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Abstract

Translation termination occurs when one of three stop-codons (UAA, UGA,
or UAG) in mRNA reaches the ribosomal A site. In eukaryotes, class-I
release factor (eRF1) directly recognizes all three stop-codons in the A site
on the small ribosomal subunit and stimulates peptide release. N-domain of
eRF1 plays an important role in the stop-codon recognition; however, the
precise mechanism of stop-codon discrimination by eRF1 remains obscure,
hindering drug development targeting aberrations at translation termination.
Through comparison of the solution structure of Q**?FM(Y)F*?*® mutant, the
Y125F mutant of eRF1 N-domain and the wild type eRF1 N-domain which
are determined, we built the correlation between the structure and the
stop-codon recognition and found that the conserved GTS loop adopts
alternate conformations. We propose that structural variability in the GTS
loop may underline the switching between omnipotency and unipotency of
eRF1, implying the direct access of the GTS loop to the stop-codon. Also,

we proposed a model of eRF1 bound to the A site of eukaryotic ribosome.

Xii



Chapter I Introduction

Structural biology of translation termination

in prokaryotes and eukaryotes



1.1 Termination of translation of messenger RNA by the Ribosome
1.1.1 Protein synthesis

Protein biosynthesis is a multi-step process which starts with amino acid
synthesis and transcription of DNA into messenger RNA, which in turn is
decoded by the ribosome to produce a polypeptide capable spontaneously
or in assisted manner to fold into an active protein. The cell's cytoplasm of
bacteria is the place where small and large ribosomal subunits are located
and mRNA is translated while in eukaryotes translation occurs across the
membrane of the endoplasmic reticulum. The ribosome decodes mRNA
triplet codons by facilitating binding of charged transfer RNA with
complementary anticodon sequences to that of the mRNA via canonical
Watson-Crick base pairing resulting into a codon-anticodon mini helix as it
was evinced in the X-Ray structure of T.Thermophilus pre-translocation
complex containing three molecules of tRNA, one mRNA and a
paromomycin molecule in the A-site of ribosome. Crystal structures of the
30S ribosomal subunit in complex with messenger RNA and cognate
transfer RNA in the A site, both in the presence and absence of the antibiotic
paromomycin, have been solved at 3.3 Angstrom resolution by V.
Ramakrishnan group in 2000 (1). However, the structure of the translation
termination complex is still not available at present, so it is quite useful to

solve the NMR structure of the N-domain of eRF1.



tRNA FMET

tRNA PHE

tRNA PHE

Figure 1.1: Canonical Watson-Crick base pairing between codons and
anticodons at the A and P sites of the pre-translocation ribosomal complex
(PDB codellBL) (1). mRNA fragment is shown by the sticks representation;
cognate tRNAs are yellow, magenta and brown, respectively; anticodon
stem-loop bound at the A site.



1.1.2 Translation termination

The final step in protein synthesis is the hydrolysis of the ester bond of the
peptidyl tRNA and release of the nascent polypeptide. This occurs when
one of three translation termination codons (UAA, UGA, or UAG) in mRNA
is found in the ribosomal A site (2, 3). The stop-codons are nucleotide
triplets within messenger RNA that signals termination of translation. In the
standard genetic code in RNA these stop-codons are designated as UAG
("amber"), UAA ("ochre”) and UGA ("opal”). They occur at different
frequencies in genomes of different organisms. Hydrolysis of the
peptidyl-tRNA ester bond in the peptidyltransferase center in the large
ribosomal subunit depends on these stop-codons and protein release
factors which recognize stop-codons by structurally different mechanisms
than tRNA base pairing. Release factors are markedly different and not
closely homologous between prokaryotes and eukaryotes (4-7). In
prokaryotes the two kinds of class-l release factors possess different
decoding capability: RF1 recognizes exclusively UAA ("ochre") and UAG
("amber") as stop-codons, while RF2 terminates translation at UAA ("ochre")
and UGA ("opal") (4-6). In contrast, eukaryotic eRF1 is unrelated in primary
structure to the prokaryotic proteins (7) and recognizes all three
stop-codons (8-10). Class-II release factors (RF3 in prokaryotes; eRF3 in

eukaryotes) bind GTP or GDP and stimulate class-I RF activity (11, 12).



Figure 1.2: Structure of T.Thermophilus translation termination complex with
RF1. (A) Structure of T.Thermophilus translation termination complex (PDB
code 3D5C) (13) with RF1 protein in the A-site of ribosome. The location of
the peptidyltransferase center in the large subunit 70S is highlighted by blue
spheres indicating GGQ motif at the top of RF1 protein (shown by the ribbon
representation and colored using rainbow color scheme). mRNA is grey,
tRNAs are yellow and magenta. (B) The same figure as above but all
ribosomal proteins and rRNA are removed from the view. Domains of RF1
are numbered.



1.1.3 Laying down structural foundations of ribosomal research

Ribosome’s function is to assemble the 20 specific amino acid molecules
to synthesize the particular protein molecule determined by mMRNA
sequence in cells. Ribosomes consist of RNAs and proteins called
ribonucleoproteins and are divided into two subunits. The larger subunit
binds to the tRNA and the amino acids while the smaller subunit binds to the
MRNA. Ribosomes from bacteria and eukaryotes have different structures
and RNA sequences. Prokaryotes have 70S ribosomes containing a small
(30S) and a large (50S) subunit. Their small subunit has a 16S RNA subunit
and 21 proteins. The large subunit contains a 5S RNA subunit, a 23S RNA
subunit and 31 proteins. Differently, eukaryotes have 80S ribosomes
containing a small (40S) and large (60S) subunit. Their 40S subunit has an
18S RNA (1900 nucleotides) and 33 proteins. The large subunit is
composed of 5S RNA, 28S RNA, 5.8S RNA subunits and ~49 proteins.

The crystal structures of the 50S subunit from the archaeon Haloarcula
marismortui (14) and the 30S subunit from Thermus thermophilus (1, 15)
were published. Thus in 2009 the Nobel Prize in Chemistry was awarded to
Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E. Yonath for
ribosomal structural studies. They independently solved high resolution 3D
structures using X-Ray analysis revealing how different antibiotics attack

bacterial ribosomes, thus laying down structural mechanisms of the



ribosome functions. Some antibiotics inhibit the monitoring mechanism of
the molecular ruler; some hinder the formation of the connection between
amino acids; others block the tunnel through which the nascent peptide
chain leaves the ribosome. The discovery of the exact mechanism by which
antibiotics bind to the ribosome stimulated scientists to develop new and
more efficient drugs which are expected to save more human lives in the

future.

1.2 Prokaryotic class-I release factor

In bacteriaRF1 and RF2 share high sequence similarity with RF1
recognizing UAA ("ochre") and UAG ("amber"), while RF2 recognizing UAA
("ochre™) and UGA ("opal"), respectively. As two crystal structures were
published: the crystal structure of EF-G:GDP (16) and the ternary complex
EF-Tu:GTP:aa-tRNA (17), it was proposed that class-I RFs are an example
of macromolecular mimicry (18). Later the crystal structure of Ribosome
recycling factor (RRF) (19) showed RRF had high mimicry with tRNA as well.
We can make a hypothesis that this mimicry might have evolved due to the
specific structural constraints imposed by the extended ribosomal scaffold
and not due to interactions with molecules outside the ribosome.

In class-lI RFs, a tripeptide motif (PXT in RF1 and SPF in RF2) (20)

confers stop-codon specificity. Recent crystal structures of the four



functional ribosome complexes (13, 21-23) which contain the class-I RFs
and the three stop-codons have uncovered the molecular mechanisms by
which RF1 and RF2 recognize UAA, UAG and UAA, UGA respectively. The
fidelity of stop-codon recognition by RFs has been estimated to be 1 x 107
to 1 x 107° (24, 25). Although the correct discrimination of the cognate
versus near-cognate tRNAs in A-site involves a subtle kinetic proofreading
mechanism including Mg?* ions and a number of ribosomal proteins (15),
accurate recognition of stop-codons achieved by RFs is apparently without
the help of a proofreading mechanism and is essential to prevent premature
termination.
1.2.1 Conformation of class-l release factor upon recognizing
stop-codon

The recent crystal structures suggest that class-I release factors bind to
the A site on the 70S ribosome (13, 21-23). Compared the overall
conformation of the ribosome in translation termination complexes with that
of a 70S complex in which the A site is vacant (26), no large-scale
conformational changes on the ribosome were induced by the binding of
class-lI release factors. As the 70S structures bound with RF1 in the
presence and in the absence of E-site tRNA (13, 23) are similar, occupancy
of the ribosomal E site does not affect the hydrolysis of peptidyl-tRNA

mediated by release factors. The RF1- and RF2-bound termination



complexes (Figure 1.2) have similar structures, but quite different from
those of the isolated class-I release factors. Class-| release factors have
four domains (Figure 1.2B). Domain 1 (residues 1-116) is bound in the
vicinity of the ribosomal GTPase-associated center. In the RF1-bound
structures domain | does not interact with L11 stalk (13, 23); however, in the
RF2-bound structures of the 70S termination complexes (21, 27), domain 1
interacts with the L11 stalk. Domains 2 and 4 are closely connected and
form a compact superdomain (Figure 1.2) by multiple polar and nonpolar
interactions. They have the functionally important PxT motif and SPF motif
involved in stop-codon recognition. Domain 3 extends between the 30S and
50S ribosomal subunit; helix a7 of domain 3 (Figure 1.3) bridges the
decoding head of the release factor with the universally conserved GGQ
motif which is exposed in the loop on this face.

Upon binding to 70S ribosome, the switch loop’s confirmation is changed.
Thus, the rearrangement of the switch loop results in reorientation and

extension of a7.
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Figure 1.3: Comparison of structures of isolated RF2 and RF2 in translation
termination complex. (A) Crystal structure of isolated RF2 (PDB code 1GQE)
(28). RF2 is shown in ribbon representation. Switch loop is highlighted in
magenta. (B) Crystal structure of RF2 in translation termination complex
(PDB code 2WH1) (21). The ribosome and tRNA are not shown; RF2 is
shown in ribbon representation; switch loop is magenta the mRNA is brown;
the stop-codon is shown in the sticks representation.
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1.2.2 Specificity at the first position of the stop-codon

Cytidine (C), uridine (U), adenosine (A) and guanosine (G) are the four
possible nucleotides in mMRNA, but only uridine, adenosine and guanosine
are used in stop-codons (UAA, UAG, UGA). U is found only in the first
position, whereas A and G can be either in the second or in the third
position of the stop-codon. Thus the nucleotides of a stop-codon will be
referred to as U1, A2 or G2, and A3, or G3. In the 70S-RF1 UAA complex,
UAA is bound in a pocket formed by conserved elements of 16S rRNA and
domain 2 of RF1, which contains the proposed PxT tripeptide anticodon
motif. The specific recognition of the stop-codons relies on specific
hydrogen bond patterns between N-terminal tips of helix a5 and Ul of
stop-codons (Figure 1.4 & Figure 1.5). At the tip of helixa5 of RF1 two
glycines (G116 of RF1 and G138 of RF2) pack against U1 of the stop-codon
and thus discriminate sterically against the larger A and G. Three H-bonds
formed between Ul and RF1: 4-keto moiety of Ul formed H-bonds with the
backbone of E119 and the hydroxyl moiety of T186 (PxT motif in RF1);
3-amino moiety of U1 formed H-bond with backbone of G116 (Figure 1.4).
Thus, a small nucleotide pocket and a precise H-bond pattern select for the
canonical U in the first position of all three stop-codons (UAA, UAG and
UGA). These H-bonds can explain why discrimination is strongest for the
first base of the stop-codon (24). Similarly, RF2 utilizes H-bonds to specify

11



the selection of U in the first position: 4-keto moiety of U1 formed H-bond
with the backbone of E119; 3-amino moiety of Ul formed H-bond with
backbone of G116 (Figure 1.5). However, as the SPF serine residue is
oriented towards the second base, there is no H-bond between 4-keto

moiety of U1 and any of the SPF residues in RF2.

