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Abstract

While the recognition of stop codons by class 1 release factors (RFs) on the ribosome takes place
with extremely high fidelity, the molecular mechanisms behind this remarkable process are poorly
understood. Here we performed structural probing experiments with Fe(ll)-derivatized RFs to
compare the conformation of cognate and near-cognate ribosome termination complexes. The
structural differences that we document provide an unprecedented view of signal transduction on the
ribosome that depends on authentic stop codon recognition. These events initiate with very close
interactions between RF and the small subunit decoding center (DC), lead to increased interactions
between the switch loop of the RF and specific regions of the subunit interface and end in the precise
orientation of the RF for maximal catalytic activity in the large subunit peptidyl transferase center

(PTC).
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Introduction

Translation termination takes place when one of three stop codons is recognized by a
proteinaceous class 1 release factor (RFs) in the A site of the ribosome. The RFs are bifunctional
molecules, like tRNA, carrying a “tripeptide anticodon” motif at one end (domain 2 and 4) that
is responsible for deciphering stop codons in the small subunit decoding center (DC) and a
“GGQ”motif at the other end (domain 3) that promotes the hydrolytic reaction to release the
growing polypeptide chain (reviewed in ref. 1). Both tRNA and RF selection take place with
extremely high fidelity through mechanisms which remain incompletely understood (see ref.
2).

More is generally known both structurally and biochemically about the high fidelity selection
of tRNAs by the ribosome during the process of elongation3. High-resolution structures of
tRNA anticodon stem loops (ASLs) bound to cognate-codon-programmed 30S subunit reveal
striking conformational rearrangements in the decoding center4. These local structural
changes, triggered by cognate codon recognition, lead to global rearrangements (domain
closure) in the ribosome that result in accelerated rates of GTPase activation (by EFTu) and
tRNA accommaodation, and thus to accurate tRNA selection during the elongation cycle. How

Correspondence should be addressed Rachel Green: ragreen@jhmi.eduM.

Author contributions
S.L.H. and R.G. designed the experiments; S.L.H. performed the experiments. Both authors discussed results and contributed to the

manuscript.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

He and Green

Results

Page 2

does the cognate recognition complex differ from the related near-cognate complex that fails
to promote rapid GTPase activation and accommodation? In studies performed with isolated
30S subunits bound to cognate and near-cognate ASLs, domain closure was only observed for
the cognate species5. And, again, these views yielded detailed information only on the
structural state of the decoding center and for the near-cognate case only when paromomycin
was simultaneously bound. What remains unresolved is how the structural differences detected
in the small subunit decoding center (where a single mismatch in the codon:anticodon helix is
being sensed) are transmitted to the large subunit to affect downstream events. These questions
are directly relevant to those that we address here, but in experiments exploring translation
termination.

RF catalyzed peptide release is a similarly highly accurate procedure. Release factors have
been found to catalyze premature translation termination on sense codons with an extremely
low frequency of ~107° in vivo®. This level of discrimination has been largely recapitulated in
in vitro experiments showing that RFs can very effectively discriminate against near-stop
codons (differing at a single position from authentic stop codons)’ through differential effects
on binding (Ky,) and catalysis (kcat). The observed effects on catalysis argue that high fidelity
recognition by RFs relies on strict coupling between recognition of stop codons in the decoding
center and catalysis of hydrolysis (i.e. peptide release) in the peptidyl transferase center some
75 A away. Indeed, one recent study showed that RF1 recognition of stop, but not near-stop,
codons triggered conformational rearrangements in the decoding center that impact the rates
of peptide release®. These observations together argue for communication between these
distinct locales, and the body of the RF and the ribosome represent obvious candidates for
transmitting this detailed molecular information.

Recent atomic resolution structures of RF1 and RF2 bound to the ribosome9-11 provided
critical insight into the molecular details of stop codon recognition. Of particular interest for
understanding signal transduction is a region connecting domains 3 and 4 (termed the “switch
loop™) which is largely unstructured in isolated RF112, but which assumes a more rigid alpha-
helical conformation when bound to the ribosome10. What remains missing from this list of
snapshots of the terminating ribosome is an equivalent view of “near-stop” RF-ribosome
recognition complexes. Here we use a structural probing approach to compare the conformation
of these two closely related complexes, an approach that has been used in other systems13,
14. From these data, we see a clear signature of signal transduction between the two key
functional centers of the ribosome, thus providing a structural interpretation for stop codon
recognition and the associated rate enhancements for RF-catalyzed peptide release.

