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Abstract

Over the past decade, harnessing the cellular protein synthesis machinery to incorpo-
rate non-canonical amino acids (ncAAs) into tailor-made peptides has significantly
advanced many aspects of molecular science. More recently, groundbreaking progress
in our ability to engineer this machinery for improved ncAA incorporation has led to
significant enhancements of this powerful tool for biology and chemistry. By revealing
the molecular basis for the poor or improved incorporation of ncAAs, mechanistic stud-
ies of ncAA incorporation by the protein synthesis machinery have tremendous poten-
tial for informing and directing such engineering efforts. In this chapter, we describe a
set of complementary biochemical and single-molecule fluorescence assays that we
have adapted for mechanistic studies of ncAA incorporation. Collectively, these assays
provide data that can guide engineering of the protein synthesis machinery to expand
the range of ncAAs that can be incorporated into peptides and increase the efficiency
with which they can be incorporated, thereby enabling the full potential of ncAA muta-
genesis technology to be realized.

1. Introduction

The field of non-canonical amino acid (ncAA) mutagenesis aims to
harness the power of the cellular machinery that translates messenger
RNAs (mRNAs) into proteins, which we refer to here as the “translation
machinery” (TM), to make templated designer peptides with amino acids
other than the 20 canonical amino acids (cAAs) (Liu & Schultz, 2010).
The applications of this technology are diverse, including the creation of
difficult-to-synthesize therapeutics (Obexer, Walport, & Suga, 2017); novel
materials (Katoh, Sengoku, Hirata, Ogata, & Suga, 2020; Rogers et al.,
2018); and proteins engineered to contain biophysical probes (Braun,
Drescher, & Summerer, 2019; Chung, Amikura, & Soll, 2020; Desai &
Gonzalez, 2020; Lee, Kang, & Park, 2019; Saleh, Wilding, Calve,
Bundy, & Kinzer-Ursem, 2019) or perform new functions (Drienovska &
Roelfes, 2020; Wang, 2017). Despite this, many classes of ncAAs are poor
substrates for the TM (Pavlov et al., 2009; Tan, Forster, Blacklow, &
Cornish, 2004) and improving their incorporation into peptides often
requires engineering of the TM (Amiram et al., 2015; Dedkova & Hecht,
2019; Fan, Xiong, Reynolds, & Soll, 2015; Hammerling, Kruger, &
Jewett, 2020; Katoh, Iwane, & Suga, 2017; Katoh, Tajima, & Suga,
2017; Lajoie et al., 2013; Ohtsuki, Yamamoto, Doi, & Sisido, 2010; Park
et al., 2011; Rackham & Chin, 2005; Rogers et al., 2018; Tharp et al.,
2020; Tsiamantas, Rogers, & Suga, 2020). Recent breakthroughs in the
synthesis of ncAA-transfer RNAs (tRNAs) (Bianco, Townsley, Greiss,
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Lang, & Chin, 2012; Desai & Gonzalez, 2020; Dunkelmann, Willis,
Beattie, & Chin, 2020; Ernst et al,, 2016; Liu, Hemphill, Samanta,
Tsang, & Deiters, 2017; Liu & Schultz, 2010; Murakami, Obhta,
Ashigai, & Suga, 2006; Neumann, Wang, Davis, Garcia-Alai, & Chin,
2010; Wang, Brock, Herberich, & Schultz, 2001) and the engineering of
tRNAs (Katoh, Iwane, et al., 2017; Katoh & Suga, 2018; Katoh, Tajima,
et al., 2017), translation factors (Katoh, Iwane, et al., 2017; Katoh &
Suga, 2018; Katoh, Tajima, etal., 2017; Park et al., 2011), and the ribosome
itself’ (Aleksashin et al., 2020; Chen et al., 2017; Dedkova et al., 2012;
Dedkova, Fahmi, Golovine, & Hecht, 2003, 2006; Fried, Schmied,
Uttamapinant, & Chin, 2015; Liu et al., 2014; Maini, Dedkova, et al.,
2015; Neumann et al., 2010; Orelle et al., 2015; Schmied et al., 2018),
particularly in the context of cell strains optimized for ncAA incorporation
(Isaacs et al., 2011; Lajoie et al., 2013), have pushed the field to new heights.
These developments have facilitated the incorporation of several classes of
ncAAs that had previously been poorly tolerated by the TM, increased
the diversity of ncAAs that can be used by the TM, and enabled the incor-
poration of multiple ncAAs into single peptides, both in vitro and in vivo, in
bacterial as well as eukaryotic cells.

Despite the success of these engineering efforts, the mechanistic basis
through which they facilitate ncAA incorporation is not always understood,
limiting our ability to improve and expand them. Specifically, determining
when, where, and how during translation the TM fails to incorporate par-
ticular ncAAs can inform rational design- or directed evolution approaches
aimed at overcoming such mechanistic obstacles and expanding the range of
ncAAs that the TM can use. Motivated by this principle, we and others are
using biochemistry (Aleksashin et al., 2019; Effraim et al., 2009; Englander
et al., 2015; Fleisher, Cornish, & Gonzalez Jr., 2018; Gamper et al., 2021;
Heckler, Roesser, Xu, Chang, & Hecht, 1988), rapid kinetics (Gamper
et al., 2021; Liljeruhm, Wang, Kwiatkowski, Sabari, & Forster, 2019),
single-molecule biophysics (Effraim et al., 2009; Gamper et al., 2021), struc-
tural biology (Melnikov et al., 2019; Schmied et al., 2018; Ward, Watson,
Ad, Schepartz, & Cate, 2019), molecular dynamic (MD) simulations
(Englander et al., 2015; Maini, Chowdhury, et al., 2015), computational
analyses (Walker, Russ, Ranganathan, & Schepartz, 2020), and other mech-
anistic tools to explore the limits of ncAA incorporation by the TM.