1.2.3 Selectivity at the second position of the stop-codon

The specificity of class-I release factors for the second nucleotide was
defined by conserved amino acids of the PxT and SPF motifs of RF1 and
RF2, respectively. In RF1, release factor specificity relies on the side chains
of T186 of the PxT motif. In the 70S—-RF1 UAA complex, A2 is sandwiched
between Ul and H193 (Figure 1.4), and packs against the side chains of
P184 (PxT motif) and E119. Not only is an H-bond formed between hydroxyl
group of T186 and the 4-keto moiety of U1, but also one H-bond is formed
between hydroxyl group of T186 and 6-amino group of A2. Thus, the PxT
motif of RF1 interacts with the first two stop-codon bases. These H-bonds
define the specificity of RF1 for A2 at the second position.

Unlike RF1, RF2 specificity relies on the side chain of S206 of the SPF
motif. The side chain of S206 of RF2 formed H-bond with the Watson-Crick
face of either A or G at the second position of a stop-codon (Figure 1.5).
S206 of RF2 adapts equally well with a 180° rotation of the side chain to

12



either the 6-amino moiety and the N1 atom of an A, or the 1-amino group of
a G in this position (21, 23, 27). Therefore, this makes the versatility of RF2
to recognize either A or G in the second position (UAA and UGA).

However, it seems that T186 of the PXT motif and S206 of the SPF motif
solely cannot determine the release factors specificity toward the second
nucleotide. Substituting the PxT motif of RF1 with the SPF motif of RF2have
structural clashes with the rest of the protein, thus it fails to modify RF1
specificity but instead renders RF1 inactive with any of the stop-codons (29).
In contrast, substitution of the whole 13-residue recognition loop of RF1 with
that from RF2 rendered RF1 active in response to either A or G the second
position of a stop-codon. Therefore not only the PxT and SPF motifs but
also other elements of the recognition loop define stop-codon specificity in
this region.

Table 1.1: H-bond list of stop-codon and RF1/2

RF1 | 4-keto moiety of U1 formed H-bonds with the backbone of E119 and
the hydroxyl moiety of T186

3-amino moiety of U1 formed H-bond with backbone of G116
6-amino group of A2 formed H-bonds with hydroxyl group of T186

N7 of the purine ring of A3 or G3 formed H-bond with side-chain
hydroxyl group of T194

N6-amino group of A3 or the O6-keto group of G3 formed H-bond
with side-chain amide group of the Q181

RF2 | 4-keto moiety of Ul formed H-bond with the backbone of E119
3-amino moiety of U1 formed H-bond with backbone of G11

A2 or G2 formed H-bonds with the side chain of S206

N6 amino group of A3 formed H-bond with side-chain hydroxyl group
of T216

13



Figure 1.4: Specificity of RF1 with the first, second, third positions of the
stop-codon. (A) Recognition of the stop-codon UAA by RF1 (PDB code
3D5C) (13). mRNA is orange; the stop-codon is shown by the sticks
representation; RF1 is shown by the ribbon representation; H-bonds are
shown by dashed lines. (B) Recognition of the stop-codon UAG by RF1
(PDB code 3MR8) (23). mRNA is orange; the stop-codon is shown in the
sticks representation; RF1is shown by the ribbon representation; H-bonds
were shown by dashed lines.

14



Figure 1.5: Specificity of RF2 with the first, second, third positions of the
stop-codon. (A) Recognition of the stop-codon UAA by RF2 (PDB code
3F1G) (27). mRNA is orange; the stop-codon is shown by the sticks
representation; RF2 is shown by the ribbon representation; H-bonds are
shown by dashed lines. (B) Recognition of the stop-codon UGA by RF2
(PDB code 2WH1) (21). mRNA is orange; the stop-codon is shown by the
sticks representation; RF2 is shown by the ribbon representation; H-bonds
are shown by dashed lines.

15



1.2.4 Conformational changes and specific interaction at the 3™
position of the stop-codon

The N- and C-terminal ends of the recognition loop define the specificity
for the third nucleotide located in the G530 pocket. A conserved histidine
(H193 in RF1; H215 in RF2) stacks to the second base (Figure 1.4 & Figure
1.5) and makes a loop just after the PxT or SPF motif of RF1 or RF2. The
side chain of the histidine inserts into between positions 2 and 3 and the
third nucleotide of the stop-codon flips to another direction, thus the
recognition of the third nucleotide by both RF1 and RF2 occur separately
from the first two nucleotides. Mutation of this conserved histidine could
affect the conformational change of complex and peptidyl-tRNA hydrolysis
(30). A3 (or G3 in UAG) then stacks on G530 of 16S rRNA. The side-chain
hydroxyl group of the universally conserved threonine (T194 in RF1 and
T216 in RF2) forms H-bonds with N7 of the purine ring of A3 or G3 and N6
amino group of A3 (Figure 1.4 & Figure 1.5). At the N-terminal end of the
recognition loop another conserved residue Q181 forms H-bonds with the
6-position of the third codon base. Comparing the two structures of RF1
bound to 70S ribosome (13, 23), it is revealed that RF1 can form an H-bond
with the N6-amino group of adenine or the O6-keto group of guanine by
rotating the side-chain amide group of the Q181, thus explaining how RF1
recognizes either A or G in the third position (Figure 1.4).

16



In RF2, which specifically recognizes A3, no residue equivalent to Q181 is
found, instead a hydrophobic residue (V203 in T. thermophilus RF2) is in the
place of Q181 (Figure 1.5). The position of the hydrophobic side chain
would prevent H-bonding of the O6 of G2to water. As a result of a
free-energy penalty due to desolvation of guanine whose dipole moment is
significantly larger than that of adenine (31), discrimination against guanine
in the third position could be achieved (27).

The crystal structures reveal that the tripeptides PxT and SPF are only
partially responsible for specific codon recognition. Similarly in RF1 and
RF2 the proline residue of the motifs primarily serves to create the proper
conformation of the peptide loop despite significant differences in the amino
acid sequence. Some other residues like the hydrophobic residues of the
motifs (Ala, Val or Phe) which are involved in non-specific van der Waals
contacts are also likely involved in conferring specificity. In another study,
the two bases following the stop-codon which interact with RF1 and RF2

also influence the efficiency of translational termination(32).

1.2.5 Hydrolysis of the pepetidyl-tRNA bond in the PTC

The peptidyl-tRNA is protected from hydrolysis in a compact pocket of the
peptidyltransferase center in protein synthesis (33). When RF1 or RF2
recognizes a stop-codon, the ester bond connecting the peptidyl moiety with
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the terminal nucleotide A76 of peptidyl-tRNA is hydrolyzed. The universally
conserved GGQ motif of class-I RFs is located in domain 3 following a short
helical segment, and is involved in the catalysis of the hydrolysis reaction
(34-36). The recent crystal structures (13, 21-23, 27) suggest the possible
mechanism of peptidyl-tRNA ester bond hydrolysis.

The two glycines of the motif make a distinct backbone conformation
which stacks the motif into the PTC next to A76 of tRNA. Mutation study
shows that substitution of either glycine would move the peptide backbone
away from the rRNA as a result of collisions of the Ala methyl group with
G2583 and U2506 (36).

The side chain of GIn230points away from the scissile ester bond, in a
pocket formed by PTC residues A2451, C2452, U2506 (23S rRNA) and
their base moiety of A76. It is consistent with the mutational studies that
substitution of the side chain glutamine has only a modest effect on
catalysis (35, 37-39), whereas substitutions of the glycines have a more
drastic effect (35, 38, 40). Possibly, the GIn230 side chain make
contribution indirectly to catalysis through the coordination of a water
molecule that can nucleophilically attack the peptidyl-tRNA carbonyl group
(35), which is consistent with molecular dynamics simulations (41). As
U2585 moves away from the peptidyl-tRNA bond in the presence of RF1,
RF2 or a tRNA in the A site, the water molecule might gain access to the
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active site thus deprotecting the carbonyl group for a nucleophilic
substitution. Based on mutational data, A2602 is proposed to participate in
catalysis (42). And A2602 is stacked in a cavity of the RFs, positioning the
GGQ loop within a functional conformation into the PTC (21). The
post-translational N-methylation of the GIn230 side chain increases
termination efficiency (39), probably because the additional methyl group
can fill the hydrophobic portion of the glutamine binding site (41).

Unlike the side chain of glutamine, the main chain amide group forms an
H-bond with the 3’-hydroxyl group of A76 of the P-site tRNA, which is the
leaving group of the hydrolysis reaction. This interaction is likely to stabilize
the transition-state tetrahedral intermediate and the deacylated tRNA
product. Mutation studies also reveal that replacing the conserved
glutamine of with proline abolishes the affect catalytic activity. Possibly this
mutation changed the backbone conformation and lost the H-bonding
capability with the main chain amide group (27). The 2’-hydroxyl group of
A76 of peptidyl-tRNA was suggested to be crucial for the peptidyl-tRNA
hydrolysis reaction (43, 44). In another study, the complex structure which
contains a substrate analogue Phe-NH-tRNAP"™ reveals that the water
molecule possibly is coordinated by the critical 2’-hydroxyl group of A76 of
the tRNA, A2451 of 23S rRNA, the main chain of the conserved glutamine
(22). Taken together, both the main chain, and to some extent, the side
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chain amide group of GIn230 are involved in the hydrolysis mechanism, but

they are involved indifferent parts of the process.

1.2.6 Cooperativity between stop-codon recognition and peptidyl-tRNA
hydrolysis

One crucial question is how the hydrolysis of peptidyl-tRNAin PTC is
strictly coordinated with stop-codon recognition in the decoding site?
Compared with the crystal structures of the isolated RFs (28, 45), the switch
loop connecting domains 3 and 4 has a structural change which adopts a
helical structure that extends helixa7 when bound to the ribosome (Figure
1.3). The SAXS structures show that class-| release factor has “compact”
and “open” conformations in solution, which possibly correspond to those
adopted upon crystallization in the free and ribosome-bound states,
respectively (46, 47). The conformational change induces the docking of the
GGQ motif into the PTC. The switch loop interacts with A1492, A1493 of
helix 44 of 16S rRNA and A1913 of helix 69 of 23S rRNA and is positioned
near ribosomal protein S12. Thus the switch loop possibly plays an
important role in coordinating peptidyl-tRNA cleavage with stop-codon
recognition.

Recent studies reveal that the switch loop and the connecting helix a7
play an important role in the cooperative coordination of stop-codon
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recognition and peptidyl-tRNA hydrolysis. By using hydroxyl-radical probing,
it is revealed that there are codon-dependent interactions between the
switch loop and the ribosome (48). Mutational study shows that the
interaction between the switch loop of RF1 and helix69 of 23S rRNA is
involved in positioning the GGQ-bearing domain 3 in the active center, but
are not directly involved in stop-codon recognition or peptidyl-tRNA
hydrolysis (23). Kinetic assay shows that RF1 associates with ribosome in a
similar association rate no matter a stop-codon or sense codon is present in
the A site. However, dissociation of RF1 from stop-codons is as much as
three orders of magnitude slower than from sense codons. These dramatic
differences suggest that upon stop-codon recognition, class-I release factor
undergoes conformation rearrangements resulting in an increased affinity of

RF binding to the ribosome (49).

1.2.7 Prokaryotic class-Il release factor (RF3)

RF3 is involved in the dissociation of the class-I RFs (50-52), whereas
RRF and EF-G are involved in the dissociation and recycling of the
ribosomal subunits. However, in vitro RF3 are not required in vitro for the
peptide release reaction itself (10, 11, 53).

RF3 is a ribosomal GTPase, and binds to the 70S ribosome in complex
with RF1 or RF2 in the GDP-state. GTP binds to RF3 and induces an RF3
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conformation with high affinity for ribosome, thus leading to rapid
dissociation of class-l release factor (54). Recently, there is no
high-resolution structure of 70S—RF3 complex, but two cryo-EM structures
of the E. coli ribosomal complex with RF3 (55, 56) could provide some initial
insights. By cryo-electron microscopy it is revealed that the 70S—-RF3
complex can adopt two different conformational states. In one state, RF3 is
pre-bound to the ribosome, whereas in the other state RF3 contacts the
ribosome GTPase center. Simultaneously, RF3 is changed from open
conformation to a closed conformation, corresponding to rotational
movement between the ribosomal subunits. And the tRNA molecule moves
from the P site to the E site. Upon GDP-GTP exchange a hinge movement
of RF3 of its GTPase domain could induce the release of the RF1/RF2.In
the 30S subunit, RF3 binds to the region of helix 5 of 16S rRNA and
ribosomal protein S12, which is a conserved binding site for several protein
factors (57, 58). In the 50S subunit, as expected, the GTPase domain of

RF3 interacts with the a-sarcin-ricin loop and protein L6 (56).

