turnover of the nucleotide can be driven by the 10 fold higher cellular
concentration of the tri-phosphate form of the nucleotide. Also, the Ky is on the uM scale,

indicating a relatively weak interaction of LepA with guanine nucleotides.
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Figure 3.6: Equilibrium dissociation constants of mant-GTP/GDP to LepA. Increasing amounts
of mant-nucleotide was added to a 2 uM solution of LepA. LepAs intrinsic tryptophans were
excited at 280 nm and the resulting fluorescence emission was monitored from 300 nm to 500
nm. The black trace represents LepA in TAKM; with no mant-GTP and the purple upper most
trace is LepA in TAKM; with 100 puM mant-GTP. All traces in-between are increasing
concentrations of mant-GTP from 0 to 100 uM and are shown in the side.

Table 3.8: Equilibrium binding constants of mant-GTP/GDP for LepA and LepA mutations.

Protein Kp GTP Kp, GDP
LepA (Wild Type) 37+3uM 65+ 22 uM
LepA (AA494) 74 +£9 uM 88+ 2 uM
LepA (AP520) 96 + 4 uM 91+5uM
LepA (AG555) 95+ 10 pM 76 + 1 uM
LepA (H81A) 76 £ 8 uM 47 4 uM
EF-G (128) 0.67 UM 12 pM

3.3.2 GTPase activity of LepA in the presence of 70S ribosomes — LepA is thought to be a

translational GTPase with comparable activity to EF-G (79). Therefore, intrinsic GTPase activity
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of LepA is expected to be low and the presence of the 70S ribosome is expected to increase the
GTPase activity significantly. Furthermore, based on structural similarity of LepA to EF-Tu (79), it
is likely that His 81 is the critical residue in LepA for GTP hydrolysis. Furthermore, it is unknown
whether the CTD of LepA takes part in GTPase activation. Therefore, the GTPase activity of LepA,
H81A, and the CTD truncation mutations in the presence of the 70S ribosome have been
analyzed and compared to EF-G. A GTP hydrolysis assay described in experimental procedures
3.2.6 were used to assess the GTPase activity of LepA and LepA mutants in the presence and
absence of 70S ribosomes. The GTPase activity of wild type LepA is dramatically stimulated by
the ribosome (Figure 3.7) since no efficient GTP hydrolysis could be observed in the absence of
70S ribosomes. However, H81A and all the CTD truncation mutations do not show efficient
hydrolysis of GTP even in the presence of the 70S ribosome (Figure 3.7). Previous studies of EF-
Tu have shown that His 84 of EF-Tu helps to stabilize the transition state of GTP hydrolysis and is
a critical residue for GTP hydrolysis (101), as substitution of His 84 in EF-Tu abolishes GTP
hydrolysis activity in EF-Tu. These results are consistent with our hypothesis that His 81 is a
critical residue in LepA required for ribosome stimulated GTPase activity. The results for the CTD
truncation mutants show that they are unable to hydrolyze GTP in the presence of 70S
ribosome. This suggests that the CTD of LepA may be involved in signalling GTPase activation in

LepA.
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Figure 3.7: Ribosome stimulated GTPase activity of LepA and LepA mutants. GTP hydrolysis
seen in the presence of LepA and 70S (closed circles), LepA (open circles), LepA AA494 and 70S
(closed triangle), LepA AG555 and 70S (open triangle), LepA AP520 and 70S (closed square),
LepA H81A and 70S (open square).

The recently determined cryo-EM structure of LepA bound to the ribosome revealed several
interactions of LepA with the factor binding site, similar to other translational GTPases (117). For
example, domain V of LepA seems to contact the 50S ribosomal protein L11 and the 23S rRNA,
similar to EF-G (117). Interestingly, residues Asn 503 - Asn 506 in LepA’s unique CTD contact the
23S rRNA. The CTD of LepA also contacts the acceptor stem and the elbow region of the retro-
translocated A-site tRNA. In the absence of the CTD, the interactions between LepA’s CTD and

the ribosome may be lost, thereby destabilizing LepA binding to the ribosome.