As an example from our own work, we have found that once a b-amino
acid (aa) is incorporated into the C-terminal end of the nascent polypeptide
chain being synthesized by the bacterial TM, the incorporated D-aa arrests
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translation by perturbing the conformational dynamics of the ribosomal
peptidyl transferase center (PTC) (Englander et al., 2015), consistent with,
and extending, earlier findings by Hecht et al. (Heckler et al., 1988).
Remarkably, the ability of the p-aa to perturb these dynamics can be
modulated by both the tRINA- and amino acid components of the next,
incoming aa-tRNA (Fleisher et al., 2018). The findings suggested that
engineering specific features of the PTC and/or incoming aa-tRINA can
facilitate incorporation of D-aas and, very likely, other ncAAs that might
arrest translation through a similar mechanism. In a second example, we
have investigated the mechanism through which a tRINA containing a
one-nucleotide insertion mutation in its anticodon loop induces the bacte-
rial TM to undergo a highly efficient +1 frameshifting (FS) event at a specific
quadruplet-nucleotide codon, thereby enabling the robust incorporation of
an ncAA by the TM (Gamper et al., 2021). In this study, we found that the
tRNA induces +1FS at the quadruplet codon by manipulating a specific
conformational rearrangement of the ribosomal small, or 30S, subunit that
is necessary for translocation of the ribosome along the mRNA. Our find-
ings therefore provide a guide for engineering specific structural elements of
the 30S subunit so as to facilitate the +1FS tRINA-mediated incorporation of
ncAAs in response to quadruplet codons.

We begin this chapter with a short description of the general approaches
we and our collaborators have used to prepare ncAA-tR NAs for our studies,
providing references to appropriately detailed protocols for the preparation
of these essential reagents. We next briefly describe the reconstituted
Escherichia coli in vitro translation system we have previously reported in
Fei et al. (2010) and have used in our studies. The bulk of the chapter then
provides detailed descriptions of the set of biochemistry and single-molecule
fluorescence resonance energy transfer (smFRET) assays we have used in
our mechanistic studies of ncAA incorporation by the TM. We close by
highlighting a number of mechanistic tools that are only just now beginning
to be applied in earnest to studies of ncAA incorporation, but that we think
hold tremendous promise for ongoing and future efforts to engineer the TM
for improved ncAA mutagenesis capabilities.

2. Preparation of ncAA-tRNAs
2.1 Overview of methods used to prepare ncAA-tRNAs

Several methods exist for aminoacylating tRINAs with ncAAs. A common
method for preparation of ncAA-tRNAs involves a hybrid strategy of chem-
ically synthesizing the 5'-phospho-2'-deoxycytidylyl-(3',5")-adenosine
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(pdCpA) dinucleotide and acylating it with the cyanomethyl active ester
(CME) of an a-amine-protected amino acid. T4 RNA ligase is then used to
ligate the resulting pdCpA-aa to the 3’ end of an in vitro transcribed tRINA lac-
king the universally conserved cytidine (C) and adenine (A) nucleotides at posi-
tions 75 and 76 at its 3’ end as described by Robertson, Ellman, and Schultz
(1991). tRINA synthetases (aaRS) that have been engineered so as to expand
their substrate specificities are also commonly used for the preparation of
ncAA-tRNAs (Datta, Wang, Carrico, Mayo, & Tirrell, 2002; Melnikov &
Soll, 2019). Because of its ease of use and the fact thatit allows us to use naturally
occurring tRNAs containing post-transcriptional modifications that reduce
unwanted, tRINA-induced frameshifting (Hou, Gamper, & Yang, 2015),
we typically employ the ribozyme-based “Flexizyme” system developed by
Suga et al. (Murakami et al., 2006; Ohuchi, Murakami, & Suga, 2007) to pre-
pare our ncAA-tRNA:s.

2.2 Reagents, equipment, and general procedures
for preparing ncAA-tRNAs using the Flexizyme system

The following reagents and equipment were used for preparing ncAA-
tRNAs using the Flexizyme system. Chemical reagents, enzymes, and
tRNAs were purchased from Sigma Aldrich unless otherwise specified.
Analytical high-performance liquid chromatography (HPLC) was executed
using a reversed-phased Phenomenex Kinetex C18 column on a Waters 600
HPLC system or a reversed-phase Waters Xbridge C18 column on a
Shimadzu LC-10ADY" HPLC system. Preparative HPLC was performed
using a reversed-phase Phenomenex Luna C18(2) column on a Waters
600 HPLC system. Proton (1H) nuclear magnetic resonance (NMR) spec-
troscopy was executed on a Bruker DPX-400 instrument. Analogous HPLC
and NMR instrumentation may be used in place of the ones listed above. In
addition, if necessary, appropriate substitutions may be made for some of the
equipment and instruments listed below.

2.2.1 Chemical reagents, solvents, and buffer salts
o-N-tert-butyloxycarbonyl (a-N-Boc)-protected amino acids (from
Chem Impex)
1-Fluoro-2-4-dinitrophenyl-5-1-alanine amide (FDAA, Marfey’s
R eagent)
1,8-Bis(dimethylamino)naphthalene (Proton Sponge)
3,5-Dinitrobenzyl chloride
Chloroacetonitrile (CICH,CN)

Triethylamine (TEA)
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Dimethylformamide (DMF)

Diethyl ether (Et,O)

Hydrochloric acid (HCI)

Sodium bicarbonate (NaHCO3)

Saturated sodium chloride (NaCl) solution (brine)
Magnesium sulfate (MgSQO,)

Ammonium acetate (NH,OACc)

Methanol (MeOH)

Ethanol (EtOH)

Ethyl acetate (EtOAc)

Acetonitrile (MeCN)

Trifluoroacetic acid (TFA)

Potassium  2-[4-(2-hydroxyethyl)piperazin-1-yl|ethanesulfonic  acid
(K-HEPES)

Potassium chloride (KCI)

Magnesium chloride (MgCl,)

Dimethyl sulfoxide (DMSO)

Potassium acetate (KOAC)

Tris hydrochloride (Tris-HClL; pHr T =8.0)
Ammonium chloride (NH4CI)

Acetic acid (HOAC)
[**P]adenosine-5"-monophosphate (Perkin Elmer)

2.2.2 Ribozymes, tRNAs, and enzymes
Dinitro-Flexizyme (dFx) (prepared as described in Murakami et al. (2006))
Enhanced Flexizyme (eFx) (prepared as described in Murakami etal. (2006))
aa-specific tRINAs
E. coli nucleotidyl transferase (overexpressed from a plasmid kindly pro-
vided by Dr. Ya-Ming Hou (Thomas Jefterson University) and prepared
as described in Dupasquier, Kim, Halkidis, Gamper, and Hou (2008))
Penicillium citrinum nuclease P1

2.2.3 Equipment and instruments
Vacuum gas manifold
High vacuum pump
Buchner funnel and filter flask
Phosphorimaging screen (GE Healthcare)
Phosphorimager (Typhoon FLA7000; GE Healthcare)
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2.2.4 Other supplies
Molecular sieves (3 A)
Polyethyleneimine-impregnated (PEI)-cellulose thin layer chromatog-
raphy (TLC) plates (EMD Chemicals)
Saran wrap
Image analysis software (ImageQuant, Image], or similar).