1.3 Eukaryotic class-I release factor (eRF1)

Eukaryotic and archaeal class-I release factors, eRF1 and aRF1, are both
omnipotent and share high sequence similarity with each other but do not
possess any obvious sequence homology with their bacterial counterparts
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(50).

Structurally, Y-shaped eRF1 contains three distinct protein domains
(Figure 1.6) (7, 59, 60) which perform different functions. N-domain
recognizes the stop-codon at the decoding site of the 40S subunit.
M-domain triggers hydrolysis of the peptidyl-tRNA ester bond in the
peptidyltransferase center (PTC). M-domain contains a universally
conserved GGQ motif which is located at the tip of the M-domain of eRF1
and is essential for peptidyl-tRNA hydrolysis. C-domain forms a complex

interface with class-Il release factor eRF3 (61-64).

Figure 1.6: Crystal structure of eRF1 (PDB code 1DT9) (7). eRF1 is shown
in the ribbon representation. NIKS, YXCxxxF and GGQ motifs are labeled.
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1.3.1 Stop-codon recognition by eRF1

Despite availability of the crystal structure of isolated full-length eRF1 (7)
and eukaryotic ribosome (65, 66), the mechanism of stop-codon recognition
remains poorly understood. Over the last decade, various experimental
approaches led to different models.

Among these models, the TASNIKS (67, 68) and YXCxxxF motifs (69) in
N-domain of eRF1 were proposed to play a role in stop-codon recognition,
forming the so-called non-linear model. In particular, experiments on
photoactivatable cross-linking of a modified stop-codon to N-domain in a
pre-termination complex pinpointed the NIKS motif as being positioned in
proximity to the first U, and the YXCxxxF motif in proximity to the purines in
the second and third stop-codon positions (70, 71).

Another model, known as the cavity model, was proposed based on a set
of point mutations found to affect stop-codon readthrough in yeast. In this
model, individual nucleotides of the stop-codon are accommodated into
three defined cavities on the surface of N-domain (72, 73). Although both
the non-linear and cavity models share some residues implicated in
stop-codon recognition, they are not entirely compatible, thus requiring
further experiments to resolve.

The recent structures of eRF1 in complex with eRF3 (61) showed that an
ATP molecule as a crystallization additive is stacked in a pocket near the
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anticipated site of stop-codon recognition. The adenine base of ATP
interacts with some critical residues among whichE55, V71, Y125, and
C127 were shown to be codon-specific by mutational studies (69, 72, 74).
Thus it suggests that ATP binding to N-domain of eRF1 could mimic the
interaction between the base and eRF1 decoding site. Thus it provides

some insights to the mechanism of eRF1-stop-codon recognition.

1.3.2 Interaction between eRF1 andeRF3

The M-domain of eRF1 interacts with the peptidyltransferase center of the
ribosome to trigger peptidyl-tRNA hydrolysis. Regardless of their origin and
codon specificity, all class-I release factors share the universal conserved
GGQ motif (34), which is required to trigger peptidyl-tRNA hydrolysis in
eukaryotes. Mutations of either glycine residue in this motif were shown to
abolish the RF activity of eRF1 both in vivo (7, 38) and in vitro (34, 69). It
was proposed that GIn185 residue is in coordination with a water molecule
and can mediate a nucleophilic attack on the ester bond of the
peptidyl-tRNA in the P site. The C-domain of eRF1 has interaction with the
C-terminus of class-Il release factor eRF3 (75) and the binding of both
factors is essential for fast kinetics of the translation termination (76). eRF3
contains a GTP-binding domain and eRF1’s stimulation of eRF3’s
ribosome-dependent GTPase activity is codon independent(77). The
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C-domain of eRF1 is not sufficient for stimulation of eRF3’s GTP-binding
and hydrolysis activities, and the M-domain of eRF1 is also required for both
processes (78).

The exact mechanism by which eRF3 stimulates peptide release by eRF1
remains obscure. However, it is proposed that upon eRF3 binding, eRF1
undergoes a large conformational change to adopt a bent conformation
(Figure 1.7). It reduced the distance between the GGQ motif and the
decoding site to ~75 A, and induced eRF1 to resemble a tRNA molecule.
SAXS analysis showed that the eRF1-eRF3 complex adopts a conformation
similar to that of the EF-Tu—GTP—tRNA complex (17, 61), which would likely
result in increased affinity to the ribosome of eRF1lin the eRF1l/eRF3
complex compared with eRF1 alone.

Binding of the eRF1/eRF3/GTP complex to the ribosome would induce
large conformational changes in a reconstituted in vitro system (76), which
might be similar to that observed in the decoding center of the prokaryotic
ribosome induced by RF1/RF2 binding (13, 21, 27), and consequently
leading to optimal stop-codon recognition by eRF1. Upon GTP hydrolysis
promoted by eRFland the ribosome, the conformational changes in the
switch regions of eRF3 would change the orientation of the M-domain of
eRF1, thus GGQ motif is positioned optimally in the peptidyl-transferase
center for peptide release.
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eRF1 closed
' 4 AAA

Figure 1.7: (A) Crystal structure of the eRF1 and eRF3 complex (PDB code
3E1Y) (61). eRF1 and eRF3 are shown in ribbon representation; eRF1 is
colored with cyan; eRF3 is colored with green. (B) Comparison of the
confirmations of isolated eRF1 (PDB code 1DT9) (7) and eRF1 in the
complex with eRF3 (PDB code 3ELlY) (61). eRF1 is shown in ribbon
representation; NIKS, YXCxxxF, GTx and GGQ motifs are shown in sticks
representation; stop-codon (UAAA) are also labeled.
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1.3.3 Translation termination is modulated by several ex-ribosomal
proteins

Recently, several new players in translation termination have been
identified (79). It reveals that reverse transcriptase of moloneymurine
leukemia virus enhances suppression of termination and the binding of
reverse transcriptase with eRF1 is required for an appropriate level of
translational read-through (80). Using Saccharomyces cerevisiae as a
model organism, the DEAD-box RNA helicase and mRNA export factor
Dbp5, a member of the DEAD-box protein family, was discovered to play a
role in translation termination (81). Dbp5 interacts with release factors and
support eRF1 in stop-codon recognition, possibly because it can properly
place the release factor on the stop-codon. Dbp5 shows genetic interactions
with both termination factorseRF1 and eRF3. Upon its dissociation from
eRF1, Dbp5 allows eRF3 to reach the complex. Moreover, Glel is Dbp5’s
interacting protein and inositol hexakisphosphate (IP¢) is Dbp5’s co-factor.
They are both involved in the translation termination process (82).
Previously it was shown that Dbp5 and Glel play a role in mRNA export
from the nucleus to the cytoplasm (83). Glel is uniquely positioned to
coordinate the mRNA export and translation mechanisms. The iron-sulphur
(Fe-S)-containing RNase L inhibitor (RIlil) has recently been shown to
function in translation termination and recycling of the ribosomes (84). By
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co-immunoprecipitation experiments, it is revealed that RIil interacts
physically with eRF1 andeRF3 in S.cerevisiae. Also Rlil was found genetic
interaction with both eRF1 and eRF3. Taken together, all these novel
termination factors in association with the release factors regulate more

accurate stop-codon recognition.

1.4 Comparison of eukaryotic and prokaryotic release factor
1.4.1 Class-I release factors

eRF1 is the only eukaryotic factor involved in stop-codon recognition, and
it recognizes all three stop-codons (85). RF1/2 and eRF1 have different
structures (7, 28, 45), but the functionally relevant parts have a similar
global configuration. eRF1 in the eRF1-eRF3 complex (61) have a more
bent conformation than in the isolated state (7). Cryo-EM structure (86) and
molecular dynamics simulations (87) show that RF1 or RF2 and eRF1
probably have overall similar conformations and positions on their
respective prokaryotic and eukaryotic ribosome. N-domain of eRF1
functions in stop-codon recognition, corresponding to domains 2/4of
RF1/RF2. However, the mechanism of stop-codon recognition is quite
different, which is consistent with their different specificities. In eRF1,
TASNIKS (67, 68) and YXCxxxF motifs (69) play a key role in stop-codon
recognition, while PxT and SPF motif confer stop-codon specificity in RF1
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and RF2, respectively (20). Both M-domain of eRF1 and domain 3 of
RF1/RF2 which have conserved GGQ motif function in peptidyl-tRNA
hydrolysis, and they have similar conformation (86), as both consist of a

long helix.

1.4.2 Class-ll release factors

The eukaryotic class-l eRF1 and class-1l eRF3 form a complex in solution
through their C-terminal domains (Figure 1.7) (60, 62, 64) and through
M-domain of eRF1 (78).

The C-domain of eRF1possibly corresponds functionally to domain 1 of
RF1/2. And RF1/2 interacts with the class-Il RF3 factor (38) probably
through domain 3 (55, 56) (Figure 1.7). The crystal structure of the
eRF1-eRF3 complex suggests that M-domain of eRF1 interacts with the
switch regions of eRF3 which are disordered in the isolated eRF3 (75).
eRF1 binding to eRF3 increases the affinity of eRF3 for GTP and thereby
promotes ribosome binding in the GTP form (88, 89). eRF3 shares little
sequence similarity with prokaryotic class-Il RFs except the conserved
GTPase domain. eRF3 promotes eRF1-mediated peptide release in a
GTP-hydrolysis-dependent manner rather than inducing class-l RF

dissociation (76, 90, 91).
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1.4.3 Hotspots involved in stop-codon recognition

Despite the exact mechanism by which eRF1 N-domain recognizes the
stop-codons is not very clear, some hotspots of eRF1 N-domain are
identified to play a role in stop-codon recognition. TASNIKS (67, 68) and
YXCxxxF motifs (69) in N-domain of eRF1 were proposed to play a role in
stop-codon recognition.

Besides these motifs, other residues are also involved in stop-codon
recognition. GTS loop (G31, T32 and S33) of eRF1 had been previously
suggested to be involved in stop-codon recognition on the basis of various
indirect and direct data (72, 92). By performing a series of computational
analyses to evaluate the conservation, accessibility, and structural
environment of each amino acid located in N-domain, eight specific amino
acid sites (G31, T32, G57,162, K63, S70, L126 and C127) are found
important for stop-codon recognition (92). The recent data on cross-linking
of MRNA analogs to eRF1 reveals that region 121-131 (including the
YXCxxxF motif), the GTS loop and V66 (in the region of the NIKS motif) are
involved in stop-codon recognition (71).

Some ciliate species use alternative genetic codes, and one known
change is the reassignment of stop-codons to sense codons. In Euplotes,
UAA and UAG are still stop-codons but UGA is reassigned as a sense
codon. By designing chimeric eRF1s, region 70-80 of eRF1 is supposed to
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be responsible for UAR-only specificity and S70 in eRF1 plays a key role in
changing stop-codon specificity (93). However, in Stylonychia and
Paramecium, UGA is used as the only stop-codon, whereas UAA and UAG
are translated to glutamine (94). The eRF1 factors from ciliates might
provide some insights into the very basic principles of decoding of genetic
information (95, 96). Substitutions of some amino acids located in the
conserved region induced the UGA-only response. With introducing the
St-eRF1 pentapeptide QFMYF (positions 122-126) UAA and UAG
responses are eliminated in Hs-eRF1. This Stylonychia sequence in the
context of human N-terminal domain converts the omnipotent eRF1 into a
unipotent one. Thus the four-site mutant Q*?*FM(Y)F'% (T122Q +S123F
+L124F +L126F) of N-domain of human eRF1 responds only to UGA. M124
and F126 strongly affect the QF discrimination ability depending on the
sequence context (97).