In order to compare the ribosome stimulated GTPase activity of LepA to EF-G, the K,, for GTPase
activation was determined (see experimental procedures 3.2.6). Rates of GTP hydrolysis were

plotted as a function of increasing ribosome concentration (Figure 3.8). The K, of LepA was
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determined to be 0.3 £ 0.1 uM and 0.14 £ 0.01 uM for EF-G. To measure the catalytic efficiency
of LepA compared to EF-G, ke.t/Km, Was also determined and was 399 + 134 pM's™ for LepA and
355 + 215 pM™'s™ for EF-G, which are comparable to each other. This strengthens the argument

that the ribosome stimulated GTPase activity of LepA is similar to EF-G (129).
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Figure 3.8: Michaelis—Menten analysis of LepA and EF-G ribosome stimulated GTP hydrolysis.
A representative plot of the initial rate of GTPase activity for LepA (filled circles) and EF-G (open
circles) plotted against increasing 70S ribosome concentration, give a K, of 0.3 + 0.1 uM and
0.14 £ 0.01 uM respectively.

3.3.3 Retro/Forward-translocation in the presence of LepA — Since LepA is a novel protein there
are many questions regarding the function of it. LepA has been suggested to be involved in
catalysis of retro-translocation (79). However, the mechanistic details of this process are
unknown, as well as why this process may occur in the cell. Therefore, it is necessary to
understand the basic mechanism by which retro-translocation is catalyzed before any details
can be determined. The extent of retro-translocation in the presence of LepA was determined
using two different post-translocation ribosomal complexes in order to assess whether LepA has

a preference for a specific post-translocation complex (see experimental procedures 3.2.8). In
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addition, various guanine nucleotides (GDP, GTP and GDPNP a non-hydrolysable form of GTP)

were used to identify the catalytic functional state of LepA.

To assess the extent and rate of retro-translocation of peptidyl-tRNA within the ribosome a
post-translocated ribosomal complex was used and the occupancy of the 50S ribosomal subunits
A-site over time was probed with puromycin. Rates of retro-translocation for [*H]fMet[**C]Phe-
tRNA™™ P-site occupied ribosomal complexes were measured in the presence of LepA and
various guanine nucleotides (Figure 3.9). Retro-translocation can occur spontaneously in the
absence of LepA at a rate of 0.04 + 0.01 min™. When LepA is in complex with GDP, no catalysis of
retro-translocation occurs, reflected by a rate of 0.02 + 0.01 min™, which is comparable to
spontaneous retro-translocation. However, in the presence of LepA*GDPNP retro-translocation
seems to be catalyzed and occurs at a rate of 0.10 + 0.02 min™ (Table 3.9). Interestingly,
LepAeGTP has an extremely lower rate of retro-translocation (0.00001 min™), i.e. this complex

seems to inhibit retro-translocation.
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Figure 3.9: Retro-translocation of [*H]fMet[**C]Phe-tRNA"™ in the presence and absence of
LepA and guanine nucleotides. Retro-translocation of 0.1 uM Post[°H]fMet[**C]Phe-tRNA™
ribosomal complex in TAKM,, 0.6 mM spermine buffer and 0.15 uM tRNA™** (open circles) in
the presence of 0.1 uM LepA wt and 0.5 mM GDPNP (closed circles), 0.1 uM LepA wt and 0.5
mM GTP (closed triangles), 0.1 uM LepA wt and 0.5mM GDP (open triangles).