2.3 Preparation of ncAA-tRNAs using the Flexizyme system
2.3.1 Overview of amino acid active ester preparation

Starting from commercially sourced a-N-Boc-protected amino acids, we
follow the protocols previously published by Suga et al. (Murakami et al.,
2006) to synthesize the amino acid 3,5-dinitrobenzyl esters (DBEs) and
CMEs we use with the Flexizyme system (Avins, 2010; Effraim et al.,
2009; Englander et al., 2015; Fleisher et al., 2018). The only exception to
this was for our synthesis of D-phenylalanine (Phe)-CME, in which we
modified the protocol in Murakami et al. (2006) to limit the extent of race-
mization (vide infra) (Avins, 2010). For the syntheses of D-aa active esters,
we verified the enantiomeric excess for each D-aa active ester to be above
98%, as determined by Marfey’s analysis (Adamson, Hoang, Crivici, &
Lajoie, 1992; Kochhar, Mouratou, & Christen, 2000), a well-established
technique for assessing the stereochemical purity of amino acids and peptides
(Goodlett et al., 1995). Reaction with the chiral Marfey’s R eagent converts
the enantiomeric D-aa active ester to a diastereomer that is easily separable
using reversed-phase C18 column chromatography in a standard HPLC sys-
tem outfitted with an ultraviolet (UV) detector set to detect the FDAA moi-
ety at 340 nm. We found that quantifying the stereochemical purity of the
D-aa active esters was critically important because L-aa-tRINAs are incorpo-
rated by the TM with much greater efficiency than their p-aa-tRINA coun-
terparts and contaminating L-aa-tRINA can thereby lead to misinterpretation
of the results. We further characterized the products of our peptide synthesis
assays (vide infra) by HPLC, using comigration of our products with chem-
ically synthesized, D-aa-containing, “authentic,” marker peptides to ensure
that no racemization took place during aminoacylation with the Flexizyme.
The excellent agreement between the optical purity of the D-aa active esters
and the stereochemical assessment of the peptide products was consistent
with no further racemization taking place in the steps following the p-aa
active ester synthesis (Avins, 2010).
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2.3.2 Representative protocol for syntheses of ncAA-DBEs (p-Lys-DBE)
A mixture of «-N-Boc-D-Lysine (Lys) (300mg, 1.6 mmol), 3,5-dinitrobenzyl
chloride (286 mg, 1.3 mmol), and TEA (270 mg, 2.7 mmol) in 2.0 mL of DMF
is allowed to react at room temperature overnight. The reaction is then diluted
with Et;O (30mL) and the solution extracted with 0.5M HCI (10mL x 3),
4% NaHCOj; (10mL X 3), and brine (20mL X 1). The organic layer is iso-
lated, dried with MgSO, and concentrated. To remove the Boc protecting
group, the resulting crude residue is then dissolved in 8mL of 4N HCI in
EtOAc and stirred for 20 min at room temperature. The solution is concen-
trated again and any remaining HCl is removed by high vacuum. The product
is precipitated by the addition of a Et;O:MeOH mixture (10:1 v/v) and the
precipitate is filtered (Avins, 2010; Murakami et al., 2006). In our hands, we
achieve a 30% overall yield (Avins, 2010). "H NMR (400 MHz, CD;OD): §
9.03 (t, 1H, Ar-C4H), 8.73 (d, 2H, Ar-C, ¢(H), 5.56 (s, 2H, OCH,), 4.24
(t, 1Hy), 2.97 (t, 2H, N.CH,), 2.13-1.94 (m, 2H), 1.75 (q, 2H),
1.68-1.51 (m, 2H) (Avins, 2010).

2.3.3 Synthesis of p-Phe-CME

A mixture of a-N-Boc-pD-Phe (265mg, 1 mmol), Proton Sponge (429 mg,
2mmol), and CICH,CN (1mL, excess, dried over molecular sieves) is
stirred under inert atmosphere at room temperature overnight. EtOAc
(36mL) is added to the reaction. The resulting solution is extracted and
the Boc protecting group is removed as described for the DBE syntheses
in Section 2.3.2. The product is obtained in 35% overall yield (125mg,
0.47mmol) and is then further purified by semi-preparative HPLC using
a reversed-phase C18 column and a gradient of 1% MeCN and 0.1%
TFA to 80% MeCN and 0.1% TFA over 75min ((Avins, 2010); modified
from Murakami et al. (2006)). '"H NMR (400MHz, CD;0D): & 7.44
(m, 3H, Ar-C;4sH), 7.32 (d, 2H, Ar-C, ¢H), 5.05 (s, 2H, OCH,CN),
3.3 (m, 2H, CH»-Ar) (Avins, 2010).

2.3.4 Aminoacylation using Flexizymes

tRINAs are aminoacylated using amino acid DBEs or CMEs and dFx or eFx,
respectively (Effraim et al., 2009; Englander et al., 2015; Fleisher et al., 2018;
Murakami et al., 2006). The aminoacylation reactions contain 20puM
tRNA, 20 puM dFx or eFx, and 5mM amino acid DBEs or CMEs, respec-
tively, in a buffer of 0.1M K-HEPES (pHrTt =7.5), 0.1 M KCl, 600 mM
MgCl,, and 20% DMSO. Reactions proceed on ice, with the length of time
determined by the identity of the amino acid side chain. The reactions are
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subsequently quenched with three volumes of 600mM NH,OAc
(pHrt =5.0) and the ncAA-tRINA products are precipitated with EtOH.
The ncAA-tRNAs in the resulting pellet are then resuspended and stored
in 10mM KOAc (pHpt =5.0) at —80°C, and used without further purifi-
cation. We noted that valine (Val)-specific tRNA (tRNAval) purchased from
Sigma was acylated to a certain extent with Val and therefore had to be
deacylated prior to aminoacylation. Thus, following an earlier protocol
reported by Powers and Noller (1991), tRNAY" purchased from Sigma
was treated with 1.8 M Tris-HCI (pHr t =8.0) for 3h at 37 °C prior to using
it in aminoacylation reactions.