In summary, various studies have identified many hot spots which play a
role in stop-codon recognition (Figure 1.8). However, understanding of how
the structure affects selectivity of stop-codon recognition is still unknown.
Thus, we attempted to solve the structures of wild type N-domain and some
mutants that only decode one or two of the stop-codons. These structures
are aimed to expand our understanding of the mechanism of stop-codon
recognition and potentially provide novel targets for anti-cancer drug
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Figure 1.8: Hotspots of eRF1 N-domain which are involved in stop-codon
recognition.

development. The latter is due to the fact that many genetic disorders are
caused by mutations which introduce premature termination codons
causing premature termination of translation of an mRNA template resulting
in the production of truncated, non-functional proteins. The overall result of
these cellular responses is a severe down regulation in the expression of
specific proteins, some of which may be essential to the viability of the cell
and/or the organism. Thus, intervention with the stalling of ribosome at the
nonsense codons may provide promising therapeutic venue. This
intervention might be based on the structures of eRF1 and its mutants along

or in pre-termination complex with ribosome.
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2.1 Materials

DSS, ®NH,CI, **Cs-glucose and L-phenylalanine (*°N, 98%) were from
Cambridge Isotope laboratories; imidazole were from Sigma-Aldrich; MES,
Glucose, MgSO4.7H,0, Thiamine, and PMSF were from AppliChem;
Na;HPO,4.7H,0, KH,PO,4 and NaCl were from Merck; all other chemicals
were purchased from either Merck, Sigma-Aldrich or AppliChem. Protease
inhibitor cocktail was from Roche; Pfl was purchased from Hyglos GmbH.
pET23(+) vector was from Novagen. All of the synthesized RNA
oligonucleotides were purchased from 1% BASE. HisTrap HP column,
Superdex 75 prep grade column and Hitrap desalting column were from GE

healthcare.

2.2 Buffers
Binding Buffer:
20 mM potassium phosphate buffer (pH 6.8)
100 mM KClI
25 mM imidazole
2mMDTT
1 mM PMSF
Protease inhibitor cocktail
Elution Buffer:
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20 mM potassium phosphate buffer (pH 6.8)
100 mM KCI
250 mM imidazole
2mMDTT
1 mM PMSF
NMR Buffer:

20 mM MES buffer (pH 6.0)

100 mM KCI

0.1 mM DSS

2mMDTT

96% H»0/4% D,0

2.3 Minimal medium
M9 salts are the minimal medium used for unlabeled and labeled growths

of E. coli strains.
For 1L standard 5xM9 salts:

64 g Na;HPO,.7H,0

15 g KH,PO,

2.5 g NaCl

5 g NH4CI
Dissolve the salts in double distilled water to a final volume of 1 L.
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To prepare 1L M9 minimal medium:

200 mL of 5xM9 salts

2.0 g glucose

0.4940 g MgS04.7H,0O

0.0152 g CaCl,.2H,0

0.0100 g Thiamine

0.0100 g FeS04.7H,0
After filtering each chemical into the medium, rinse the test tube with double
distilled H,O and filter the double distilled H,O into the medium also. When

finished, rinse the filter really well with ddH,O and top up to 1 L.

2.4 eRF1 Mutagenesis

eRF1 N-domain mutants, namely Q**?FM(Y)F*?®, Y125F, and E55Q were
produced using QuikChange XL Site-Directed Mutagenesis Kit. The
QuikChange XL system was used to make point mutations at

T122Q+ S123F+L124M+L126F, Y125F, and E55Q.

2.5 Expression of protein samples

The DNA fragments encoding the wild-type, the Q*??FM(Y)F*?® mutant,
Y125F mutant, and E55Q mutant of N-domain (residue 1-142) of human
eRF1 with a C-terminal His tag (LEHHHHHH) were cloned into pET23(+)
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vector under the phage T7 RNA polymerase promoter (78, 98) and were
expressed in Escherichia coli Rosetta(DE3) host cells. Uniformly *3C,
®N-labeled wt N-domain, Q**?FM(Y)F*?® mutant, Y125F mutant and E55Q
mutant were produced in minimal medium. The minimal medium contains
100 pg/ml ampicillin and 34 pg/ml chloramphenicol and is supplemented
with extra 0.0456 g/L CaCl,. The isotopically enriched protein were
prepared using *>NH,CI (1.0 g/L) and **Cg-glucose (2.0 g/L) as the sole
nitrogen and carbon sources. Competent Rosetta cells were used in the
transformation process by electroporation. Expression was induced at an
optical density (OD) of 0.6~0.8 with 0.2 mM IPTG at 37 °C, overnight. After
10 hours of additional growth, cells were then harvested by centrifugation at

8000 rpm, 4°C for 20 minutes.

2.6 Purification of protein samples

The pellet from minimal medium was resuspended in Binding Buffer. The
harvest culture was lysed by sonication (3s on, 3s off) at 4°C and the debris
was spun down at 18000 rpm, 4°C for 30 minutes in a Beckman centrifuge.

The supernatant was applied to a HisTrap HP column using FPLC system
(UNICORN), which was eluted with a 25-250 mM imidazole gradient using
Elution Buffer. At last a buffer exchange was performed to remove the high
amount of imidazole that is present in the protein sample by means of
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gel-filtration chromatography on a Superdex 75 prep grade column or a
series of Hitrap desalting column. The exchange buffer used were NMR
Buffer at pH 6.0, the protein samples were then concentrated using
Sartorius filter tubes with 10 kD cut-off (Sartorius Stedim) as the molecular
weight of the protein is 17 kD. The concentration was measured with the
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), and the
concentration of samples was about 0.5~1mM. Purity of the recombinant
protein was confirmed by SDS-PAGE (15%, w/v). Based on the Mass
spectrum, the molecular weight of uniformly 3C, **N-labeled Q*?*FM(Y)F**®

is 17.476 KkD.

2.7 NMR spectroscopy

All NMR spectra were acquired using 600, or 700 MHz Bruker Avance |l
spectrometers. Chemical shifts were referenced to DSS directly for *H and
indirectly for *3C and *°N spins. The raw data were processed using TopSpin
2.1 (www.bruker-biospin.com) and analyzed using the program CARA
(www.nmr.ch). Linear prediction was used to improve spectral resolution in

the indirect dimensions.
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2.8 Backbone assignments

'H, N, and *3C resonances of wt N-domain, Q**FM(Y)F'%®, Y125F,
E55Q and NM-domain were assigned using 2D [*H, *N]-TROSY (99), 'H,
13C-HSQC, 3D TROSY-HNCO,TROSY-HNCA and TROSY-HNCACB.

Reverse labeling of phenylalanine (100) and selective labeling of
phenylalanine were used to resolve ambiguous phenylalanine assignments.
Extra 100 mg/L unlabeled or **N-labeled phenylalanine was added to the
medium just before induction to get specifically unlabeled or labeled sample.
The dual amino acid-selective *C-'*N labeling technique (101, 102) were
also employed to resolve ambiguous assignments in Q**FM(Y)F*?®. This
technique utilizes protein samples in which the main chain carbonyl carbons
of one amino acid type are labeled with *C and the amide nitrogens of
another amino acid type are labeled with *>N. The NMR signals of the amino
acid residues that possess a **Ca—""N linkage can be extracted on the basis

of the *C—"N spin coupling.

2.9 Side-chain assignments

Side-chain *H and **C were assigned using iterative analysis of the 3D
15N-NOESY-HSQC and *C-NOESY-HMQC spectra coupled with structure
calculations. The *°N-resolved NOESY spectra were collected in the
phase-sensitive manner with mixing times of 200 ms.The®*C-resolved
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NOESY spectra contain both aromatic and aliphatic carbons and hydrogens.
The assignment process was facilitated by comparison with chemical shifts
deposited in the Biological Magnetic Resonance Data Bank

(www.bmrb.wisc.edu) for individual domains (103-105).

2.10 RDC measurements

Partial alignment of the proteins was induced by means of Pseudomonas
Phage Pfl, Strained Polyacrylamide Gels or Otting Media. Approximately
10 mg/ml bacteriophage Pf1l was sufficient to induce partial alignment of the
protein. It takes approximately 2-3 days for complete sample preparation
using strained Polyacrylamide Gels. 250 ul of gel solution would make
sample volume height of approximately 20 mm. Sample concentration prior
to diffusion into the gel was 0.6 mM. After diffusion, the concentration will
drop to half its original amount, ~ 0.3 mM. The Otting media C8ES5: Octanol
is suitable for proteins, DNA and protein/DNA complex. A stock solution of
C8ES5 in NMR buffer was prepared to yield a final concentration of 30%. This
was then diluted to 5% for the working protein sample. The correct weight of
octanol was added, while vigorously shaking (vortex) it to achieve a final
molar ratio of 0.85. The biphasic solution becomes transparent and
opalescent upon formation of the La phases. The NMR sample consisted of
5 ul DSS, 10 pl D,O, 105 pl protein (0.6 mM), 30 ul of C8ES5:octanol
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solution.

Residual dipolar couplings of wt N-domain and Q*?*FM(Y)F'*® mutant
were abstracted from the peak positions of 2D [*H, N]-TROSY and
anti-TROSY cross-peaks in isotropic and anisotropic solvent conditions,
respectively. The axiality and rhombicity of the alignment tensor were

calculated using the program PALES (106).

2.11 *N relaxation experiments

The *°N relaxation experiments for wt N-domain and Q*??FM(Y)F*?® were
performed at 25°C on a 700 MHz Bruker Avance |l spectrometer.
Longitudinal relaxation time T; were measured with eight relaxation delays,
0.075, 0.15, 0.3, 0.375, 0.525, 0.675, 0.9375, 1.2 s. Transverse relaxation
time T, were measured with eight relaxation delays, 12.5, 25, 50, 62.5, 87.5,
112.5, 156.25, and 200 ms. The spectra measuring *H->N NOE were
acquired with a 2 s relaxation delay, followed by a 3 s period of proton
saturation. In the absence of proton saturation, the spectra were recorded
with a relaxation delay of 5 s. The exponential curve fitting and data analysis

were carried out using the program Origin (Origin Lab).

2.12 Experimental restraints and NMR structure determination
NOE distance restraints for the calculated structures of wt N-domain and
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Q™ FM(Y)F**® mutant were obtained from °N-NOESY-HSQC and
13C-NOESY-HMQC spectra, respectively. NOE distance restraints for the
calculated structures of Y125F mutant and E55Q mutant were obtained
from *>N-NOESY-HSQC. Backbone dihedral angle restraints (¢ and y) were
derived from the backbone °C’, *C,, °Cg, Hy, *Hg, 'HY chemical shift
values using TALOS (107). Residual dipolar couplings which contain
information regarding the orientation of the internuclear vector relative to the
molecular susceptibility tensor were incorporated during the refinement
process. Hydrogen bond restraints were obtained by identifying the slow
exchange amide protons mainly in the regular secondary structures.
Structure calculations were performed using the program CYANA 3.0 (108,
109) and visualized using the programs MOLMOL (110) and PyMOL
(Delano Scientific). Quality of the final structures was assessed using the

program PROCHECK-NMR (111).
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Chapter lll Results
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3.1 Expression and Purification of mutants of eRF1

N-domain
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3.1.1 Selection of N-domain mutants for NMR studies

In eukaryotes, the N-domain of polypeptide release factor eRF1 is
involved in decoding all three stop-codons, UAA, UAG or UGA. In ciliates
with variant codes, like Stylonychia and Paramecium, only one or two
codons are conveying the stop of translation signal. Considering this kind of
difference, mutants of eRF1 derived from systematic mutagenesis studies of
N-domain motif swaps between ciliates and human eRF1 (68, 69) (Table 3.1)
are selected and expressed, in an attempt to explore the mechanism by

which the eRF1 recognizes the stop-codons.

Table 3.1: A list of selected eRF1 mutations localized in N-domain and the
corresponding in vitro release factor activity of the full length eRF1 (68, 69).
The release factor activity of the wild-type eRF1 was equal to 100%.

N-domain UAA UGA UAG
Q2 FM(Y)F'# 0 90 0
C127A,N129A 5 62 0
E55Q 75 80 35
F131A 10 60 8
F131G 8 58 12
Y125F 100 100 34
N61S+S64D+N129P+K130Q 0 90 0
Stylonychiawt 0 90 0
Humanwt 100 100 100

The following mutant and wild-type constructs were expressed with

sufficiently high yield enabling NMR structural studies:
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A, Q122FM(Y)F126
B, wild-type N-domain
C, Y125F

D, E55Q

As the expression and purification processes for different mutants are quite
similar, in the following sections the Q*?FM(Y)F** mutant is used as an
example to detail the expression and purification procedures which are

pertinent to all other mutants studied.