Similarly, the [*HIfMet[**C]Val-tRNA"?' P-site occupied post-translocation complex showed that
catalysis of retro-translocation occurs only in the presence of LepA¢GDPNP (Figure 3.10, Table
3.9), with a rate of 0.84 + 0.07 min™. Furthermore, LepAeGDP showed a similar rate of retro-
translocation (0.31 + 0.06 min™) as spontaneous retro-translocation (0.45 + 0.06 min™) (Table
3.9), which is significantly faster than the [*H]fMet[**C]Phe-tRNA" P-site occupied complex.
However, in the presence of LepAeGTP a comparable rate of retro-translocation (0.30 + 0.06

min'1) to the spontaneous rate was observed.
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Figure 3.10: Retro-translocation of [*H]fMet[**C]Val-tRNA"* in the presence and absence of
LepA and guanine nucleotides. Retro-translocation of 0.1 pM Post [*H]fMet[**C]Val-tRNA"*
ribosomal complex in TAKM;, 0.6 mM spermine buffer and 0.15 pM tRNA™®" (open circle) in
addition to 0.1 uM LepA wild type (wt) and 0.5 mM GDPNP (closed circles), 0.1 uM LepA wt and
0.5 mM GTP (open triangles), 0.1 uM LepA wt and 0.5 mM GDP (open square).
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Table 3.9: Retro-Translocation assay in the presence and absence of LepA, various guanine
nucleotides and LepA mutants.

Component

kapp [ HlfMet[**C]Phe-tRNA

Phe

Val

kapp [ HlfMet[**C]Val-tRNA

LepAeGDPNP 0.10 + 0.02 min™ 0.84 +0.07 min™
LepAeGDP 0.02+0.01 min™ 0.31+0.06 min™
LepAeGTP 0.00001 min 0.30 + 0.06 min™
Buffer 0.04 +0.01 min™" 0.45 +0.06 min™
LepA(AA494)¢GDPNP | 0.02 +0.01 min™ 0.27 +£0.01 min™
LepA(AG555)¢GDPNP | 0.04 +0.01 min™ 0.51+0.2 min"

LepA(H81A)sGDPNP | 0.04 +0.01 min™" 0.52 +0.06 min™"

Inhibition of retro-translocation in the presence of LepAeGTP shown here in conjunction with
LepA’s structural similarity to EF-G (Figure 3.2), suggested an analysis on the ability of LepA to
catalyze forward translocation in the presence of guanine nucleotides. This was performed using
a pre-translocation complex where the occupancy of the ribosomal A-site was analyzed over
time with puromycin (see experimental procedure 3.2.8). In the pre-translocation complex with
[*H]fMet[**C]Phe-tRNA™ in the A-site of the ribosome, the absence of LepA did not show any
significant forward translocation of the ribosomal complex (Figure 3.11a). Also, in the presence
of LepAeGDP and LepAeGDPNP, forward translocation of the ribosomal complex was not
observed. However, the presence of EF-GeGTP showed rapid translocation, indicating that

translocation of this ribosomal complex can occur under certain conditions. However, forward
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translocation catalyzed by LepAeGTP only reaches 50% of the extent as translocation catalyzed
by EF-GeGTP. Furthermore, the rate at which forward translocation occurs in the presence of
LepAeGTP is slower than in the presence of EF-GeGTP. In the pre-translocation complex with
[3H]fMet[l4C]VaI-tRNAVal occupying the ribosomal A-site, similar results were obtained as in the
[*H]fMet[*C]Phe-tRNA™  pre-translocation complex (Figure 3.11b). However, forward
translocation was only observed for the [3H]fMet[14C]VaI—tRNAVal A-site occupied pre-
translocation complex in the presence of EF-G*GTP and no forward translocation was detected

in the presence of LepAeGTP (Figure 3.11b).
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Figure 3.11: Forward translocation in the presence and absence of LepA. Forward translocation
of 0.1 uM pre-ribosomal complex in TAKM, (a) [*H]fMet[**C]Phe-tRNA™ A-site occupied pre-
translocation complex in the presence of 0.6 mM spermine buffer (open circles), in addition to
0.1 uM EF-G and 0.5 mM GTP (closed squares), 0.1 uM LepA wt and 0.5 mM GTP (closed
triangles), 0.1 uM LepA wt and 0.5 mM GDP (open triangles), 0.1 uM LepA wt and 0.5mM
GDPNP (closed circle) (b) [*H]fMet[**C]Val-tRNA"" A-site occupied pre-translocation complex in
TAKM; supplemented with 0.6 mM spermine buffer (open circles) in the presence of 0.1 uM EF-
G and 0.5 mM GTP (closed squares), 0.1 uM LepA wt (closed triangles), 0.1 uM LepA wt and 0.5