Identification of appropriate single-cysteine RF1 variants

To develop a tethered Fe(1l) probing approach for comparing the interactions of RF1 with
various ribosome “termination” complexes, we set out to identify single cysteine-containing
RF1 variants that conformed to several different criteria. First, the chosen single cysteine
variants needed to be readily derivatized with the bromoacetyl activated iron-chelating reagent,
1-(p-bromoacetamidobenzyl)-EDTA (FeBABE). Second, when the Fe(Il)-derivatized RF1
variants were bound to different ribosome complexes (containing either a stop- or near-stop-
codon-programmed A site), we were interested in those that exhibited differential patterns of
hydroxyl-radical cleavage.

Our choices were first guided by considering the position of RF1 within the ribosome9-1, and
then targeted regions of particular functional interest such as the tripeptide anticodon motif,
the GGQ motif and the switch loop. Second, we considered positions evaluated in earlier efforts
that used tethered Fe(ll) probing to initially determine the position of class 1 RFs on the

Nat Struct Mol Biol. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

He and Green

Page 3

ribosomel®. Starting with an RF1 variant lacking the three natural cysteines, we used site-
directed mutagenesis to introduce unique cysteine residue at a number of positions including
156, 187 and 194 proximal to the tripeptide anticodon motif, 220, 226 and 229 near the GGQ
motif, and finally 289 and 292 near and within the recently identified switch loop10
(Supplementary Fig. 1a). All of these chosen variants were derivatized with FeBABE16 and
further characterized.

Ribosomes were next programmed with a short mRNA directing initiator tRNA (tRNAMet)
to the P site and either an authentic stop codon (UAA) or three different near-stop codons
(CAA, UCA or UAC) poised in the A site decoding center®. A toe-printing assay confirmed
that ribosomes in each sample were positioned equivalently on the mRNA with the anticipated
stop or near-stop codon in the A site (Supplementary Fig. 1b).

Fe(ll)-derivatized RF1 variants were then bound to the various stop and near-stop ribosome
complexes, and supplied with hydrogen peroxide and ascorbic acid to generate localized
hydroxyl radicals to target the surrounding RNA for cleavage. In each case, the Fe(ll)
derivatized RF1 was added at a concentration known to be saturating for peptide release activity
on that particular codon (typically 75 uM, data not shown). Cysteine-free RF1 subjected to the
same FeBABE derivatization and ribosome incubation procedures provided the required
negative control. Cleavage sites within 16S and 23S rRNA were mapped using a primer
extension assayl’, while cleavage of the P-site tRNA was directly monitored using a
tRNA™Met radioactively labeled at the 3'-end!® (probed within equivalent ribosome complexes)
and analyzed by denaturing PAGE.

Inaninitial pass, we looked broadly at the rRNA cleavage patterns resulting from derivatization
of RF1 at the selected positions, a number of which had previously been explored®. In general,
our results recapitulated the earlier probing patterns, though what we were most interested in
identifying were variants that exhibited different probing patterns or intensities on the stop-
and near-stop-programmed ribosome complexes.

For the RF1 variants near the tripeptide anticodon motif (H156C, V187C and G194C), the sites
of cleavage were very similar to those previously observed for Fe(ll) probing in the decoding
center!®, Moreover, each of these variants showed differential intensities of cleavage on the
stop and near-stop ribosome complexes and were thus potential candidates for this study.
Because the Fe(ll)-derivatized V187C- and G194C-RF1 exhibited some defects in peptide
release (rates reduced by a factor of 4, data not shown), they were not chosen for subsequent
analysis.

Of the RF1 variants within and proximal to the switch loop region (S292C and A289C,
respectively), only the Fe(11)-S292C-RF1 exhibited differential cleavage intensities on the stop
and near-stop ribosome complexes. The Fe(l1)-A289C-RF1 exhibited equivalent patterns on
the different ribosome complexes and will be included as a control as detailed below.