To assess aminoacylation efficiency, analytical-scale aminoacylation
reactions (5L total reaction volume) using 3'-[*°P]-labeled tRNA are
executed side-by-side with the preparative-scale reaction under identical
conditions. The 3’ end of tRNA is [**P]-labeled with [**PJAMP using
nucleotidyl transferase as described previously (Effraim et al., 2009;
Ledoux & Uhlenbeck, 2008). After precipitation and resuspension, the reac-
tion is digested with nuclease P1 for 10 min at room temperature. Separation
of [*P]JAMP from aa-[**P]AMP is achieved by TLC on PEI-cellulose TLC
plates that have been pre-rinsed with water and dried, using a running buffer
of 100mM NH,Cl and 10% HOAc. TLC plates are then air-dried on a flat
surface, wrapped in Saran wrap, exposed to a phosphorimaging screen over-
night, and imaged using a phosphorimager (Eftraim, 2010). Subsequently,
the intensities of TLC spots corresponding to the unreacted [**P]JAMP
(Iamp) and aminoacylated product (I,,_amp) are quantified using appropriate
image analysis software. The aminoacylation efficiencies are calculated as
[(La-amp)/ Uamp + La_amp)] X 100. Experiments are typically executed in
duplicate or triplicate, and the mean aminoacylation efficiency is reported
along with the standard error of the mean in the case of duplicate measure-
ments or the standard deviation in the case of triplicate measurements.

3. Assessing the performance of ncAA-tRNAs
in translation

3.1 Preparation of a reconstituted, E. coli in vitro
translation system
For our biochemical studies of translation using ncAA-tRINA substrates
(Effraim et al., 2009; Englander et al., 2015; Fleisher et al., 2018), we use
an in vitro translation system reconstituted from highly purified, E. coli com-
ponents that, unless otherwise specified here, are prepared following detailed
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protocols we have previously published that draws from Fei et al. (2010).
Briefly, tight-coupled 708 ribosomes, 30S subunits, and/or ribosomal large,
or 50S, subunits are purified from E. coli MRE600 cells. tRNAs are
purchased from Sigma, MP Biomedicals, or Chemical Block or, if commer-
cially unavailable, are purified following straightforward adaptations
(Effraim et al., 2009) of previously published protocols ((Louie, Masuda,
Yoder, & Jurnak, 1984; Ribeiro, Nock, & Sprinzl, 1995) or, more recently,
(Kazayama, Yamagami, Yokogawa, & Hori, 2015; Tsurui et al., 1994)).
Methionyl (Met)-tRINA synthetase (MetRS), PheRS, LysRS, and
AlaRS, as well as Met-tRNA™* formyltransferase (FMT) are recombina-
ntly expressed and purified from E. coli BL21(DE3) cells. Note that
recombinant expression and purification of AlaRS is reported in (Effraim
et al., 2009) rather than (Fei et al., 2010) and that additional aaRSs can
be recombinantly expressed and purified using straightforward extensions
of the protocols reported in Fei et al. (2010). Purchased or purified
tRNAs and purified aaRSs and FMT are used to prepare cAA-tRNAs,
including formylmethionyl (fMet)-tRNA™ a5 detailed in Fei et al.
(2010). ncAA-tRNAs, on the other hand, are prepared as described in
Section 2.3.4. The efficiency of aminoacylation and, in the case of fMet-
tRNA™M formylation reactions can be determined using hydrophobic
interaction chromatography (HIC), as detailed in Fei et al. (2010); acidic
polyacrylamide gel electrophoresis (PAGE), as detailed in Effraim et al.
(2009); or TLC, as described in Section 2.3.4. mR NAs are based on the gene
for bacteriophage T4 gene product 32 and encode either the first 224, 20, or
9 amino acids of the gene (T4gp32i 554, T4gp32i 59, or T4gp32; o
mRNAs, respectively) and are prepared either by run-off; in vitro transcrip-
tion of plasmids using T7 RNA polymerase (T4gp32; 554 and T4gp32 5
mRNAs) or by chemical synthesis (T4gp32; ¢ mRNA; IDT, Inc.). A
detailed description and sequence information for the T4gp32; 554
mRNA, from which the T4gp32; 5y and T4gp32; ¢ mRNAs are further
derived, can be found in Blanchard (2002). Additional descriptions and
sequence information for the T4gp32; 5o mRNA can be found in Fei
et al. (2010) and Englander et al. (2015) and, for the T4gp32; 9 mRNA,
in Fei et al. (2010) and Fei, Kosuri, MacDougall, and Gonzalez ]r.
(2008). Also, a general protocol for the preparation of these mRINAs can
be found in Fei et al. (2010) and examples of specific protocols for the prep-
aration of mR NAs used in our studies of ncAA incorporation by the TM can
be found in Effraim et al. (2009), Englander et al. (2015), and Fleisher et al.
(2018). Like the aaR Ss and FMT, the translation factors initiation factor (IF)
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1, IF2, and IF3 and elongation factor (EF)-Tu, EF-Ts, and EF-G are all
recombinantly expressed and purified from E. coli BL21(DE3) cells.

As a buffer for our in vitro translation system, we use a variant of the in vitro
translation buffer established by Kurland et al. (Jelenc & Kurland, 1979;
Pavlov & Ehrenberg, 1996; Wagner, Jelenc, Ehrenberg, & Kurland, 1982)
that we call Trs-Polymix Buffer and that is composed of 50mM
Trs-acetate (Tris-OAc; pHrt =7.5), 100mM KCI, 5mM NH,OAc,
0.5mM calcium acetate (Ca(OAc),), 6mM p-mercaptoethanol (BME),
5mM putrescine-HCI, 1mM spermidine free base, and is adjusted to
0—15mM magnesium acetate (Mg(OAc),), as specified (Fei et al., 2010).

3.2 Overview of the translation elongation cycle

In our mechanistic studies of ncAA incorporation by the TM, we are inter-
ested in following the path of the ncAA throughout the entire translation
elongation cycle, which is composed of three major steps: aa-tRINA selec-
tion, peptidyl transfer, and translocation (Fig. 1). During the aa-tRINA selec-
tion step, a ternary complex (T'C) of the translational guanine nucleotide
triphosphatase (trGTPase) EF-Tu, GTP, and aa-tRNA is delivered to the
ribosomal aa-tRINA binding (A) site. Transfer of the nascent polypeptide

aa-tRNA selection

§ Translocation Peptidyl transfer

Fig. 1 Overview of the translation elongation cycle. The elongation cycle consists
of three major steps: aa-tRNA selection, peptidyl transfer, and translocation. See
Section 3.2 for a detailed description of these steps.
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chain from the peptidyl-tRNA at the ribosomal peptidyl-tRINA binding
(P) site to the aa-tRINA at the A site during the peptidyl transfer step then
generates a newly deacylated tRINA at the P site and a newly formed
peptidyl-tRINA at the A site. The trGTPase EF-G then catalyzes transloca-
tion of the deacylated tRINA and peptidyl-tRINA at the P and A sites into the
ribosomal tRINA exit (E) and P sites, respectively, advancing the mRNA
along with the tRINAs so as to bring the next codon into the now otherwise
empty A site and ultimately prompting the release of the deacylated tRINA
from the E site. Note that two rounds of the elongation cycle are required to
fully test a single aa’s performance in all steps of the elongation cycle; its abil-
ities to act as an acceptor or donor in the peptidyl transfer reaction are tested
in the first and second cycles, respectively. In Sections 3.3-3.8, we will
describe a battery of biochemical and smFRET assays that allow us to inves-
tigate the sub-steps of the elongation cycle in exceptional mechanistic detail.