mM GDP (open triangles), 0.1 uM LepA wt and 0.5mM GDPNP (closed circle).
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The CTD of LepA is unique and its function is unknown (79). To analyze its role during catalysis
of retro-translocation, rates of retro-translocation of post-translocation complexes in the
presence of CTD truncation mutants LepA (AA494, AG555) bound to GDPNP (Figure 3.12) were
measured and compared to wild type LepA*GDPNP. For both the [*H]fMet[**C]Phe-tRNA"™ and
the [3H]fMet[l4C]VaI-tRNAVal P-site occupied post-translocation ribosomal complexes, no
catalysis of retro-translocation was observed in the presence of the LepA CTD truncation

mutants and GDPNP (Table 3.9, Figure 3.12).
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Figure 3.12: Retro-translocation in the presence of LepA mutants. Retro-translocation of (a)
[*H]fMet[*C]Phe-tRNA™ P-site occupied 70S complex in TAKM, and 0.6 mM spermine buffer (b)
[*H]fMet[**C]Val-tRNA"* P-site occupied 70S complex in TAKM; and 0.6 mM spermine buffer in
the presence of 0.5 mM GDPNP, 0.15 pM tRNA™® (open circles), 0.5 mM GDPNP, 0.15 pM
tRNA™® and 2 uM LepA (closed circles), 0.5 mM GDPNP, 0.15 uM tRNA™®" and 2 pM LepA
AA494 (closed triangle), 0.5 mM GDPNP, 0.15 uM tRNA™®" and 2 pM LepA AG555 (open
triangle), 0.5 mM GDPNP, 0.15 uM tRNA™®" and 2 uM LepA H81A (open square).

3.3.4 Ribosomal subunit dissociation - The structural similarity between LepA and EF-G are a

strong indication that both proteins may share similar functions. EF-G not only catalyzes forward
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translocation, but also participates in ribosome recycling (80). The ability of LepA to catalyze
forward translocation as well as its similarity in structure to EF-G, suggest a role of LepA in
ribosome recycling. LepAs ability to promote 70S dissociation of a pre-termination complex into
the respective 30S and 50S subunits was observed using light scattering (see experimental
procedure 3.2.9). In the presence of RRF, IF3 and EF-G, the rate of ribosomal subunit
dissociation was determined to be 0.608 + 0.037s" (Figure 3.13). However, no subunit

dissociation could be observed in the presence of LepA under these conditions.

Light Scattering (a.u.)

01 1 10 100

Time (sec)

Figure 3.13: 70S dissociation measured by light scattering. The dissociation of the 70S ribosome
into the 30S and 50S ribosomal subunits was measured using light scattering over time. 2 uM
70S pre-termination complexes were rapidly mixed with 10 uM RRF, 4 uM IF3, 1 mM GTP and 4
UM EF-G (black), 10 uM RRF and 4 uM IF3 (red), 10 uM RRF, 4 uM IF3 and 4 uM LepA (blue),
TAKM; (grey).

3.4 Discussion and future directions

The present results show that LepAs GTPase activity is stimulated by the ribosome to an extent
that is comparable to EF-G, which is consistent with previous studies of the GTPase activity of

LepA (79). Also, LepA binds guanine nucleotides with a weak affinity (Kp of approximately 50
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MM), also comparable to EF-G. Furthermore, the LepA*GDPNP complex is able to catalyze retro-
translocation in two different post-translocation ribosomal complexes ([3H]fMet[14C]VaI-tRNAval
P-site occupied and [3H]fMet[14C]Phe—tRNAPhe P-site occupied). Catalysis, however, only occurs in
the presence of LepA*GDPNP, deacyl-tRNA and spermine to stabilize deacyl-tRNA. This is
surprising since deacyl-tRNA is only abundant in the cells when the cell is starved for amino
acids (130). Therefore it is intriguing to speculate that catalysis of retro-translocation with LepA

may only occur under stress conditions in vivo.