For the variants near the catalytic GGQ motif, the Fe(11)-S229C-RF1 showed cleavages
indistinguishable from those reported previously, though there were no apparent differences
on the stop and near-stop complexes; because this variant also exhibits substantial catalytic
defects after modification (reduction of k.4 by more than two orders of magnitude, data not
shown), it was not further characterized. Two other new positions in this region were evaluated
(226 and 220). No differential cleavage patterns on the stop and near-stop complexes were
observed for the Fe(I1)-A220C-RF1 and so it was not further characterized; the Fe(I1)-T226C-
RF1 exhibited interesting and diverse patterns on these same complexes and was chosen for
subsequent analysis.
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Based on this preliminary analysis, we settled on an in-depth characterization of four different
RF1 variants (H156C, T226C, A289C and S292C), which reveal informative differences
among various complexes. For these variants, the efficiency of FeBABE derivatization ranged
from 80%~90% (determined using a thiol alkylation (NTCB) protection assay19) and the
peptide release activity8 was unaffected for three variants (H156C, A289C and S292C), and
modestly affected (reduced by a factor of about 10) for the T226C-RF1 after modification. All
four variants exhibited high catalytic specificity for stop-codon-programmed ribosome
complexes (relative to near-stop) making them good candidates for further analysis
(Supplementary Fig. 1c,d).

Probing the decoding center with Fe(ll) tethered H156C-RF1

Hydroxyl radicals originating from position 156 near the tripeptide anticodon motif (Fig. 1a)
cleaved predictable RNA elements in the small subunit (decoding center within h44, h30, h29
and h24 of 16S rRNA) and the large subunit (H69 of 23S rRNA), as well as the D-stem and
anticodon loop of P-site tRNA (Fig. 1b—h and Supplementary Fig. 2). What is striking about
the cleavage patterns is that in each case, the intensity of cleavage is considerably greater on
the near-stop ribosome complexes (relative to those carrying an authentic stop codon). Indeed,
the pattern of some of these target sites correlates inversely with the known release activity of
the different codons (UAA>UCA=UAC>CAA) (see Supplementary Fig. 1c for relative rates
of release on various complexes), with strongest cleavage for the first position mismatch CAA
complex, less strong cleavage for the second and third position mismatches (UCA and UAC)
and the least strong cleavage for the authentic stop codon (UAA).

In a previous study, cleavages produced by RF1 derivatized with Fe(ll) at nearby position 187
were compared in similar ribosome complexes (either with the stop codon (UAG) or non-stop
codon (UUU))!®. In this case, cleavage was only observed with the authentic stop codon
complex, likely because of the relatively lower concentration (1.5 UM versus 75 UM in our
case) of labeled RF1 used.

Probing the switch loop region with Fe(ll) tethered RF1 variants

Hydroxyl radicals originating from position 292 of the switch loop led to two classes of
cleavage pattern among the stop and near-stop complexes (Fig. 2a). First, we observed a set
of cleavages localized within h18 of 16S rRNA, the loops of H89, H91 and H95 (the sarcin-
ricin loop) and the stem of H92 of 23S rRNA, where the intensity was equal among all ribosome
complexes (Fig. 2b and Supplementary Fig. 3a—c). These same cleavages were also observed
with the Fe(11)-A289C-RF1, located somewhat further up the switch loop (Supplementary Fig.
4a,c—f). What was surprising about all of these cleavages is that these sites are somewhat remote
from the site of radical generation based on an analysis of recent crystal structures9-11. At a
minimum, the observation that the intensity of cleavage is equivalent on all structures suggests
that the stop and non-stop complexes are equivalently bound (or sampled) by these Fe(ll)-
derivatized RF1s.