3.1.2 Small scale expression of the Q*™**FM(Y)F**® mutant
The E.coli culture was grown on the Luria-Bertani (LB) agar plates
containing 100 pg/ml ampicillin and 34 pg/ml chloramphenicol. From the

selected plates, two colonies were picked up and grown in two 15-ml tubes.

3hr 10hr
P|S P|S

116kD
66. 2kD

45kD
35kD

25kD

L 18. 4kD
" 14. 4kD

Figure 3.1.1: Small scale expression of QZ2FM(Y)F'®. Pellt (P) and
supernatant (S) with different incubation time (3 hours and 10 hours) are
show in the 15% SDS-PAGE gel.
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The expression of the protein was tested at different incubation time periods.
The aliquots of 0.2 to 1.0 mM of IPTG were added when the optical density
at 600 nm (ODeqo) reached 0.6~0.7 units and 10 ml cultures were harvested.
Cells were sedimented down by centrifugation at 14000 rpm for 5 minutes.
The cell pellet was resuspended and sonicated (1s on and 1s off). After that,
supernatant and pellet were separated by centrifugation and the pellet was
resolved in the same buffer. A sample from both supernatant and pellet were
heated at 95°C for 5min and loaded to 15% SDS-PAGE (Figure 3.1.1). From
the result, it is proposed that 0.2 mM IPTG and 10 hours incubation of the

cells provide the optimal conditions for higher yields of the soluble protein.

3.1.3 Large scale expression of the Q**FM(Y)F*?® mutant

The His-tagged Q*2?FM(Y)F'*® mutant is expressed in Escherichia coli
Rosetta(DE3) host cells. Uniformly **C,**N -labeled protein is produced in
500ml of M9 salts minimum media containing 100 pg/ml ampicillin and 34
Mg/ml chloramphenicol and is supplemented with extra 0.0456 g/L CaCl, at
37°C with ®NH,CI (1.0 g/L) and **C 6-glucose (2.0 g/L) as the sole nitrogen
and carbon sources. The protein expression was induced at ODgyo equals
0.6~0.7 with 0.2mM IPTG. After 10 hours incubation cells were harvested

by centrifugation at 8000 rpm for 20 mins.
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Figure 3.1.2: SDS-PAGE (15%) analysis of purified Q**FM(Y)F'* mutant.
Arrow indicates the pure Q**2FM(Y)F*?® mutant protein.

3.1.4 Purification ofthe Q**FM(Y)F*?® mutant

A cell pellet harvested from M9 media was resuspended in 20ml
phosphate buffer. The harvested culture was lysed by sonication (3s on, 3s
off) at 4°C in the Binding Buffer (pH 6.8). Cell lysate was then centrifuged at
18000 rpm for 30 min at 4°C.

The lysate was applied to a HisTrap HP column (GE Healthcare) and
eluted with a 25-250 mM imidazole gradient (Figure 3.1.3). The protein is
separated well from the cell supernatant in the first purification process.
Buffer exchange was performed to remove the high amount of imidazole
that is present in the protein sample. For this purpose either Superdex 75

prep grade column (GE Healthcare) or a series of HiTrap desalting column
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were used. Depending on the protein load after the purification with HiTrap
desalting column the samples were pure enough and enabling us to limit the
final purification step to only the HiTrap desalting column resulting
inconsiderable time saving. After this step, the phosphate buffer is
exchanged to MES buffer (pH 6.0). The purified recombinant Q**FM(Y)F*?°
protein has a C-terminal His tag (LEHHHHHH). The concentration of
®N-labeled and **C, N-labeled Q**?FM(Y)F**® was about 1 mM, and all
the samples for NMR contained 20 mM MES buffer (pH 6.0), 100 mM KClI,

2mM DTT, in 96% H»0/4% D-0.

3000 ‘|

Absorbance (mAU)

1000

100 200 300
Volume (ml)

Figure 3.1.3: UV absorption curve of Q?FM(Y)F'?* during HisTrap HP
column. The protein was eluted with a 25-250 mM imidazole gradient (the
yellow line) and resulted in a sharp peak which is collected as the sample.
Depending on the protein load after the purification with HiTrap desalting
column the samples were more than 97% pure as evinced by SDS-PAGE.
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3.2 Structural characterization of the Q™*FM(Y)F*®

mutant
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3.2.1 Backbone assignment of Q*?FM(Y)F**°

For the backbone assignment, 2D [*H, °N]-TROSY (Figure 3.2.2) and 3D
HNCO, HNCA (Figure 3.2.3), and HNCACB (Figure 3.2.4) spectra were
acquired. Reverse labeling of phenylalanine (Figure 3.2.6) and a dual amino
acid-selective *C—'°N labeling technique (Figure 3.2.8) are also used to
finish the backbone assignment. Totally, >98% of the total number backbone
amides of Q'FM(Y)F*?® were assigned (for more details see below). M1
and A2 cannot be identified presumably due to the fast exchange of the

amide protons with water.

fo"'é"'é‘lH‘(‘)‘i""z"‘b

ppm

Figure 3.2.1: 1D *H NMR spectrum of QFM(Y)F*?® mutant at 298K
showing good dispersion of *H" resonances in H" region and *Ha protons.

Strong peaks at 4.8 ppm represents water signal.
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Figure 3.2.2: 2D [*H, ™N]-TROSY spectrum of the Q*?*FM(Y)F**® mutant.
The cross peaks are labeled by one-letter amino acid code and the residue
number.
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Figure 3.2.3: Strip plots from the TROSY-HNCA spectrum of the
QY™ FM(Y)F**® mutant. Shown are *H/*N/*Ca and *H/N/*Ca-1
cross-peaks bound into the *H/*>N/**Ca/**Ca-1 spin systems (vertical cyan
lines) and sequential **Ca/**Ca-1 connectivities (horizontal cyan lines)
using the program CARA (www.nmr.ch).
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Figure 3.2.4: Strip plots from the TROSY-HNCACB spectrum of

Q™FM(Y)F**®  mutant.  Shown are  'H/™®N/™Ca/**CB  and
'H/AN/A2Ca-1/2CB-1 cross-peaks bound into the
H/AN/ABCaCa-1/CRACR-1  spin systems (vertical cyan and yellow
lines for Ca and CB) and sequential **Ca/**Ca-1 connectivities (horizontal
cyan and yellow lines) using the program CARA (www.nmr.ch).
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3.2.1.1 Reverse labeling of Q*?FM(Y)F*?°

Based on 3D TROSY-HNCA and TROSY-HNCACB spectra, we have
assigned about 80% of the backbone spin systems. However, as there are
several prolines and phenylalanines near the mutation region in the protein
sequence (Figure 3.2.5), we extended the triple resonance experiments
with spectra utilizing the reverse *>N/**N isotope labeling strategy (100) to

help resolve ambiguous phenylalanine assignments.

PYPUNGLVVYCGTIVTEEGKEKKVNIDF*EPH FH K P INQF#MYF*°

CDNKF3HT

Figure 3.2.5: Sequence of a fragment of Q*?*FM(Y)F'% (from P89 to T134).
Prolines and phenylalanines are highlighted in cyan are red, respectively.

Following this method, an extra 100 mg/L unlabeled phenylalanine
amount was added to the medium just before induction to get a uniformly
>N-labeled sample in which only the phenylalanine is bearing the N
isotopes. The 2D [*H, **N]-TROSY spectrum (Figure 3.2.6) was recorded. In
this spectrum, the phenylalanine showed cross-peaks with markedly
reduced volumes than the other kind of residues. A comparison with
uniformly labeled 2D [*H, ®N]-TROSY spectrum (Figure 3.2.2) provided
residue-type specific assignment of phenylalanines. However, as some
phenylalanine show only weak cross-peaks in the fully-labeled sample most
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likely due to conformational exchange line broadening and due to spectral

overlap one residue F117 eluded assignment at this stage.

F105
F108
F111

° 114
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(LUdd)NS

1ll(ppm)
Figure 3.2.6: 2D [*H, ®N]-TROSY spectrum of Q**FM(Y)F*?® with reverse
1>N/*N isotope labeling of phenylalanines. The cross peaks are labeled by
phenylalanine one-letter code and the residue number.
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Figure 3.2.7: 2D [*H, N]J-TROSY spectrum of Q2?FM(Y)F'* with only
phenylalanines °N-labeled. By choosing sufficiently low contour level of the
spectrum it shows scrambling of less than 10% of the °N-isotopes from
phenylalanine to other aromatic and non-aromatic residues. The cross
peaks are labeled by one letter amino-acid code and the residue number.
The question mark at Y96 implies a small contribution of Y96 to the
cross-peak assigned to F56.

3.2.1.2 Selective labeling of Q*??FM(Y)F'?%®

Selective labeling method was used to help complete the backbone
assignment. Similarly with the reverse labeling method, extra amount of 100
mg/L °N-labeled phenylalanine was added to the medium just before
induction of protein expression to obtain a sample in which only the
phenylalanines containing NMR detectable °N-isotopes are expected. The
resulting the2D [*H, °N]-TROSY spectrum (Figure 3.2.7) showed that about

57



10% of °N-isotopes were scrambled to other amino acids predominantly
aromatics, alanine and serine, e.g. S6, A7, A8, D9, W15, Y85 and Y125.
Also since the cross-peaks stemming from F56 and Y96 overlap both
residues contribute to the same cross-peak detected in the spectrum. Thus,
though majority of phenylalanines were indeed highlighted, it appears still

difficult to assign F117 with the high degree of probability.

3.2.1.3 Dual amino acid-selective **C-">N labeling of Q***FM(Y)F*?®

The difficulties with F117 identification can be traced to the location of
F117 in the structurally flexible loop potentially resulting in resonance lines
broadening due to conformational exchange in the intermediate (in the NMR
time scale) kinetic regime. To solve this problem with assignment of F117, a
dual amino acid-selective 3 C—"*N labeling technique (102) was applied. In
the method, all the phenylalanines are *°N-labeled, and all the other
residues are *C-labeled. That means that the glucose in M9 medium was
13C-labeled, and an extra amount of 100 mg/L **N-labeled phenylalanine
was added to the medium just before induction followed by recording of 3D
HNCA spectrum (Figure 3.2.8). We can compare this with the uniformly 3C,
1®N-labeled sample’s 3D HNCA spectrum (Figure 3.2.8). In the uniformly 3C,
>N-labeled sample’s 3D HNCA spectrum, Ca of F117 is stronger than Ca-1
of F117 (Figure 3.2.8A). By contrast, in dual amino acid-selective
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13C->N-labeled sample’s 3D HNCA spectrum, Ca-1 of F117 is stronger than
Ca of F117 (Figure 3.2.8B). For other residues which are not phenylalanine
like V71 (Figure 3.2.8C, D), in both condition Ca is stronger than Ca-1. Thus,
although indeed severely broadened by conformational exchange
resonances stemming from F117 have been successfully assigned.