Due to misleading figures and legends in the previous literature (79), it is unclear whether
GDPNP or GTP was used in those studies. GDPNP is a non-hydrolysable form of GTP, which locks
LepAeGDPNP in its GTP conformation, suggesting that this is the conformation that promotes
retro-translocation. Interestingly, retro-translocation was inhibited when LepA was in complex
with GTP and forward translocation was promoted for the [3H]fMet[14C]Phe-tRNAPhe complex.
GTP hydrolysis is required for the rapid turnover of forward translocation seen in the presence
of EF-G (78). Also, domain IV of EF-G has previously been shown to be important for coupling
GTP hydrolysis with forward translocation (75). Furthermore, it has been shown in previous

studies that in the absence of EF-G and in the presence of deacyl-tRNA™®"

spontaneous retro-
translocation of [*H]fMet[*C]Val-tRNAY® and [*H]fMet[**C]Phe-tRNA™™ P-site occupied
ribosomal complex will occur in the majority and 75% of complexes respectively (109). Since
LepA bound to GDPNP resembles its GTP bound form, this state may promote an open
conformation of the ribosome, which leads to the formation of a thermodynamically stable
state of tRNA within the ribosome, i.e. the pre-translocation state under our experimental

conditions. In the case of EF-G, following unlocking of the ribosome and forward translocation,

domain IV of EF-G prevents retro-translocation by inserting itself into the A-site of the ribosome
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(120). LepA lacks a homologous domain to the full length of EF-G’s domain IV, which may
explain why retro-translocation takes place in the presence of LepA and why forward
translocation in the presence of LepA*GTP is limited. However, the mechanistic details of retro-
translocation are still unknown and a highly purified E. coli based in vitro translation system will
be used in the future to further analyze retro-translocation. Pre-steady state kinetics will be

performed along the lines of those previously used to analyze EF-G's function (120).

Role of Histidine 81 - Due to homology of LepA to EF-Tu (Figure 3.1), His 81 likely plays a
functional role similar to His 84 in EF-Tu (101). Substitution of His 81 in LepA resulted in
elimination of ribosome stimulated GTPase activity without effecting guanine nucleotide
binding. These observations suggest that His 81 of LepA is directly involved in GTP hydrolysis and
not in guanine nucleotide binding. The fact that LepA H81A does not catalyze retro-translocation
suggests two possible explanations. Either this mutant does not bind to the ribosome, or H81A
prevents necessary interactions between the ribosome and LepA for GTPase activation, which
may be needed to catalyze retro-translocation. Therefore, binding to the ribosome must be

assessed before any further conclusions can be made.

Phe A-site

Forward translocation stimulated by LepA*GTP is only seen for the fMetPhe-tRNA
occupied system. Furthermore, the only mechanism separating GDPNP and GTP is the fact that
GTP can be hydrolyzed. GTP hydrolysis catalyzed by EF-G on the ribosome greatly accelerates
the rate of ribosome rearrangement, leading to catalyzed translocation (75). LepA may function

in a similar manner and it would be interesting to see how forward translocation is affected by

the H81A LepA mutant.
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Role of the unique CTD of LepA — When parts of the CTD were removed, no stimulation of
GTPase activity was observed in the presence of the 70S ribosome. Proper folding of the
truncation mutations was verified as guanine nucleotides bound to the mutants with similar Ky's
as the wild type. The recent structure of LepA bound to the ribosome shows the CTD of LepA
contacting the 23S rRNA of the ribosome as well as the retro-translocated A-site tRNA (117).
Upon removal of the CTD, these interactions may be lost, leading to a reduced affinity of LepA
for the ribosome, explaining loss of GTPase activity and retro-translocation. Therefore, the
affinity of these mutants to the ribosome must be assessed. If the CTD does not affect LepA
binding to the ribosome, the CTD may be essential in downstream signalling for GTP hydrolysis
required for retro-translocation. However, details of the mechanism for retro-translocation
need to be determined before the role of the CTD in the signalling of GTP hydrolysis can be

analyzed.