The second type of cleavage pattern that we observed for the Fe(I1)-S292C-RF1 consisted of
cleavages in RNA elements at h44 of 16S rRNA as well as H70 and H71 of 23S rRNA, entirely
consistent with the relevant X-ray structures. Interestingly, these cleavages were stronger on
authentic stop codon complexes (Fig. 2c—g and Supplementary Fig. 3d). These RNA elements
overlap with the functionally important ribosome subunit contact site B3 through which the
decoding center of the small subunit is connected to the A loop of the large subunit20. We
tested the specificity of this observation by mutating amino acids that were shown to interact
directly with the stop codon? (changing two amino acids, E123 and T190 within the tripeptide
anticodon motif, to P and A, respectively) within the body of S292C-RF1; when used in a
tethered Fe(Il) probing experiment, the pattern of strong cleavage observed on the stop codon
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complexes at subunit contact site B3 was lost (Supplementary Fig. 3e); control cleavages seen
on stop and near-stop complexes were still visible (Supplementary Fig. 3f) indicating that the
variant RF1 still bound effectively. These data argue for the importance of stop codon
recognition in specifying conformational changes in the switch loop region. Moreover, we note
that the stop codon-dependent cleavage pattern was specific for the actual switch loop, since
the same pattern was not generated by the A289C-RF1, tethered with Fe(ll) only 5 A away
(Supplementary Fig. 4b, e, ).

Probing the large subunit catalytic center with Fe(ll) tethered T226C-RF1

Hydroxyl radicals originating from Fe(lIl) tethered to T226C-RF1 result in diverse cleavage
patterns in several different regions of the ribosome (Fig. 3a). First, the H91 and H95 (sarcin-
ricin) loops in 23S rRNA are similarly cleaved in all complexes (Fig. 3b,f,g and Supplementary
Fig. 5b). These data serve as controls to indicate that binding of the derivatized T226C-RF1
was equivalent in each case. In other regions, H70, H89 and part of the stem of H92 of 23S
rRNA, as well as the acceptor stem and elbow region of P-site tRNA, were preferentially
cleaved in near-stop complexes, while regions of the 23S rRNA near to the A loop (2555-2556
and 2566-2568) were cleaved more efficiently in true stop complexes (Fig. 3b—g and
Supplementary Fig. 5a,c). These differential patterns were of substantial interest as they
provide a structural correlate for previous kinetic results showing increased rates of catalysis
(keat) On authentic stop codon complexes’ 8.

Discussion

Here we present a chemical probing analysis of RF1 interacting with various ribosome
complexes that allows us to visualize for the first time the events of signal transduction on the
ribosome following RF-mediated stop codon recognition. Analysis of ribosome (rRNA) and
P-site tRNA cleavage patterns resulting from Fe(ll) tethered on RF1 in functionally relevant
positions revealed substantial differences (both in position and intensity) on the stop (UAA)
and near-stop (CAA, UCA or UAC) programmed ribosome complexes. These data
unambiguously establish that there are discrete conformational differences among these
complexes, and that these reflect differences in the interactions between the class 1 RF, the
codon positioned in the A site and the ribosome.

First, hydroxyl radicals generated from position 156 close to the tripeptide anticodon motif of
RF1 (and targeting primarily the decoding center of the small ribosomal subunit), cleave
surrounding RNA elements in near-stop complexes much more strongly than in authentic stop
complexes. In contrast, hydroxyl radicals originating from position 292 (in the so called switch
loop) cleave authentic stop complexes much more strongly than near-stop complexes at regions
of the ribosome involved in bridging interactions (bridge B3) between the large and small
subunit. Finally, hydroxyl radicals originating from position 226 proximal to the catalytic GGQ
motif generated diverse cleavage patterns in the stop and near-stop complexes; certain positions
were more strongly modified on stop complexes whereas others were more strongly modified
on near stop complexes.

These observations can be brought together to envision how RF-mediated stop codon
recognition in the small subunit decoding center is communicated to other functional centers
on the ribosome. Our initial expectation in these studies was that the RNA cleavage patterns
would be stronger on authentic stop codon complexes, reflecting the greater stabilization of
the interaction (binding is certainly tighter for RFs on authentic stop codons, data not shown).
Moreover, we knew from structural studies that the RF very closely engages the stop codon
through direct interactions with amino acids (the PVT or SPF motifs found there) in the tip of
domain 2 (ref. 9-11,21). As such, we were struck by the results from the Fe(l1)-H156C-RF1
in the decoding center wherein stronger cleavage patterns were observed for the near-stop
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ribosome complexes. These results are consistent with two distinct molecular explanations: 1.
RF1 engages the decoding center more snugly on near-stop complexes, and thus pulls away
from the region following authentic stop codon recognition; or 2. RF1 engages the decoding
center so snugly on authentic stop codons that solvent is excluded from this region and Fenton
chemistry is therefore precluded. We favor the latter interpretation which is consistent with
what is known from X-ray structures9-11 as well as previous reports indicating that
paromomyecin is directly displaced from the decoding center on recognition of true stop codons
by the class 1 RFs8.