(A) F117 Fﬁ(B) F117 (© v (D) Vv

5 56 60 -60

;5‘ ;57 61 6—6]
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Ca -1 i 3 i
L62 -66 L 66

[ Ca [

[ . !
L63 67 ) 67
L1 68 L6g
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Figure 3.2.8: Slides from different 3D HNCA Spectrum of Q??FM(Y)F'%®
mutant. (A) Strip of F117 from normal **C, *°N-labeled sample’s 3D HNCA
spectrum. (B) Strip of F117 from dual amino acid-selective **C-*N-labeled
sample’s 3D HNCA spectrum. (C) Strip of V71 from uniformly **C,
>N-labeled sample’s 3D HNCA spectrum. (D) Strip of V71 from dual amino
acid-selective **C-"*N-labeled sample’s 3D HNCA spectrum.
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3.2.2 Side-chain and NOE assignment of Q*?*FM(Y)F*?°

Side-chain *H and '3C were assigned using iterative analysis of the 3D
1>’N-NOESY-HSQC and *C-NOESY-HMQC spectra coupled with structure
calculations using CYANA program (108). The °N-resolved NOESY spectra
were collected in the phase-sensitive manner, with mixing times of 200 ms.
The 3C-resolved NOESY spectra contain both aromatic and aliphatic
carbons and hydrogens. The assignment process was facilitated by
comparison with chemical shifts deposited in the Biological Magnetic
Resonance Data Bank (www.bmrb.wisc.edu) for  individual
domains(103-105). Totally, the assignment completeness is more than 98%
except M1 and A2. The short-range and medium range NOE connectivities
were used to establish the sequence-specific'H NMR assignment and to
identify elements of the regular secondary structure. Typically, from the
Figure 3.2.11, it is revealed that Q**2FM(Y)F'?® has four a-helices located in
residues S6-A27, 145-S60, R65-Y85 and T133-D142, which is consistent

with the Dihedral angle data generated from TALOS (112).
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Figure 3.2.9: Slides from the 3D **N-resolved NOESY spectrum of the
Q™?FM(Y)F*?® mutant. The assignment of individual protons is shown in the
spectrum.
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Figure 3.2.10: Observed [*H", ®N]-RDC values versus residue number
using phages Pfl as an anisotropic alignment medium.
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Figure 3.2.11: Sequential connectivities versus the residue number. Strong
and weak NOE intensities for the sequential dnn, don, dpn @and deg
connectivities are indicated by thick and thin horizontal bars, respectively,
indicating four a-helices located in S6-A27, 145-S60, R65-Y85 and
T133-D142 of Q22FM(Y)F'%.
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3.2.3 Residue dipolar coupling analysis

Residual dipolar couplings (RDC) are expressed in Hz and contain
information about the orientation of the internuclear vector relative to the
molecular susceptibility tensor. Pfl bacteriophages are used as a
convenient alignment media providing sufficiently strong anisotropic
alignment of protein to be detected as relative shifts of the *H"multiplets.
The sample preparation described below is for Pfl phages in 10 mM
potassium phosphate buffer, pH 6.0, 2 mM MgCl,, and 0.05 % NaNs3. The
aliquots of Pfl (SIGMA) were directly added into the eRF1 mutant
Q™?FM(Y)F*?® (0.65 mM) to determine the optimum phages concentration
to induce partial alignment of the protein. Concentrations tried were 20, 15
and 10 mg/ml of Pfl. Approximately 10 mg/ml bacteriophages Pfl were
found to be sufficient for protein alignment without excessive line
broadening due to the spurious RDCs between 'H" and other remote
protons. The sample appeared to be clear and free of precipitates, as
opposed to the higher concentrations tried. 2D [*H-'°N] TROSY and
anti-TROSY experiments were measured for the sample at both isotropic
and anisotropic conditions. Observed [*H", *°N]-RDCs are shown in Figure
3.2.10. The 3D structure of the N-domain obtained via NOEs and chemical

shifts data was verified against experimental RDCs as described below.
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3.2.4 Backbone relaxation studies

NMR relaxation experiments of proteins provide uniquely detailed and
guantitative information about the conformational dynamics on the pico- and
nanosecond time scale. The N relaxation experiments for Q**FM(Y)F*2°
were performed at 25°Con a 700 MHz Bruker Avance |l spectrometer.
Longitudinal relaxation time T; were measured with eight relaxation delays,
0.075, 0.15, 0.3, 0.375, 0.525, 0.675, 0.9375 and 1.2 s. Transverse
relaxation time T, were measured with eight relaxation delays, 12.5, 25, 50,
62.5, 87.5, 112.5, 156.25, and 200 ms. The spectra measuring *H->°N NOE
were acquired with a 2 s relaxation delay, followed by a 3 s period of proton
saturation. The reference spectra in the absence of proton saturation were
recorded with a relaxation delay of 5 s. The exponential curve fitting and
data analysis were carried out using Origin (Origin Lab). Figure 3.2.13
shows the obtained >N R1 and R2 relaxation rates and *H-">N NOEs. As
shown in Figure 3.2., in the N-terminal part located in the residues D3-114,
the protein exhibits obvious increase in R1 and a decrease in the R2 values
indicating that this part is more flexible than other part. Detailed comparison
of the intra-molecular dynamics in the N-domain mutants is provided in the

following sections.
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Figure 3.2.12: Three-dimensional solution structure of the Q?FM(Y)F*?®
mutant. 20 lowest energy conformers were shown in the lines
representation.
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Figure 3.2.13: Backbone '°N-relaxation rates of the Q***FM(Y)F'* mutant.
(A) Experimental longitudinal (R1) *°N relaxation rates, (B) experimental
longitudinal (R2) *°N transverse rates, (C) 'H-"°N heteronuclear NOEs
versus residue numbers.
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3.2.5 Structure determination of Q**FM(Y)F*?®

NOE distance restraints for the calculated structures of wt N-domain and
Q™ FM(Y)F**® mutant were obtained from °N-NOESY-HSQC and
13C-NOESY-HMQC spectra, respectively. NOE distance restraints for the
calculated structures of Y125Fmutant and E55Qmutant were obtained from
1>N-NOESY-HSQC. Backbone dihedral angle restraints (¢ and ) were
derived from the backbone °C’, 3C,, '°Cg, *Ha, Hp, *H" chemical shift
values using TALOS (112). Residual dipolar couplings containing
information regarding the orientation of the internuclear vector relative to the
molecular susceptibility tensor were used for structure verification purposes.
Hydrogen bond restraints were obtained by identifying the slow exchange
amide protons mainly in the regular secondary structures. Structure
calculations were performed using CYANA 3.0(108, 109) and visualized
using MOLMOL (110) and PyMOL (Delano Scientific). Quality of the final
structures was assessed using PROCHECK-NMR (111).

Totally, >98% of the complete backbone and >95% of the side-chain *H
resonance of Q™*FM(Y)F*?® were assigned, including those of aromatic
rings. A total of 1316 distance restraints experimentally derived from
NOEs, 77 distance restraints derived from hydrogen bonds and 269
dihedral angle restraints derived from TALOS were used in the structure
calculations.
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Table 3.2: Structure statistics for the selected 20 structures
Q™?FM(Y)F** mutant?

of

NMR restraints

Total unambiguous distance restraints 1316
Intra residual 321
Sequential (|i—j|=1) 423
Short-range (|i—j | <=1) 744
Medium (2<]i—j|<4) 262
Longrange (|i—j|=5) 310
RDC restraints 117
Hydrogen bond restraints 77
RMSD from the average atomic coordinates (residues 6-140, A)
Backbone atoms 0.39 £0.07
All heavy atoms 1.00 £ 0.06
Ramachandran analysis (%)
Residues in most favored regions 74.6
Residues in additional allowed regions 24.6
Residues in generously allowed regions 0.8
Residues in disallowed regions 0.0

a, None of the structure exhibits distance violations greater than 0.2 A or

dihedral angle violations greater than 5°

Table 3.2 lists the structural statistics about the quality and variation within

the 20 conformers representing 3D NMR structure. For the region from

residue S6 to L140, the RMSD values to the mean structure were 0.39A for

backbone atoms and 1.00 A for all heavy atoms. The experimental RDC

correlate well with the couplings generated from a representative conformer

(the conformer with the smallest RMSD to the mean structure) (Figure

3.2.15). Based on the Ramachandran plot for ¢ and @ angles of

Q™EM(Y)F'?®, 74.6% of residues are found in the most favored regions,
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24.6% in the additionally allowed region, 0.8% in the generously allowed
regions and no angles in the disallowed regions. This plot is prepared using

CYANA (113).
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Figure 3.2.14: Ramachandran plot of residues ¢ and y angles of
Q™FM(Y)F'?®. The most favored regions are in blue, the additionally
allowed regions are in light blue, the generously allowed regions are in
lightest blue and the disallowed regions are white. This plot is prepared

using CYANA (108).
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Figure 3.2.15: The correlation between experimental and theoretical **N-'H
dipolar couplings predicted using the representative conformer of
Q'™ FM(Y)F'#. Alignment Tensor: axial component = -6.6; R = 0.97 with
rhombicity = 0.44.

3.2.6 Description of NMR structure of Q*??FM(Y)F'%

The NMR-derived tertiary structure of Q*??FM(Y)F*?® contains 3 B sheets
and 4 a-helices linked with four loops. The four a-helices are sequentially
named a1 (S6-A27), a2 (145-S60), a3 (R65-Y85), and o4 (T133-D142),
respectively, from N-terminus (Figure 3.2.16), and the three anti-parallel
B-sheet are composed of B1 (135-139), B2 (L93-T102), B3 (G105-F114)
(Figure 3.2.16). In crystal structure, another B-sheet B4 (Q122-C127) is
formed. Four a-helices form a left-handed bundle. A long loop of 22 residues
connects sheets 33 and B4, and a shorter loop of 19 residues connects helix
a3 and sheet B3. The strand 4 has some hydrophobic residues, like 1120,
N121, F123, M124, Y125, F126 and C127. These hydrophobic interactions
provide the hydrophobic core of the structure of Q**?FM(Y)F*?®, which is
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altered in the mutant comparing with wt N-domain. Some highly conserved
negatively charged residues are found on the surface of the protein. They
probably play a significant role in stabilizing the conformation of the protein.

The highly conserved motifs YXCxxxF (M124-F131) plays an important
role in the stop-codon recognition. The mutations T122Q, S123F, L124M
and L126F are located in this region. Comparing the structure of
QM™FM(Y)F*®® with the crystal structure of eRF1 (7), one significant
difference is that the side chain of F126 flipped to the opposite side of 34
where F126 is situated. Thus, the side-chain of F126 cannot interact with
residues located in proximal a4. By contrast, through the 3D
13C-NOESY-HMQC spectrum, clear NOEs contacts between F126 and o2
can be seen. Thus, the presence of F126 perturbs the wt conformation of
the YXCxxxF motif, and the B4 in crystal structure cannot be directly aligned
with the NMR structure of Q*??FM(Y)F** mutant. Also, the conformation of
the GTS loop is rearranged compared with the crystal structures. These
changes alter the solution structure of Q*??FM(Y)F'?*® mutant relative to the

wild-type crystal structure.
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Figure 3.2.16: NMR structure of Q*??FM(Y)F'?. The Q'*FM(Y)F'*® mutant
was shown in the ribbon representation; the four a-helices (a1, a2, a3, and
0o4) and the three B-sheets are labeled; the side-chain of Y125 and F126

were shown in the sticks representation.
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3.3 Structural characterization of wild-type N-domain
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3.3.1 Resonance assignment of wild-type N-domain

All NMR spectra were acquired using 600 or 700 MHz Bruker Avance Il
spectrometers at 25°C. Chemical shifts were referenced to DSS directly for
'H and indirectly for *3*C and '°N spins. The raw data was processed using
TopSpin 2.1 (www.bruker-biospin.com) and analyzed using CARA
(www.nmr.ch). Linear prediction was used to improve spectral resolution in

the indirect dimensions where constant-time acquisition was used.
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Figure 3.3.1: 2D [*H, °N]-TROSY spectrum of the wild-type N-domain of
eRF1. The cross-peaks are labeled by the one-letter amino acid code and
the residue number.
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The crucial step to analyze protein by NMR spectroscopy is the process
of sequential assignment. Assignments of *H, >N and *3C signals of wt
N-domain were performed by using 2D [*H, *N]-TROSY (99), [‘H,
13C]-HSQC, 3D TROSY-HNCA. Side-chain *H and **C were assigned using
iterative analysis of the 3D N-NOESY-HSQC and *C-NOESY-HMQC
spectra coupled with structure calculations. The *°N-resolved NOESY
spectra were collected in the phase-sensitive manner, with mixing times of
200 ms. The ®C-resolved NOESY spectra contain both aromatic and
aliphatic carbons and protons. The assignment process was facilitated by
comparison with chemical shifts deposited in the Biological Magnetic
Resonance Data Bank (www.bmrb.wisc.edu) for individual domains

(103-105).

3.3.2 Backbone relaxation studies of wt N-domain

Similarly with Q**FM(Y)F*?°, for wt N-domain, longitudinal relaxation time
T, were measured with 8 relaxation delays,0.075,0.15, 0.3, 0.375, 0.525,
0.675, 0.9375, 1.2 s. Transverse relaxation time T, were measured with
eight relaxation delays, 12.5, 25, 50, 62.5, 87.5, 112.5, 156.25, and 200 ms.
The spectra measuring *H->N NOE were acquired with a 2 s relaxation
delay, followed by a 3 s period of proton saturation. In the absence of proton
saturation, the spectra were recorded with a relaxation delay of 5 s. The
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exponential curve fitting and data analysis were carried out using Origin
(Origin Lab). Figure 3.3.2 shows the obtained N R1 and R2 relaxation
rates and *H->N NOEs. As shown in Figure 3.3.2, in the N-termainal part
approximately D3-114, there is obvious increase in R1 and a decrease in the

R2 values. It is supposed that this part is more flexible than other part.