3.3 Assaying the overall performance of ncAAs in polypeptide
synthesis

Prior to assessing the details of any translation disorders that an ncAA might
induce, a tripeptide synthesis reaction in which the ncAA is incorporated
into the second residue position of the synthesized tripeptide is used to test
the overall performance of an ncAA throughout all steps of the elongation
cycle (Fig. 2) (Englander et al., 2015; Fleisher et al., 2018). As detailed in the
subsections that follow below, the tripeptide synthesis reaction is executed in
four steps: (1) preparation of a 70S IC Mix, (2) preparation of a TC Mix,
(3) preparation of an EF-G Mix, and (4) tripeptide synthesis via the addition
of the TC Mix to a mixture of the 70S IC Mix and the EF-G Mix. Note that
the protocols reported below for the preparation of the 70S IC Mix, TC
Mix, and EF-G Mix and for performing tripeptide synthesis reactions are
based on procedures that have been previously published (Blanchard,
Kim, Gonzalez, Puglisi, & Chu, 2004; Fei, 2010; Fei et al., 2010;
Pavlov & Ehrenberg, 1996). Moreover, these protocols should serve as a
general guide; for specific examples of the protocols we have used to prepare
the 70S IC Mix, TC Mix, and EF-G Mix and perform tripeptide synthesis
reactions in our mechanistic studies of ncAA incorporation, please refer to
Effraim et al. (2009), Englander et al. (2015), Fleisher et al. (2018), and the
smFRET experiments reported in Gamper et al. (2021).
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Fig.2 Anassay that reports on the overall performance of ncAAs in polypeptide synthesis. The overall performance of an ncAA throughout all
steps of the elongation cycle can be tested using a tripeptide synthesis assay in which the ncAA is incorporated into the second residue
position. The ncAA is shown as a gold hexagon. See Section 3.3.6 for a detailed description of the assay. Data are shown for both an
NncAA-tRNA (p-Phe-tRNA) and its corresponding cAA-tRNA (-Phe-tRNA). The data and corresponding data figure subpanels are from
Englander, M. T., Avins, J. L., Fleisher, R. C, Liu, B.,, Effraim, P. R, Wang, J., Schulten, K, Leyh, T. S., Gonzalez Jr.,, R. L., & Cornish, V. W. (2015).
The ribosome can discriminate the chirality of amino acids within its peptidyl-transferase center. Proceedings of the National Academy of
Sciences of the United States of America, 112(19), 6038—6043. https://doi.org/10.1073/pnas.1424712112.
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3.3.1 Reagents, equipment, and general procedures

The following reagents and equipment were used for the tripeptide syn-
thesis assays as well as for the other biochemical and smFRET assays
described in Sections 3.4-3.8, unless otherwise specified. Chemical
reagents, enzymes, and tRINAs were purchased from Sigma Aldrich unless
otherwise specified. Depending on availability, it may be necessary to
make appropriate substitutions for some of the equipment and instruments
listed below.

3.3.1.1 Chemicals, solvents, and buffer salts
Tris-acetate (Tris-OAc)
Potassium chloride (KCI)
Ammonium acetate (NH,OACc)
Calcium acetate (Ca(OAc),)
B-Mercaptoethanol (BME)
Putrescine hydrochloride (putrescine-HCI)
Spermidine free base
Magnesium acetate (Mg(OACc),)
Sodium hydroxide (NaOH)
Potassium hydroxide (KOH)
Guanosine 5'-triphosphate sodium salt hydrate (GTP)
Ethylenediaminetetraacetic acid (EDTA)
Phosphoenol pyruvate (PEP)
Pyridine
Acetic acid
D-aa-containing peptides (chemically synthesized as described in Avins
(2010) and Englander (2011))
Acetonitrile (MeCN)

3.3.1.2 Ribosomes, enzymes, mRNAs, and tRNAs
70S ribosomes (prepared as described in Section 3.1 and Fei et al. (2010))
Initiation factor 1 (IF1) (prepared as described in Section 3.1 and Fei et al.
(2010))
Initiation factor 2 (IF2) (prepared as described in Section 3.1 and Fei et al.
(2010))
Initiation factor 3 (IF3) (prepared as described in Section 3.1 and Fei et al.
(2010))
T4gp321_50 mRNA (prepared as described in Section 3.1 and Fei et al.
(2010))
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£[°S]Met-tRNA™<* (prepared as described in Section 3.1 and Fei et al.
(2010)).

Met-tRNAM* (prepared as described in Section 3.1 and Fei et al.
(2010))

Elongation factor Tu (EF-Tu) (prepared as described in Section 3.1 and
Fei et al. (2010))

Elongation factor Ts (EF-Ts) (prepared as described in Section 3.1 and
Fei et al. (2010))

Pyruvate kinase (PK)

2nd-position ncAA-tRINA (prepared as described in Section 2.3.4)
3rd-position cAA-tRINA (prepared as described in Section 3.1 and Fei
et al. (2010))

Elongation factor G (EF-G) (prepared as described in Section 3.1 and Fei
et al. (2010))

3.3.1.3 Equipment and instruments
Eppendort tubes
Ice bucket
VWR digital dry block heater (Model #949302)
Customized electrophoretic thin layer chromatography (eTLC) appara-
tus (assembly instructions kindly provided by Dr. Rachel Green, Johns
Hopkins University)
VWR AccuPower power supply (Model #4000)
Phosphorimaging screen (GE Healthcare)
Phosphorimager (Typhoon FLA7000; GE Healthcare)
Reversed-phased Phenomenex Kinetex C18 column on a Waters 600
HPLC system or a reversed-phase Waters Xbridge C18 column on a
Shimadzu LC-10ADY" HPLC system*