Currently, the crystal structure of LepA (118) and the cryo-EM (117) of LepA on the ribosome
only resolve LepA residues up to 555, leaving 43 residues at the CTD of LepA which are

unresolved.

Potential role of LepA in 70S ribosome dissociation — The observation that forward translocation
occurs in the presence of LepA*GTP together with LepA’s structural similarity to EF-G indicate
that LepA may function in more than just retro-translocation. Light scattering results, targeting a
putative role of LepA in the dissociation of the 70S subunits into the 50S and 30S indicate that

LepA cannot substitute EF-G in catalyzing subunit dissociation.
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3.5 Conclusion

The eukaryotic elongation cycle closely resembles elongation in prokaryotes. However, it is
interesting that there is no homologous LepA protein in the eukaryotic cytosol, as LepA is
potentially involved in a process which occurs during elongation. It has previously been shown
that retro-translocation does not fix translation errors induced by antibiotics (79), but does
seem to improve the activity of proteins. Perhaps improper translocation occurred more often
in ancestral times, and as evolution proceeded the cell developed other regulatory methods to
improve translocation and eliminate the need for retro-translocation. Therefore, if an error
occurs during translocation, such as a shift of the reading frame, it may be more efficient for the
cell to reverse and try again than to start over. However, the mechanistic details of retro-
translocation and possible intermediates are still unknown and need to be analyzed before

retro-translocation can be understood.

The fact that LepA is not found in eukaryotes makes it a promising target for antibiotics. Due to
the structural similarity of LepA to EF-G, it is likely that LepA is a target for antibiotics which
target EF-G, such as fusidic acid. Fusidic acid inhibits the dissociation of EF-GeGDP from the
ribosome (131) and may also prevent LepA*GDP from dissociating from the ribosome. In turn

this may affect retro-translocation as well.
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T
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T
T
T
T
T
T
T
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ET/FKI
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SSRR--GLA--ELKDYDNLIEN

HAKN--GD--svAQsYOMITY
HAKN--GD--svAQsyOMILY
HAKN--GD--svAQsyOMILE
HAKN--GD--svAQsOMILY
HAKN--GD--svAQSyOMILY
HAKN--GD--svaAQsyOMILE
HAKN--GD--TVAQSYOMIY
HAKN--GD--TvAQSYOMILY
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KA————GMAKAR‘Y‘DIDAA
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SHIEY(STENRHYAHVDEPGHADYVKNM I [FGAA
SHIIEY[ETIENRHYAHVDEPGHADYVKNM I IGAA
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AHVEY = T=IRHYAHVDEPGHADYVKNM I [EGAA
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PESEEEEIERERG 1 T INTAHVEY (S TSIRHYAHVDEPGHADYVKNM IEGAA
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Ka AHVEY=SBINRHYAHVDEPGHADYVKNM I [EGAA
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EKARG 1 T 1IIAHVEY S TIESRHYAHVDEPGHADYVKNM IEGAA
PESEEEREKIERG I T 1INISHVEYS TINRHYAHVDEPGHADY VKNMV[IGAR
PEEEEERIEKISRG 1 T 1 NAHVEYS TRWRHYAHVDEPGHADY VKNMVIEGAA
= ———— [ RGITIN“SHVEYET‘NRHYAHVDCPGHADYVKNMVTG"
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RG 1 T INIAHVEY S TERWRHYAHVDEPGHADYVKNM I[EGAA