3.3.3 Structure Determination of wt N-domain

NOE distance restraints for the calculated structures of wt N-domain were
obtained from °N-NOESY-HSQC and *C-NOESY-HMQC spectra,
respectively. Backbone dihedral angle restraints (¢ and y) were derived
from the backbone **C’, *Cq, °*Cg, 'Hq, *Hg, *H" chemical shift values using
TALOS (107). Hydrogen bond restraints were obtained from crystal
structure, and they were used to help structure determination at the
beginning stage. Structure calculations were performed using CYANA 3.0
(108, 109) and visualized using MOLMOL (110) and PyMOL (Delano

Scientific).
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Figure 3.3.2: Backbone relaxation parameters of wt N-domain. (A)
Experimental longitudinal (Ri) '°N relaxation rate (B) Experimental
longitudinal (R,) *°N transverse rate (C) *H->N heteronuclear NOEs for wt

N-domain.
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Figure 3.3.3: Three-dimensional solution structure of wt N-domain. 20
lowest energy conformers are shown in the lines representation.

Table 3.3: Structure statistics for the selected 20 structures of wt N-domain?.

NMR restraints

Total unambiguous distance restraints 2139
Intra residual 616
Sequential (|i—j|=1) 622
Short-range (|i—j | <=1) 1238
Medium (2<]i—j|<4) 418
Longrange (|i—j|=5) 483
Hydrogen bond restraints 77
RMSD from the average atomic coordinates (residues 6-140, A)
Backbone atoms 0.78 £0.18
All heavy atoms 1.14+0.16
Ramachandran analysis (%)
Residues in most favored regions 66.9
Residues in additional allowed regions 27.2
Residues in generously allowed regions 5.8
Residues in disallowed regions 0.1

a None of the structure exhibits distance violations greater than 0.2 A or
dihedral angle violations greater than 5°.
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Figure 3.3.4: Ramachandran plot of residues ¢ and g angles of wt
N-domain. 66.9% in most favored regions, 27.2% in additionally allowed
region, 5.8% in generously allowed regions and 0.1% in disallowed regions.

This plot is made from CYANA (108).
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Figure 3.3.5: Sequential connectivities are plotted against the residue
number. Strong and weak NOE intensities for the sequential dnn, dan, dgn
and dqg connectivities are indicated by thick and thin horizontal bars,
respectively. N-domain contains four a-helices located in the residues
S6-A27, 145-S60, R65-Y85 and T133-D142.
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3.34 The GTS loop in N-domain adopts distinctly different
conformations

To understand the structural effect of the quadruple mutations (i.e. T122Q,
S123F, L124M, and L126F) that lead to unipotency for UGA in the mutant
eRF1, we determined the solution structures of wt N-domain and
Q™?FM(Y)F*?®, and compared them with the corresponding crystal structure
of N-domain in full-length eRF1 (7). The solution structures were verified
against measured residual dipolar couplings, and the structure
determination statistics are reported in Table 3.2. As expected, the NMR
solution structure of wt N-domain matches closely with the crystal structure
of N-domain in full-length eRF1 (Figure 3.3.7A). The only significant
deviations observed between them are positioning of the N-terminal part of
helix a3 and conformation of the GTS loop.

The global structure of Q*FM(Y)F*?® is well superimposable with wt
N-domain (Figure 3.3.8A). Their structural differences are confined to the
B-strand B4 that contains the point mutations, as well as the GTS loop.
Likewise, helix a3 of Q™?FM(Y)F'?* is also repositioned relative to wt
N-domain (Figure 3.3.8A). Although the four point mutations are spatially
remote from the GTS loop, structural alteration occurs to the GTS loop in
Q™?FM(Y)F**® is evident from the difference in amide chemical shift for the
GTS loop and several other residues including C97 and T99 (Figure 3.3.8B).

81



Furthermore, different GTS loop conformations are also confirmed by clear
differences in the NOEs patterns between wt N-domain and Q**FM(Y)F*?°
(Figure 3.3.7B). The alternative conformation of the GTS loop in
Q™?FM(Y)F'*® is maintained via an intricate propagation of structural
perturbations from the site of mutations situated at the beginning of strand
B4 of the B-sheet that constitutes the core of N-domain (Figure 3.3.8A). In wt
N-domain, this strand forms a well-defined network of hydrogen bonds with
the adjacent strand starting from L124 to D128, as seen from the alternating
directions of the side-chains of consecutive residues. In Q**2FM(Y)F*?°, the
regular hydrogen-bonding network is disrupted starting from M124. Mutation
L126F is critical for breaking the regularity, since the phenylalanine aromatic
ring is found flipped to the opposite direction of the side-chain of L126, thus
as a consequence, altering direction of the side-chain of C127. As the
side-chain of C127 is moved away from the hydrophobic core formed
between the B-sheet, helix a2, and helix a3, the N-terminal part of helix a3 is
able to move closer to the GTS loop. The phenylalanine substitution at
position 126 in three of the ciliates that are unipotent for UGA suggests that
similar structural features may have causal effect on the UGA-unipotency in
those organisms (Figure 3.3.6). Nevertheless, the overall structural
alteration in Q™?FM(Y)F*?® is likely to be an additive effect from all of the
point mutations (97).
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Remarkably, the GTS loop adopts distinct conformations in all three
situations, namely the crystal and solution structures of wt N-domain as well
as the solution structure of Q***FM(Y)F*?® (Figure 3.3.8C). This means that
the GTS loop has the flexibility to adopt different conformations even within
wt N-domain. In fact, the GTS loop in the solution structures has very
defined conformations, as backbone RMSD of the loop region (N30-M34) in
wt N-domain and Q**FM(Y)F*?® are 0.32 + 0.28 A and 0.05 + 0.02 A,
respectively. This suggests that the observed GTS loop conformations are
distinctly different equilibrium conformations. Close inspection of the GTS
loop reveals that side-chains of the individual residues have different
solvent exposure between the three structures, hinting at the possibility that
alternative GTS loop conformations provide distinct functional groups for
interaction. Functional implication of the GTS loop in stop-codon recognition
had been reported (61). Furthermore, two different mutants of eRF1, i.e.
T32A and S33A, were found to exhibit opposite effects on their in vitro
release activity, namely 32/30/75% (for UAA/UAG/UGA) and 100/90/63%,
respectively. Coincidentally, the side-chain of T32 in the structure of
Q¥™?’FM(Y)F*?® is hidden from the solvent, suggesting that T32 is not
required for interacting with UGA (right panel in Figure 3.3.8C).

Interestingly, we found that in Q**?FM(Y)F*?°, but not in wt N-domain, the
resonance stemming from the hydroxyl proton of S70 can be observed
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(Figure 3.3.7C), protected by potential hydrogen bonding to the carbonyl
oxygen of S33 (Figure 3.3.8C). Residue S70 is critical for UGA-decoding, as
point mutation S70A restricts eRF1 to recognize UAA and UAG only (93).
Hence, the structure of Q*??FM(Y)F*?° has shown how S70 helps to stabilize

the GTS loop in conformation that may be associated with UGA recognition.
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Figure 3.3.6: Sequence conservation of the GTS loop. Multiple sequence
alignment of the amino acid sequences of eRF1 N-domain from different
eukaryotic organisms using Clustalw2 online server
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Numbering of the residues is
according to the human’s. The GTS loop is strictly conserved. Substitution
S70A occurs in E. aediculatus and E. octocarinatus, which are variant-code
organisms with UAR as stop-codons. Conversely, substitution L126F occurs
in S. mytilus, T. thermophila, and P. tetraurelia, all of whichareunipotentfor
UGA.
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Figure 3.3.7: The GTS loop in Q*?FM(Y)F*?® has a conformation distinct
from wt N-domain. (A) Superposition of the crystal structure (yellow) and
solution structure (green) of wt N-domain, showing distinct conformations of
the GTS loop and spatial deviation of helix a3. (B) Plot of the differences in
amide chemical shift between wt N-domain and QFM(Y)F'?*® as
calculated by Adwy = [(ASH)? + (0.14*Ad\)*Y2. Specific residues are
highlighted as follows: point mutations (red), residues close to the point
mutations in space (pink), the GTS loop (orange), and residues close to the
GTS loop in space (yellow) (Figure 3.3.7B). (C) Differences in the NOE
patterns as observed from the amides of N30 to M34 between wt N-domain
(blue) and Q*?*FM(Y)F'? (green) show that their GTS loops have distinct
conformations. (D) The NOE cross-peak of HG S70 as observed from the
amide of S70 indicates participation of the hydroxyl group in hydrogen
bonding. This NOE cross-peak was not observed in wt N-domain.
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Figure 3.3.8: Structural comparison between wt N-domain and
Q'™ FM(Y)F'?. (A) Superposition of the solution structures of wt N-domain
(green) and QFM(Y)F*?® (blue). Regions that are structurally distinct
between the two were highlighted in cyan (wt N-domain) and magenta
(Q**FM(Y)F*?®). (B) Differences in amide chemical shift between wt
N-domain and Q?FM(Y)F'?*® were calculated by Adwy = [(Adn)® +
(0.14*A5\)*1?, and were mapped onto the structure of wt N-domain
according to the color scale. The four mutated residues were denoted in
italics. (C) Conformations of the GTS loop (residues N30 to S33) found in
the crystal structure of wt N-domain (left panel), the solution structure of wt
N-domain (middle panel), and the solution structure of Q**2FM(Y)F*?® (right
panel). Positions of the residues that form the hydrophobic core above the
GTS loop were shown by their side-chains only. Hydrogen bonding between
the hydroxyl group of S70 and the carbonyl oxygen of S33 in Q*??FM(Y)F*?°
mutant was denoted by a dashed line. The distance between the hydrogen
donor and the acceptor is 2.67 + 0.09 A.
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3.3.5 The GTS loop is a flexible ‘hotspot’

Heteronuclear relaxation parameters of wt N-domain and Q*?*FM(Y)F*?°
have shown that the GTS loop is relatively more dynamic than the bulk of
N-domain on ps-ns timescale (Figure 3.3.9). It was reported that the
ligand-binding sites are often found at or close to the flexible regions of the
proteins (114, 115). Although it is not possible to localize the stop-codon
binding site based on the fast timescale dynamics of N-domain, it is
interesting to note that the GTS loop being one of the flexible ‘hotspots’
coincides with the structural discrepancy between wt N-domain and
Q™?FM(Y)F**® as well as the implicated functional role of the GTS loop in
stop-codon recognition. A study had shown that flexible ‘hotspots’ on the
ps-ns timescale in that particular protein are associated with the larger
amplitude motions on the ys-ms timescale (116). It would be an attractive
hypothesis to infer that the observed flexibility of the GTS loop on ps-ns
timescale represents a prerequisite for it to switch between conformations
upon encountering the stop-codon. Apparently, the dynamic properties of wt
N-domain and Q2FM(Y)F*?® do not differ significantly from each other
(Figure 3.3.9). Hence, this led us to conclude that although the switching
between omnipotency and unipotency of eRF1 can be sufficiently explained
by the alteration of the GTS loop conformation, it is not reflected by the
backbone relaxation data.
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Figure 3.3.9: The dynamic properties of wt N-domain and Q*FM(Y)F*?°.
Plots of the longitudinal relaxation rate Ry (A), the transverse relaxation rate
R, (B) and the heteronuclear®N, *H-steady-state NOE values (C) of the
amide ®N-nuclei of wt N-domain and Q**2FM(Y)F'?*® measured at 25°C. The
GTS loop region (N30-M34) is highlighted. The standard error is indicated
by the error bars, and the average values of the respective relaxation
parameters (residues 16-142) are indicated by horizontal dashed lines.
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3.4 Structural characterization of Y125F mutant
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3.4.1 Sequential assignment of Y125F

Assignments of amino acids of Y125F were performed by backbone N

and 3C signals using 2D [*H, *N]-TROSY (99) and 3D *N-NOESY-HSQC

The assignment process was facilitated by comparison with assignments

from Q'*2FM(Y)F** mutant.
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3.4.2 Structure determination of the Y125F mutant

NOE distance restraints for the calculated structures of Y125F mutant
and E55Q mutant were obtained from >N-NOESY-HSQC. Totally, >98% of
the complete backbone and >95% of the side-chain 'H resonance of
Q™FM(Y)F'?® were assigned, including that of some aromatic rings. A
total of 1333 distance restraints experimentally derived from NOEs, 77
distance restraints derived from hydrogen bonds. Also the distance
restraints from crystal structure are used to help generate high quality

structure.