3.3.1.4 Other supplies
Cellulose thin layer chromatography (TLC) plates (EMD)
Saran wrap
Image analysis software (ImageQuant, Image], or similar)
Fiji image processing software*.
*Needed for an alternative, HPLC-based, peptide product analysis method
(Section 3.3.9) or preparation of ribosomal post-translocation (POST) complexes

(Section 3.3.10).
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3.3.2 Recipes
3.3.2.1 5x Tris-Polymix Buffer at 25 mM Mg(OAc),

250mM Tris-OAc (pHpt =7.5)

500mM KCl

25mM NH,OAc

2.5 mM Ca(OAc),

30mM BME

25mM putrescine-HCI

5mM spermidine free base

25mM Mg(OAc),

Sterile filtered

If BME is omitted from the preparation, buffer lacking BME can be
aliquoted and stored at —20°C, with BME being added just prior to
use. Otherwise, if BME is included in the preparation, bufter containing
BME should be made fresh just prior to use

3.3.2.2 5x Tris-Polymix Buffer at 0mM Mg(OAc),
250mM Tris-OAc (pHp =7.5)
500mM KCl
25mM NH,OAc
2.5mM Ca(OAc),
30mM BME
25mM putrescine-HCl
5mM spermidine free base
Sterile filtered
If BME is omitted from the preparation, buffer lacking BME can be
aliquoted and stored at —20°C, with BME being added just prior to
use. Otherwise, if BME is included in the preparation, bufter containing
BME should be made fresh just prior to use

3.3.2.3 50mM GTP
50mM GTP (pH 4oc =7.0; titrated with 1M NaOH)
Sterile filtered
Aliquoted and stored at —20°C

3.3.2.4 TC Buffer
50mM Tris-OAc (pHpt =7.5)
100mM KCI
50mM NH,OAc
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0.5 mM Ca(OAc),

mM EDTA

5mM Mg(OAc),

6mM BME

Sterile filtered

If BME is omitted from the preparation, bufter lacking BME can be
aliquoted and stored at —20°C, with BME being added just prior to
use. Otherwise, if BME is included in the preparation, buffer containing
BME should be made fresh just prior to use

3.3.2.5 300mM PEP
300mM PEP (pH 4oc =7.0; titrated with 1M KOH)
Sterile filtered
Aliquoted and stored at —20°C

3.3.2.6 GTP Charging Mix
Employing TC Buffer as a diluent, use 50mM GTP, 300mM PEP, and
PK to prepare a GTP Charging Mix composed of:
10mM GTP
30mM PEP
12.5U/mL PK
Made fresh just prior to use

3.3.2.7 Pyridine Acetate Buffer
5% pyridine
20% acetic acid
pHrT =2.8

Stored at room temperature.

3.3.3 Preparation of the 70S IC Mix

a. When completed, the 70S IC Mix will be composed of 1.25uM 70S
ribosomes, 1.5puM IF1, 1.5pM IF2, 1.5pM IF3, 4puM T4gp32,
mRNA, 0.5pM £[P°S]Met-tRNA™M® and 1mM GTP in Tris-
Polymix Buffer at 5mM Mg(OAc),.

b. Depending on the targeted final volume of 70S IC Mix that will be
necessary for the planned tripeptide synthesis reactions, calculate the
number of moles of 70S ribosomes, IF1, IF2, IF3, GTP, f—[3SS]Met—
tRNAM and T4gp32; 50 mRNA that will be needed for the 70S
IC Mix.
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Given their concentrations, calculate the volumes of the stock solutions
of 70S ribosomes, IF1, IF2, IE3, 50mM GTP, f-[>>S]Met-tRNA™*,
and T4gp32, ,; mRNA that will be needed for the 70S IC Mix.
Determine if it will be necessary to dilute any of the stock solutions
in order to obtain volumes that can be accurately pipetted. If so, stock
solutions can be diluted with Tris-Polymix Bufter at 5mM Mg(OAc),,
If prepared according to Fei (2010) and Fei et al. (2010), the stock solu-
tions of 70S ribosomes and IF2 will contain 7.5mM and 10mM
Mg(OAc),, respectively, whereas none of the other stock solutions will
contain any Mg>". Given this as well as the volumes of stock solutions of
70S ribosomes and IF2 that will be added to the reaction mixture and the
targeted final volume of 70S IC Mix, calculate the volumes of 5 x
Tris-Polymix Buffer at 25mM Mg(OAc),;, 5% Tris-Polymix Buffer
at 0mM Mg(OAc),, and nanopure water that will need to be added
to the reaction mixture such that the targeted final volume of 70S IC
Mix will be in Tris-Polymix Buffer at 5mM Mg(OAc),.

Given the calculations in steps a—c, the appropriate volumes of 5 X
Tris-Polymix Buffer at 25mM Mg(OAc),, 5 X Tris-Polymix Buffer
at 0mM Mg(OAc),, nanopure water, 50mM GTP, 70S ribosomes,
IF1, IF2, and IF3 are added, in the listed order, to an Eppendorf tube
that has been pre-cooled on ice.

The reaction mixture is carefully mixed by slowly pipetting up and
down a few times and is incubated at 37°C for 10min. After the
10 min incubation, the reaction mixture is temporarily moved to room
temperature to execute the next step.

Given the calculations in steps a—c, the appropriate volume of T4gp32; 5
mRNA is then added to the reaction mixture.

The reaction mixture is again carefully mixed by slowly pipetting up and
down a few times and is incubated at 37 °C for 10 min. After the 10 min
incubation, the reaction mixture is temporarily moved to room temper-
ature to execute the next step.

Given the calculations in steps a—c, the appropriate volume of f-[*°S]
Met-tRNA™ is then added to the reaction mixture.

The reaction mixture is again carefully mixed by slowly pipetting up and
down a few times and is incubated at 37 °C for 10 min. After this third
10 min incubation, the resulting 70S IC Mix is moved to ice, where it is
stored until ready for use.

The 70S IC Mix is used without further purification and should be made
fresh prior to each experiment.
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3.3.4 Preparation of the TC Mix

a.

When completed, the TC Mix will be composed of 25uM EF-Tu,
25pM  EF-Ts, 2.5pM  2nd-position ncAA-tRNA, 2.5pM  3rd-
position cAA-tRNA, 1mM GTP, 3mM PEP, and 1.25U/mL PK in
TC Butter.

Depending on the targeted final volume of TC Mix that will be neces-
sary for the planned tripeptide synthesis reactions, calculate the number
of moles of EF-Tu, EF-Ts, 2nd-position ncAA-tRNA, and 3rd-
position cAA-tRINA that will be needed for the TC Mix.