PERE ——EKﬁ

PEge ——EK‘RGITINSAHVEYSSDKRHYAHVDCPGHADYIKNMITG"

——EKARGITINSAHVEYSSDKRHYAHVDCPGHADYIKNMITG"
EKARGITIN AHVE YATONRHYAHVDEPGHADYVKNM I [EGAA
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sp|P52854] : KNIRII : 410
sp|P50062| : E[JLE-- : 394
sp|083217] : E[LL-- : 395
sp|Q9ZEU3| : E[[IE-- : 392
sp|Q25820] : ELKN-- : 410

Figure 1: Alignment of EF-Tu bacterial sequences. 151 bacterial EF-Tu sequences aligned using GeneDoc. Black shows 100% identity, grey shows
80-100% identity and white is less than 100% identity. Species number and name are in order as they appear above below.
P40174-Streptomyces coelicolor

Q53871- Streptomyces collinus.

P29542- Streptomyces ramocissimus

033594- Streptomyces aureofaciens

P95724- Streptomyces cinnamoneus

P29543 (EF-Tu 2)- Streptomyces ramocissimus
P72231-Planobispora rosea

Q6ACZ0- Leifsonia xyli

P09953- Micrococcus luteus

P42471- Brevibacterium linens

POA559- Mycobacterium bovis

POA558- Mycobacterium tuberculosis

P30768- Mycobacterium leprae

P42439- Corynebacterium glutamicum
P40175 (EF-Tu 3)- Streptomyces coelicolor
P29544 (EF-Tu 3) - Streptomyces ramocissimus
066429- Aquifex aeolicus

050293- Aquifex pyrophilus

050340- Fervidobacterium islandicum
P13537- Thermotoga maritime

P42472- Chloroflexus aurantiacus
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P42477- Herpetosiphon aurantiacus

Q9PK73- Chlamydia muridarum

P26622 - Chlamydia trachomatis

Q9Z9A7- Chlamydia pneumonia

Q82214- Chlamydophila caviae

P64031- Streptococcus pneumonia

P33170- Streptococcus oralis

Q8K872- Streptococcus pyogenes serotype M3
Q5XDA49- Streptococcus pyogenes serotype M6
P69952 - Streptococcus pyogenes serotype M1
Q8P1W4- Streptococcus pyogenes serotype M18
P72483- Streptococcus mutans

QOCEIO- Lactococcus lactis subsp. Lactis
Q88VEO- Lactobacillus plantarum

Q8KAHO- Chlorobium tepidum

P42473- Chlorobium vibrioforme

Q88QP8- Pseudomonas putida

Q889X3- Pseudomonas syringae

P09591- Pseudomonas aeruginosa

Q8PC59 - Xanthomonas campestris

Q8NL22- Xanthomonas axonopodis

Q9P9Q9- Xylella fastidiosa

Q8XGZO0- Ralstonia solanacearum

P42481- Thiobacillus cuprinus

P33167- Burkholderia cepacia

P64026- Neisseria meningitidis serogroup A
P64027- Neisseria meningitidis serogroup B

P48864- Neisseria gonorrhoeae
POA6N3- Escherichia coli 0157:H7
POA6N2 - Escherichia coli 06
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POA6N1- Escherichia coli

POA1H6- Salmonella typhi

POA1H5- Salmonella typhimurium

Q83JC4 - Shigella flexneri

Q8ZJB2- Yersinia pestis

P57939 (EF-Tu A)- Pasteurella multocida

P57966 (EF-Tu-B) - Pasteurella multocida

P43926- Haemophilus influenzae

Q7TTF9- Haemophilus ducreyi

031297- Buchnera aphidicola subsp. Acyrthosiphon pisum
031298- Buchnera aphidicola subsp. Schizaphis graminum
031300- Buchnera aphidicola subsp. Melaphis rhois
031301- Buchnera aphidicola subsp. Schlechtendalia chinensis
P59506- Buchnera aphidicola subsp. Baizongia pistaciae
Q8D240 - Wigglesworthia glossinidia brevipalpis