The switch loop cleavage patterns fit nicely with our initial conception of what might be
observed; on recognition of a true stop codon, nearby regions of the rRNA are pulled closer,
as though the ribosome were folding around the factor to stabilize the interaction (i.e. “RF
selection™ has occurred). Finally, in the large subunit functional center, certain cleavages from
Fe(I)-T226C-RF1 are stronger (in the A loop region, 2555-2556 and 2566-2568) for authentic
stop codon complexes, while many others (in the P-site tRNA, H70, H89 and H92 of 23S
rRNA) are stronger for near-stop codon complexes. These differential cleavage patterns are
readily explained by two different docking positions of the class 1 RF on these distinct
complexes. In the authentic stop codon complexes, the cleavage pattern correlates with a bound
state that yields a maximal rate constant for peptide release, while in the near-stop complexes,
the RF is clearly mispositioned correlating with slower catalysis’.

Using the atomic resolution structures of class 1 RFs bound to stop codon programmed
ribosomes, we can predict all nucleotides that should be within probing range (~24 A) of the
tethered Fe(ll) in the various positions (Supplementary Fig. 6a—d). A comparison of these
predicted patterns with the observed patterns in our ribosome complexes reveals some
interesting discrepancies. For instance, the observed cleavages for position 156 in domain 2 in
the decoding center are entirely consistent with what is predicted from the X-ray structures
(Supplementary Fig. 6a,e). These data argue that this domain of the RF is quite stably bound
in the conformation observed crystallographically, consistent with the long lived single FRET
state observed in recent single molecule studies using a fluorescent probe at nearby position
167 (ref. 22). By contrast, the cleavage patterns observed from the Fe(Il)-derivatized S292C-,
A289C- and T226C-RF1s (variants in the switch loop and GGQ motif, both found in domain
3) included a number of hits not predicted by the X-ray structures (Supplementary Fig. 6b—
d,f-h). We note that these nucleotides all are found on the side of the ribosome where RF1
enters the A site. These data argue for more mobility in this region of the RF so that multiple
binding states are sampled within the entry corridor (the loops of H91 and H95)23, at least in
the post-termination complex that we analyze here. We anticipate that these extraneous
cleavages might be affected by the addition of the class 2 release factor, RF3, thought to
participate in downstream events in termination24. As a final point, we note that the predicted
cleavage pattern for the Fe(l1)-T226C-RF1 (Supplementary Fig. 6¢) overlaps better with
cleavages observed on the stop codon complex (than on the near-stop), as might be anticipated
given that the X-ray structure represents an authentic stop codon complex; positioning of the
GGQ motif thus depends on appropriate docking in the small subunit decoding center.

While recent atomic resolution structures have provided much insight into the conformation
of class 1 RFs bound to the ribosome after the recognition of authentic stop codons, what has
been difficult to understand is the extent to which the precise mode of binding depends on key
recognition events in the decoding center. The data we present here provide compelling
evidence for stop codon recognition being essential in determining the ultimate conformation
of the recognition complex -- in the final bound state, the ribosome appears to collapse around
RF1 in a fashion that strictly depends on signals originating in the decoding center (Fig. 4).
The molecular features important for these rearrangements may be related to those essential
for tRNA selection on cognate codons.
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Reagents and RF1 modification