Given their concentrations, calculate the volumes of the stock solutions
of EF-Tu, EF-Ts, 2nd-position ncAA-tRNA, and 3rd-position
cAA-tRNA that will be needed for the TC Mix. Determine if it will
be necessary to dilute any of the stock solutions in order to obtain vol-
umes that can be accurately pipetted. If so, stock solutions can be diluted
with TC Buffer.

Given the volumes of stock solutions of EF-Tu, EF-Ts, 2nd-position
ncAA-tRNA, and 3rd-position cAA-tRNA that will be added to the
reaction mixture and considering that 1/10th of the targeted final vol-
ume of TC Mix will come from the addition of GTP Charging Mix to
the reaction mixture (see step d), calculate the volume of TC Buffer that
will need to be added to the reaction mixture to generate the targeted
final volume of TC Mix.

Given the calculations in steps a—c, the appropriate volumes of TC
Buffer, GTP Charging Mix, EF-Tu, and EF-Ts are added, in the listed
order, to an Eppendort tube that has been pre-cooled on ice. Note that
the volume of GTP Charging Mix added at this step will be 1/10th of
the targeted final volume of TC Mix (i.e., such that the final concentra-
tions of GTP, PEP, and PK in the TC Mix will be 1 mM GTP, 3mM
PEP, and 1.25U/mL PK).

The reaction mixture is carefully mixed by slowly pipetting up and
down a few times and is incubated at 37 °C for 1min followed by an
incubation on ice for 1 min. After the 1 min incubation on ice, the reac-
tion mixture is temporarily kept on ice to execute the next step.
Given the calculations in steps a—c, the appropriate volumes of the
2nd-position ncAA-tRNA and 3rd-position cAA-tRINA are then added
to the reaction mixture.

The reaction mixture is again carefully mixed by slowly pipetting up and
down a few times, is incubated at 37 °C for 1 min, and is then transferred
to ice, where it is stored until ready for use.
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i. The TC Mix is used without further purification and should be made
fresh prior to each experiment.

3.3.5 Preparation of the EF-G Mix

a. When completed, the EF-G Mix will be composed of 10 uM EF-G,
1mM GTP, 3mM PEP, and 1.25U/mL PK in Tris-Polymix Bufter
at 5mM Mg(OAc)s.

b. Depending on the targeted final volume of EF-G Mix that will be nec-
essary for the planned tripeptide synthesis reactions, calculate the num-
ber of moles of EF-G that will be needed for the EF-G Mix.

c. Given its concentration, calculate the volume of the stock solution of
EF-G that will be needed for the EF-G Mix. Determine if it will be nec-
essary to dilute the stock solution of EF-G in order to obtain a volume
that can be accurately pipetted. If so, the stock solution can be diluted
with Tris-Polymix Bufter at 5mM Mg(OAc)s.

d. Given the volume of stock solution of EF-G that will be added to the
reaction mixture and considering that 1/10th of the targeted final vol-
ume of EF-G Mix will come from the addition of GTP Charging Mix to
the reaction mixture (see step d), calculate the volume of Tris-Polymix
Buffer at 5mM Mg(OAc), that will need to be added to the reaction
mixture to generate the targeted final volume of EF-G Mix.

e. Given the calculations in steps a—c, the appropriate volumes of Tris-
Polymix Buffer at 5mM Mg(OAc),, GTP Charging Mix, and EF-G
are added, in the listed order, to an Eppendorf tube that has been pre-
cooled onice. Note that the volume of GTP Charging Mix added at this
step will be 1/10th of the targeted final volume of TC Mix (i.e., such
that the final concentrations of GTP, PEP, and PK in the EF-G Mix will
be 1mM GTP, 3mM PEP, and 1.25U/mL PK).

f. The reaction mixture is carefully mixed by slowly pipetting up and
down a few times, is incubated at 37 °C for 1 min, and is then transferred
to ice, where it is stored until ready for use.

g. The EF-G Mix is used without further purification and should be made
fresh prior to each experiment.

3.3.6 Tripeptide synthesis reactions

a. When completed, the tripeptide synthesis reactions will be composed of
0.5pM 70S ribosomes, 0.6 pM IF1, 0.6uM IF2, 0.6 puM IF3, 1.6puM
T4gp32; 50 mRNA, 02uM f-[*°SMet-tRNA™ 10yM EF-Tu,
10pM EE-Ts, 1pM 2nd-position ncAA-tRNA, 1uM 3rd-position
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cAA-tRNA, 2pM EF-G, 1 mM GTP, 1.8 mM PEP, and 0.75U/mL PK
in Tris-Polymix Buffer at 5mM Mg(OAc),.

b. The Eppendorf containing the 70 IC Mix (Section 3.3.3), TC Mix
(Section 3.3.4), and EF-G Mix (Section 3.3.5) are incubated at 37°C
for 3min prior to use.

c. The EF-G Mix is added to the 70S IC Mix in a 1:2 volume ratio (e.g.,
10 pL of the EF-G Mix is added to 20 pL of the 70S IC Mix) and the
mixture is carefully mixed by slowly pipetting up and down a few times.

d. The tripeptide synthesis reaction is initiated by adding the TC Mix to
the mixture of the EF-G Mix and the 70S IC Mix in a 2:3 ratio (e.g.,
20pL of the TC Mix is added to the 30pL of the mixture of the
EF-G Mix and the 70S IC Mix).

e. The reaction is carefully mixed by slowly pipetting up and down a few
times and is incubated at 37 °C for the desired timepoint(s).

f. At each desired timepoint, an aliquot of the reaction is collected and
is quenched with KOH so as to achieve final concentration of
160mM KOH.

g. The peptide products formed during a tripeptide synthesis reaction are
then analyzed using eTLC (Section 3.3.7).