Table 3.4: Structure statistics for the selected 20 structures of Y125F
mutant®

NMR restraints

Total unambiguous distance restraints 1333
Intra residual 413
Sequential (|i—j|=1) 466
Short-range (| i—j | <=1) 879
Medium (2<|i—j|<4) 246
Longrange (|i—j|=5) 208
Distance restraints” 1101
Hydrogen bond restraints 77
RMSD from the average atomic coordinates (residues 6-140, A)
Backbone atoms 0.82+0.15
All heavy atoms 1.41+0.13
Ramachandran analysis (%)
Residues in most favored regions 82.1
Residues in additional allowed regions 16.3
Residues in generously allowed regions 15
Residues in disallowed regions 0.0

a None of the structure exhibits distance violations greater than 0.2 A or
dihedral angle violations greater than 5°.
b the distance restraints are from the crystal structure of eRF1 (7).
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Figure 3.4.2: Three-dimensional solution structure of Y125F. 20 lowest
energy conformers are shown in the lines representation.

3.4.3 Comparison of GTS loop conformations

YXCxxxF motif plays an important role in discrimination of stop codon (69).
Stylonychia has the same UGA-only type of stop-codon recognition (94). By
introducing the St-eRF1 pentapeptide QFMYF (positions 122-126), the
UAA and UAG responses are eliminated in Hs-eRF1 (97).

Though comparing of structure of Y125F and the crystal structure of wild
type N-domain, it is revealed that the conformations of GTS loops are quite
similar (Figure 3.4.3). The side-chain of F125 and the side-chain of M51 are
flipped out, and the distance between *Hp of position 125 (Y125 in the wild

type N-domain and F125 in the Y125F mutant) and *He of M51 increased
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from 4.54 + 0.12 A to 8.05 +0.16 A. In vitro release factor activity of Y125F
against UAA and UGA is similar with wild type, but the release factor activity
against UAG is only one third of the wild type (Table 3.1). This is consistent
with the obtained structural information of the mutant. In another study, it is
revealed that in the pentapeptide QFMYF, Q*??, F*23, M*?* and F*?° strongly
affect the discrimination ability (97), and Y**® is a universal conserved
residue (Figure 3.3.6) in different species. Possibly, the Y**° plays a less
important role than the other four residues in the pentapeptide. The
conformations of GTS loop in wild type and Y125F are similar, resulting in
the similar release factor activity against UAA and UGA. However, the
direction of side-chain of residue in position 125 is changed, which possibly

reduce the ability to recognize UAG.
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GTS loop

Figure 3.4.3: Superposition of the crystal structure of wt N-domain (green)
and Y125F (cyan). The side-chains of residues in position 125 and 51 are
shown in the sticks representation.
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Chapter IV Discussion
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4.1 Selectivity of stop-codon recognition is modulated by multiple GTS
loop conformations

The strictly conserved GTS loop of N-domain is emerging as being
implicated in decoding or even in direct contact with the stop-codon (71, 117,
118). The most significant insight from the finding of distinct GTS loop
conformations in wild type N-domain and Q***FM(Y)F*?® is that the bias in
stop-codon selectivity is most probably determined not only by the structural
determinants but rather a combination of structure and underlying
conformational dynamics in the GTS loop, and not by the loss or
replacement of certain amino acids by mutations in the remote region of the
eRFL1. Indeed, T32A mutant of eRF1 has been shown to exhibit tendency
towards UGA-unipotency (61). By having the same amino acid sequence as
wild type at the positions from 122 to 126, why is T32A mutant showing the
same attribute as Q**FM(Y)F*?®? The same question can be asked about
the various mutants isolated from previous studies. In many cases, the point
mutations scattered across a large part of N-domain resulted in the same
bias of stop-codon selectivity. This paradox can only be explained in two
ways: (i) the loss of interaction with only one out of three nucleotides of a
stop-codon could still support the peptide release for that particular
stop-codon, or (ii) the different point mutations are responsible to modulate
the structure of the part of N-domain that actually interacts with the
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stop-codon. On top of these two scenarios, the interactions of N-domain
with the ribosome might further augment the complexity of analysis.

In fact, there is sufficient experimental evidence to support and elaborate
on the second scenario above. In the context of our proposed mechanism,
point mutation that alters selectivity of stop-codon recognition is likely to
modulate the structure of the GTS loop, or even its capacity to switch
between different conformations. Indeed, many of these point mutations hit
on the residues that constitute the hydrophobic core right above the GTS
loop, e.g. 135, V71, V78, and C127 (61, 72, 73). Remarkably, the width of
this hydrophobic core is directly related to the differential positioning of helix
a3 as observed in the structures of wt N-domain and Q*?FM(Y)F*?® (Figure
3.3.9A & Figure 3.3.8A). The width, measured as the distance between the
amides of M34 and V71, is reduced from 7.68 A and 7.38 + 0.18 A in the
crystal and solution structures of wt N-domain, respectively, to 6.56 + 0.13 A
in Q2 FM(Y)F'®®. In light of these observations, it is attractive to
hypothesize that repositioning of helix a3 in N-domain occurs during
stop-codon recognition as the GTS loop is sampling different configurations.
Besides helix a3, helix a2 could also play a role in modulating the selectivity
of stop-codon recognition. First of all, M51 and E55 on helix a2 are able to
alter stop-codon recognition patterns (72, 74). Secondly, the TASNIKS maotif
was found to confer distinct requirement of eRF3 upon eRF1 on decoding
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UAA/UAG and UGA (73). As T58 in the TASNIKS motif was observed to
interact with the 15-mer RNA (experimental data on RNA binding is
generated in K.Pervushin’s lab and to be published elsewhere) and the
NIKS motif had also been implicated in ribosome binding (68), interactions
between helix a2 and the ribosome is highly possible. Furthermore, P41 and
P89, which may be critical for the formation of the B-turns that connect the
core B-sheet to helices a2 and a3, were also found to affect stop-codon

recognition (72, 119).

4.2 RF activity of C127 mutants of eRF1 with omni-, bi- and uni-potent
specificity

Although the distinct GTS loop conformation in Q**FM(Y)F*?® compared
to wt N-domain implicates a functional role of the GTS loop in stop-codon
recognition, one may argue that loss of UAA- and UAG-decoding capability
in the mutant might be caused by the substituted residues directly. To prove
the non-direct implication of the 122-128 region of eRF1 in stop-codon
decoding, the RF activity of the variant-code (Euplotesand Stylonychia)
eRF1s with C127 mutations has been determined in an in vitro Caskey
assay (120). C127 is an invariant residue in family of eRF1s and is located
neighbor to F126 in the Q**FM(Y)F**® mutant that possesses the same
stop-codon specificity as Stylonychia eRF1 (Figure 3.3.9A).
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As was shown earlier C127A and C127S mutants of human eRF1
exhibited tendency towards UGA unipotency (69), while C127S mutant of
Euplotes eRF1 restored efficient recognition of UGA stop-codon without
changing of UAA and UAG stop-codon decoding in the readthrough RF
assay (73). We have shown that C127A and C127S mutants of Euplotes
eRF1 also restored recognition of UGA stop-codon but RF activity towards
UAG was reduced for both mutants (Figure 4.). However, insertion of the
same C127A and C127S mutations into Stylonychia eRF1 with UGA-only
specificity caused total abolishment of RF activity towards UGA (Figure 4.1).
The different effects of the same C127 mutation on the recognition of UGA
by human, Euplotes and Stylonychiae RF1s are a very hard argument in
favor of suggestion that C127 does not participate directly in UGA

recognition.
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Figure 4.1: RF activity of C127 mutants of eRF1 with omni-, bi- and
uni-potent specificity. In vitro RF activity of chimeric eRF1 constructs
containing the whole N-terminal domains (positions 1-144) of Euplotes
eRF1 (wt Eu-eRF1) or Stylonychia eRF1 (wt St-eRF1) and Eu-eRF1 and
St-eRF1 mutants with C127 substitutions in the N-terminal domains. All
eRF1 constructs contain MC-domain of human eRF1 (positions 145-437).
(Data supplied by L. Frolova as private communication to K. Pervushin).

4.3 A model of N-domain bound in the pre-termination complex

Prior to solving the high-resolution structures of eRF1-bound
pre-termination complex (pre-TC), understanding of the mechanism of
translation termination in eukaryotes will have to rely on combining all the
biochemical, structural, and genetics data from different studies. Our
structural study of N-domain enable us to explain how eRF1 decodes
different stop-codon by adopting distinct GTS loop conformations, thus
implying direct access of the GTS loop to the stop-codon. In addition, the
study on N-domain-RNA interactions has shown that N-domain potentially
interacts with Helix 44 of 18S rRNA (the model is generated in
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K.Pervushin’s lab and to be published elsewhere). Based on these results,
we propose a structural model that encompasses currently known
interactions between N-domain of eRF1 and the A site of eukaryotic
ribosome (Figure 4.2).

The model shows that it is possible for the GTS loop to contact the
stop-codon while helix a1 is positioned next to the decoding region of Helix
44. Although helix a1 is not in the exact position to interact with Helix 44, a
slight forward movement of the stop-codon towards the P site will
compensate for this discrepancy. Interestingly, it was reported that 2-nt
toeprint shift occurs when the eRF1.eRF3-GTP complex binds to the
pre-TC (76). On the other side of N-domain, the side-chains of A53, N61,
R65, R68, and Q79 are facing 18S rRNA. Residues R65 and R68 affect the
binding of eRF1 to the ribosome (68), while each of the point mutants, A53K,
N61K and Q79K/R, was shown to substantially reduce the level of
stop-codon readthrough in comparison to wild type, indicating enhanced
ribosome binding due to the lysine or arginine substitution (121). In our
model, the GTS loop is close enough to the stop-codon to allow
photoactivatable cross-linking with the second and third stop-codon
positions (71). In the eRF1/pre-TC cross-linking experiments, the KSR loop
(positions 63-65) and V66 were suggested to be in contact with the first
stop-codon position (70, 71). Although within margins of cross-linking
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experiments, in our model these residues are not located in the direct
proximity of the uridine of the stop-codon, thereby requiring further
experiments to resolve this issue.

In this orientation of N-domain, a hinge motion between N-domain and
M-domain would allow the GGQ motif to reach the 3’-CAA tail of P-site
tRNA, while C-domain would be required to move away from helix a1. The
latter is well demonstrated by the competitive binding experiments (122)
(experiments are performed in K.Pervushin’s lab and to be published
elsewhere). Hence, a major domain rearrangement between N-domain and
C-domain is likely to occur during which N-domain accommodates itself into

the A site.
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GGQ motif[

P-site tRNA

Figure 4.2: A model of eRF1 bound to the A site of eukaryotic ribosome.
NM-domain of eRF1 (green and orange) was docked onto the A site of 18S
rRNA (blue) with P-site bound tRNA (purple) and mRNA (pink) (PDB ID:
31Z7), based on the insights derived from the interactions between helix a1
of N-domain and the decoding region of Helix 44 (cyan), as well as the
putative role of the GTS loop in stop-codon recognition. The corresponding
nucleotides critical for tRNA selection in prokaryotic ribosome and selected
residues of eRF1 are highlighted in red and yellow, respectively.
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4.4 Conclusions

In summary, by solving the solution structure of Q**?FM(Y)F**® mutant,
the Y125F mutant of eRF1 N-domain and the wild type N-domain, we built a
correlation between the structure and the results of stop-codon recognition
assays pointing to the strictly conserved GTS loop to be directly involved in
the contact with mRNA. We propose that structural variability in the GTS
loop may rely on the switching between omnipotency and unipotency of
eRF1, implying the direct access of the GTS loop to the stop-codon.
However, the details of the mechanism by which the class-I release factor
recognize the stop-codons are not very clear, in future structures of different
mutants need to be explored to clarify the details of the stop-codon

recognition mechanism.
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