Termination

Tight-couple 70S ribosomes were purified from exponentially grown MREG00 cells as
previously described?® and stored in HiFi buffer (50 mM Tris-HCI pH 7.5, 70 mM NH,4CI, 30
mM KCI, 3.5 mM MgCl,, 0.5 mM spermidine, 8 mM putrescine, and 2 mM DTT). tRNAs
were purchased from Sigma-Aldrich. mRNAs were generated by PCR and T7 transcription to
produce the sequence 5'-GGGUUAACUUUAGAAGGAGGUAAAAAAA AUG NNN UUU
UUC UUU-3’ with the indicated codon (NNN) as specified. To construct single cysteine RF1
variants, a cysteine-less version of RF11° was prepared and single cysteine residue was
introduced by site-directed mutagenesis using the Quickchange Kit (Stratagene). All the
variants were purified as previously reported8 and stored in RF1 storage buffer (30 mM
HEPES-KOH pH7.6, 70 mM NH4CI, 30 mM KCI, 10 mM MgCl,, 3.5 mM DTT and 50% (v/
v) glycerol) at —20° C. RF1 variants were derivatized with FeEBABE according to previously
published procedures?®. Typically, RF1 variants at 30 pM were incubated with 1 mM FeBABE
in madification buffer (80 mM HEPES-KOH pH 7.6, 1 M KCl and 0.01% (v/v) Triton) at 37°
C for 1 hr. Excess FeBABE was removed by dialysis overnight into storage buffer (80 mM
HEPES-KOH, pH 7.6, 70 mM NH4CI, 30 mM KCI, and 10 mM MgCl,). Modified protein
was divided into aliquots and stored at —80°C.

complex formation

Ribosome complexes were formed in buffer A (50 mM Tris-HCI pH 7.5, 70 mM NH4CI, 30
mM KCI, 7 mM MgCl,, and 1 mM DTT) by incubating 1 pM 70S ribosomes, 1.5 uM
tRNA™MEet and 3 uM mRNA with various codons in the A site for 30 min at 37°C. Mock-
derivatized RF1 (Cys-) or FeBABE-derivatized single cysteine RF1 variants (75 uM) were
bound to ribosome complexes (37°C for 10 min, 0°C for 10 min). To identify hydroxyl radical
cleavages on the P-site tRNA for Fe(l1)-H156C-RF1 and Fe(ll)-T226C-RF1 variants, another
batch of complexes was formed using tRNAMet |abeled with [32P] at the 3’ end8.

Directed hydroxyl radical probing and cleavage analysis

Localized hydroxyl radicals were generated from Fe(l1) tethered to RF1 by the addition of
H,0, (0.05% (v/v)) and ascorbic acid (5 mM) to RF1-bound ribosome complexes (0°C, 10
min). To identify hydroxyl radical cleavages on the rRNA, RNAqueous lysis buffer was added
to the reaction and RNA was extracted as per instructions (Ambion). rRNA was then scanned
for cleavage by primer extension using reverse transcriptase as previously describedl’. To
examine the sites of hydroxyl radical cleavage on P-site tRNA, an equal volume of loading
buffer (85% (v/v) formamide, 10 mM EDTA, 0.1% (w/v) bromophenol blue and 0.1% (w/v)
xylene cyanol) was added to the reactions and the sample was loaded on a 10% (w/v) denaturing
PAGE sequencing gel. Cleavage intensities were visually assigned as weak, medium or strong
according to the intensity of each band relative to the intensity of control sequencing lanes.

Toe-printing assay

Toe-printing analysis was carried out essentially as described?’. Ribosome complexes
formation was carried out as described above except that mMRNAs used had extra sequences at
the 3'-end to allow for oligonucleotide priming, and were provided in an equimolar ratio to the
ribosomes. Ribosome complexes were first annealed to a trace amount of cDNA primer labeled
with [32P] at its 5’ end. Primer extension reactions were then carried out in primer extension
mix (50 mM Tris-HCI pH 7.5, 70 mM NH4CI, 30 mM KCl,, 7 mM MgCl,, and 1 mM DTT,
600 uM dNTPs and 1 unit u~ of AMV-RT) at 37°C for 15 mins, followed by the addition of
100 mM NaOH and incubation at 90 °C for 10 min to digest the RNA. The reaction was ethanol
precipitated before analysis on long format 6% (w/v) denaturing PAGE.
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NTCB cleavage assay

The cleavage assay was loosely based on a previous study with some modifications!®. Either
derivatized or underivatized single cysteine RF1 variants (15 pg) were reacted with 50 mM
NTCB (2-nitro-5-thiocyanobenzoic acid, Sigma-Aldrich) in reaction buffer (6 M Guanidine-
HCl and 300 mM Bicine-NaOH, pH 8.5) at 45°C for 10 min. The cyanylated proteins were
trichloroacetic acid-precipitated and resuspended in 5 pl of cleavage buffer (800 mM NH,OH
and 8 M Urea). After 1 hr incubation at 45°C, 15 pl of loading buffer (300 mM Tris pH 6.8,
2% (wiv) SDS, 8% (v/v) Glycerol and Brilliant blue G250) was added to quench the cleavage,
and the samples were examined by SDS-PAGE.