Q8DCQ7- Vibrio vulnificus

Q7MH43- Vibrio vulnificus (strain YJ016)

Q877T5- Vibrio parahaemolyticus

Q9KUZ6- Vibrio cholera

P33169 - Shewanella putrefaciens

Q9XD38- Leptospira interrogans

Q8UE16- Agrobacterium tumefaciens(strain C58 / ATCC 33970)
P75022- Agrobacterium tumefaciens

Q925Y6- Rhizobium meliloti

Q981F7- Rhizobium loti

P64024- Brucella melitensis

P64025- Brucella suis

Q99QMO - Caulobacter crescentus

POA3A9- Rickettsia rickettsii

POA3BO- Rickettsia sibirica

Q92GW - Rickettsia conorii
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Q8KTAL1- Rickettsia montana

Q8KTAG6 - Rickettsia parkeri

Q8KT97- Rickettsia felis

Q8KT99 - Rickettsia helvetica

Q8KTA3- Rickettsia rhipicephali

P48865- Rickettsia prowazekii

Q8KT95 - Rickettsia typhi

P42479- Stigmatella aurantiaca

069303- Campylobacter jejuni

P56003- Helicobacter pylori

P42482- Wolinella succinogenes

Q8R603- Fusobacterium nucleatum

P33166- Bacillus subtilis

Q979L6- Bacillus halodurans

Q8ETY4- Oceanobacillus iheyensis

P64028- Staphylococcus aureus (strain Mu50 / ATCC 700699)
Q5HIC7- Staphylococcus aureus (strain COL)
P99152 - Staphylococcus aureus (strain N315)
Q6GIJCO- Staphylococcus aureus (strain MRSA252)
Q6GBT9- Staphylococcus aureus (strain MSSA476)
P64029- Staphylococcus aureus (strain MW?2)
Q5HRK4- Staphylococcus epidermidis (strain ATCC 35984 / RP62A)
Q8CQ81- Staphylococcus epidermidis (strain ATCC 12228)
Q81VT2- Bacillus anthracis

Q814C4- Bacillus cereus

Q8Y422- Listeria monocytogenes

Q92716- Listeria innocua

050306- Bacillus stearothermophilus

Q877L9- Clostridium tetani

Q97EHS5- Clostridium acetobutylicum

Q8XFP8- Clostridium perfringens
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Q8R7V2- Thermoanaerobacter tengcongensis
Q5SHN6- Thermus thermophilus (strain HB8 / ATCC 27634 / DSM 579)
P60338- Thermus thermophilus
Q01698- Thermus aquaticus
Q9R342- Deinococcus radiodurans
P33168- Deinonema sp
P26184- Flexistipes sinusarabici
Q8YP63- Anabaena sp
P50064- Gloeobacter violaceus
P18668- Synechococcus sp (strain ATCC 27144 / PCC 6301 / SAUG 1402/1)
P33171- Synechococcus sp (strain PCC 7942)
P13552- Spirulina platensis
Q9TJQ8- Prototheca wickerhamii
P42474- Cytophaga lytica
P42480- Taxeobacter ocellatus
P33165- Bacteroides fragilis
P42475- Fibrobacter succinogenes
P42476- Flavobacterium ferrugineum
P13927- Mycoplasma genitalium
P23568 - Mycoplasma pneumonia
P18906- Mycoplasma gallisepticum
Q8EX18 - Mycoplasma penetrans
P50068- Ureaplasma parvum
P22679- Mycoplasma hominis
Q98QG1 - Mycoplasma pulmonis
Q7UMZ0- Rhodopirellula baltica
P52854- Treponema hyodysenteriae
P50062 - Borrelia burgdorferi
083217- Treponema pallidum
Q9ZEU3- Apple proliferation phytoplasma
Q25820- Plasmodium falciparum
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