Peptide release assay

RF1 catalyzed fMet-tRNA™Met hydrolysis was perfomed as previously described®. Native IFs
1 and 3 and His-tagged 1F2 were prepared as described?8. Ribosome complexes were formed
by incubating 2 pM 70S ribosomes, 2.6 uM f-[33S]-Met-tRNA™EL 6 yM mRNA, 3 pM each
IFs 1, 2,and 3, and 1 mM GTP in buffer A at 37°C for 30 min. Complexes were pelleted
through a 1 ml sucrose cushion (1.1 M sucrose in buffer A) in a Beckman TLA 100.3 rotor at
200,000 g for 2 hr at 4°C. Pelleted complexes were resuspended in HiFi buffer and stored in
aliquots at —80°C. Concentration was determined by scintillation counting of [3°S]-Met.
Release assays were performed in HiFi buffer at 37°C by mixing equal volumes of ribosome
complexes and WT-RF1 or FeBABE modified single cysteine RF1 variants. At appropriate
time points, reactions were quenched with 25% (v/v) formic acid and released f-[3°S]-Met was
resolved from unreacted f-[35S]-Met-tRNAMet by electrophoretic TLC. Saturating
concentrations (75 puM and 200 uM) of RF1 was used to measure the kgq; (maximal kqps) of
peptide release under all conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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® Cognate strongest
® Near-cognate strongest
® Equal

Directed hydroxyl radical probing of the interaction between the codon recognition domain of
RF1 and the ribosome in complexes programmed with various codons in the A site. (a) Ribbon
diagram of RF1 (PDB entry: 3D5A19). Functionally important motifs including “PVT”
tripeptide anticodon, catalytic “GGQ” and switch loop are shown in blue. Each domain is
labeled by number and shown in different colors. Sphere indicates Ca. of residue 156 where
Fe(ll) is tethered. Three-dimensional structures were prepared in Pymol
(http://pymol.sourceforge.net). (b—c) Primer extension analysis of cleavage pattern of 16S
rRNA from saturating levels of Fe(I1)-H156C-RF1 in ribosome complexes with UAA, CAA,
UCA or UAC codons in the A site. (U, G, C and A) are sequencing lanes. (+) represents the
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Fe(11)-H156C-RF1 sample while (=) represents the sample treated with mock labeled Cysless-
RF1. Primers used begin extension at position 1391(b) and 1508 (c). (d) Denaturing sequencing
gel analysis of cleavage of P-site tRNA from Fe(I1)-H156C-RF1. (T1) cleavage by RNaseT1;
(OH) alkaline hydrolysis ladder. Bars and numbers at right indicate cleavages corresponding
to nucleotides within 16S rRNA or P-site tRNA. (e—g) Directed hydroxyl radical cleavage sites
from Fe(I1)-H156C-RF1 shown on the secondary structure2® of (e) part of the 3’ half of 23S
rRNA, (f) P-site tRNA and (g) 16S rRNA. Triangle size reflects cleavage intensity relative to
the strongest hits for that particular complex. (h) All cleavage sites modeled on tertiary structure
of RF1 bound ribosome complex (PDB entry: 3D5A10 and 3D5B10). 16S rRNA from 30S
subunit and 23S rRNA from 50S subunit are shown in yellow and cyan, respectively, while
the ribosomal proteins are omitted. RF1 is shown in gray; P-site tRNA is in pink and mRNA
is deep purple. Star represents the position to which Fe(l1) is tethered, spheres indicate targeted
sites (with size reflecting relative cleavage intensity). Overall cleavage patterns are indicated
with various colors (stronger on cognate (red), stronger on near-cognate (orange), and
equivalent on all (blue)). Unless otherwise indicated, same labeling scheme used throughout
manuscript.

Nat Struct Mol Biol. Author manuscript; available in PMC 2010 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

He and Green Page 12

") cea

150 &\ ¢ 292
BY & ‘¥ switch loop
o) o4

s

) ae VT

UAA CAA UCA UAC

497— ! ll!!!!!!!peuw

9:?'§=§82=2§

= -
513516

® F ‘ & 5| f

L =Em B = = seso

516

UAA  CAA UCA UAC

c 16S U G C A + - + - + - Fe(ll)
1410—..‘6'.. ! Jra00-1212
b & 55 haa2
1424_‘!?*’;T.-,;—‘--~
=== ! ===
T 9
d UAA CAA UCA UAC
238 UG C A + - + - + - + - Fell)
_z:..‘—ﬁ—ai_—.-
- Y F F
100 IR0 i = hodsross
- : aBE=EESECE g
et P e ey
el ot = = |hesr-19e3
1962— ¢
4 = %
T - BELE ST PRy . .g"i‘ 2
as-ae= 7
e "
e
® Cognate strongest ST 51 3
® Near-cognate strongest T "fﬂ:\/
® Equal e

Figure 2.

Directed hydroxyl radical probing of the ribosome environment of the switch loop of RF1 in
ribosome complexes programmed with various codons in the A site. (a) Ribbon diagram of
RF1. Sphere indicates Ca. of residue 292 where Fe(ll) is tethered. (b—d) Primer extension
analysis of cleavage of 16S rRNA (b—c) and 23S rRNA (d) from saturating levels of Fe(ll)-
S292C-RF1 incubated with the indicated ribosome complexes with primers (b) 565 (c) 1490
and (d) 2042. (e-f) Directed hydroxyl radical cleavage sites from Fe(I1)-S292C-RF1 shown
on secondary structure of (e) 16S rRNA and (f) the 3" half of 23S rRNA. (g) All cleavage sites
modeled on tertiary structure of RF1 bound ribosome complex (PDB entry: 3D5AC and
3D5B19), as in Figure 1.

Nat Struct Mol Biol. Author manuscript; available in PMC 2010 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Page 13

226 .‘ GGQ
a i ASN :) e
e X ® Cognate strongest
%Y ¢ ¢ ® Near-cognate strongest
" r " P 1.3 ® Equal
142 €K Jev.
&9 L o4 éSwnch loop
o 4\ X :t\' ‘ 2
[ ‘J
l: \ . "’ R
. 1) Uas PVT
b UAA  CAA UCA _UAC f

238 U G C A + - + - + + -

2555-2556
2557-2560

|2s66-2568

BT
| I

£

c UAA CAA  UCA UAC
28SU G C A + - + - + - Fe(ll)

ver
b L PR EEH
< R T 1 L4 b

2473«# : ’ ; . g_ ! Z , 3 I2469-2473
- > ¥ > :
g3=%s

|2479-2484

= Jaser2ee
= : 1 3 2

UAA CAA UCA UAC
d PtRNA OH + + - Fe(ll)

~ +“r |51-53 g

52—

68—

68-73

e
"
N
e v
M

Figure 3.

Directed hydroxyl radical probing of the ribosome environment of the catalytic motif “GGQ”
of RF1 in ribosome complexes programmed with various codons in the A site. (a) Ribbon
diagram of RF1. Sphere indicates Coof residue 226 where Fe(ll) is tethered. (b—c) Primer
extension analysis of 23S rRNA from saturating levels of Fe(11)-T226C-RF1 incubated with
the indicated ribosome complexes with primers (b) 2639 and (c) 2542. (d) Denaturing
sequencing gel analysis of cleavage of P-site tRNA from Fe(I1)-T226C-RF1. (T1) cleavage by
RNaseT1; (OH) alkaline hydrolysis ladder. (e—f) Directed hydroxyl radical cleavage sites from
Fe(I)-T226C-RF1 shown on secondary structure of (e) P-site tRNA and (f) the 3’ half of 23S
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rRNA. (g) All cleavage sites modeled on tertiary structure of RF1 bound ribosome complex
(PDB entry: 3D5A10 and 3D5B19), as in Figure 1.
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Figure 4.

Cartoon representation of structural rearrangements in ribosome complexes following RF1
recognition of stop codons (a) or near-stop codons (b). 30S subunit and 50S subunits are shown
in yellow and cyan, respectively. RF1 is shown in the A site with Fe(ll) tethering positions
(156, 226 and 292) indicated in pink. Specific functionally important rRNA helices and loops
that exhibited differential cleavage patterns in the cognate and near-cognate complexes are
highlighted.
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