3.3.7 eTLC analysis of tripeptide synthesis reaction products

Once aliquots for all desired timepoints from the tripeptide synthesis reac-
tions have been collected and quenched, a fraction of each aliquot is spotted
onto the center of a cellulose TLC plate and the spots are allowed to air-dry.
The TLC plate is coated with a thin layer of Pyridine Acetate Buffer that is
spread over the plate using a serological pipette, being careful to let the buffer
wet the reaction spots by capillary action. The reaction products are sepa-
rated using eTLC, in which an electric current at a given voltage is applied
to the TLC plate in Pyridine Acetate Buffer (Englander, 2011; Weinger,
Parnell, Dorner, Green, & Strobel, 2004). The instructions for assembling
a customized eTLC apparatus for implementing e TLC analysis were kindly
provided in a personal communication from Dr. Rachel Green at Johns
Hopkins University. The distance a molecule travels along a TLC plate,
or how it partitions into the stationary and mobile phases, when placed in
an electric field is directly proportional to its net charge (Fitzsimmons,
Fisher, & Reingold, 2001). Thus, the time required for appropriate separa-
tion of peptide products depends on the composition of the peptides. eTLCs
for peptides with a smaller net charge or lower polar character can generally
be run for 20-30min at 1200V, while those with a larger net charge or
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higher polar character can generally be run for 1h at 800V (Englander et al.,
2015; Fleisher et al., 2018). The voltage and run-time for tripeptide synthesis
reactions can be adjusted according to the specific characteristics of the pep-
tides being analyzed. As described in Section 2.3.4, eTLC plates are then
air-dried, wrapped in Saran wrap, and exposed to a phosphorimaging screen
overnight; the screen is imaged using a phosphorimager; and the eTLC spot
intensities are quantified using ImageQuant, Image], etc. The percent fMet
converted to tripeptide for each timepoint is calculated as (I)/
(Ivier + I+ L) % 100, where I;, Inger, and I; are the intensities of the spots
corresponding to the tripeptide product, the unreacted f-[*>S]Met, and the
dipeptide product, respectively. Experiments are typically executed in
duplicate or triplicate, and the mean yield for each timepoint is plotted as
a function of time with error bars representing either the standard error
of the mean in the case of duplicate measurements or the standard deviation
in the case of triplicate measurements. The mean yields as a function of time

are then fit to a single-exponential function of the form y=y, + A(e ™)

where yg is the time offset, A is the amplitude of the change, and 7 is the
time constant (Eftfraim, 2010; Englander et al., 2015; Fleisher et al., 2018).

For reactions that are difficult to quantify using the above method due to
poor separation between di- and tripeptide products, the data quantification
method described by Schindelin et al. (2012) can be used. This method
requires running a control, dipeptide synthesis reaction in which the
2nd-position cAA-tRINA is omitted from the reaction. Fiji image processing
software is then used to generate an intensity profile for each column of an
eTLC containing separated reaction products from the tripeptide synthesis
reactions as well as the control, dipeptide synthesis reaction. The profiles of
all columns from the plate are then aligned according to the position of the
origin spot and the position of the spot corresponding to the unreacted
f-[*>S]Met. The column corresponding to the control, dipeptide synthesis
reaction is then used to fit a single Gaussian distribution function so that
the location and peak width for the dipeptide product can be determined.
‘With this in hand, the columns containing both di- and tripeptide products
can be fit to two Gaussian distribution functions using the linear least squares
method. One of these functions is then fixed to the location and width of the
single Gaussian function obtained for the dipeptide control column, whereas
the width and location is allowed to vary for the other distribution. The
height is allowed to vary for both functions. The percent dipeptide
converted to tripeptide can then be estimated using the equation [Ay/
(Ag; + Ayy)] X 100, where Ag and Ay correspond to the areas under the
dipeptide and tripeptide Gaussian functions, respectively.
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3.3.8 Tripeptide synthesis competition assay

How well or poorly an ncAA-tRINA competes with its cAA-tRNA coun-
terpart in protein synthesis can allow sensitive identification and initial char-
acterization of any translation disorders exhibited by the ncAA-tRNA
(Effraim et al.,, 2009; Englander et al., 2015; Fleisher et al., 2018).
Tripeptide synthesis competition assays are executed and analyzed using a
protocol identical to that described in Section 3.3.6, with the exception that
the ncAA-tRNA and its cAA-tRNA counterpart, both cognate to the sec-
ond codon position, are both included in the TC Mix at equal, 2.5 uM final
concentrations and, consequently, in the tripeptide synthesis reaction at
equal, 1pM final concentrations.

3.3.9 Chromatographic analysis for ascertaining chemical differences
in the peptide products
Given that ¢eTLC will not always be sensitive to the chemical differences
between peptides containing an ncAA and their cAA counterparts (e.g.,
between peptides with chemical differences in their peptide backbones, but
otherwise identical amino acid sequences), reversed-phase C18 column chro-
matography in an HPLC system can be used to confirm that the synthesized
polypeptide contains the ncAA. In our studies of b-aa incorporation by the
TM, such an approach was used to verify the chirality of the peptide products
obtained from the tripeptide synthesis assays using a solvent gradient unique to
the peptides being analyzed; the solvent gradient is established using chemi-
cally synthesized, D-aa-containing, authentic, marker peptides (Avins, 2010;
Englander, 2011). For example, to distinguish between fMet-D-Phe-Lys
and fMet-L-Phe-Lys, in-house chemically synthesized, di- and tripeptide
makers (Avins, 2010) were used to establish the following gradient for efficient
peak separation between possible peptide products: 10% MeCN to 12%
MeCN for 12min, isocratic 20% MeCN from 12 to 15min, and 20%
MeCN to 35% MeCN from 15 to 58 min (Englander, 2011). This gradient
was then used to confirm the chirality of the products obtained from our
fMet-D-Phe-Lys and fMet-1-Phe-Lys tripeptide synthesis assays. For all race-
mization analyses of our tripeptide synthesis assays, unreacted f-[*>S]Met and
ribosome-synthesized peptide products were co-injected onto a reversed-
phase C18 column together with the relevant marker peptides for peak iden-
tification (Englander et al., 2015). In general, this technique can be extended
for use in distinguishing between peptides containing ncAAs that alter the
chemistry of the peptide backbone (e.g., D-aas, f-aas, etc.) and those con-
taining their cAA counterparts with otherwise identical sequences by using
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in-house synthesized or commercially purchased marker peptides and esta-
blishing a solvent gradient for efficient peak separation.

3.3.10 Preparation of a POST complex

It is relatively straightforward to adapt the tripeptide synthesis assay protocols
described in Sections 3.3.1-3.3.6 to generate a ribosomal post-translocation
(POST) complex that can be used in the biochemical assays described in
Sections 3.7 and 3.8. A 70S IC Mix, TC Mix, and EF-G Mix are prepared
as described in Sections 3.3.3-3.3.5. Note that for the tripeptide
synthesis assays, the limiting reactant is f-[>>S]Met-tRNA™*" (i.e., we want
to maximize the amount of f-[>>S]Met-tR NA™¢*
70S ICs). Thus, depending on the nature of the biochemical assay to be exe-
cuted, it may be necessary to use non-radioactively labeled fMet-tRNA™®,
increase the concentration of this fMet-tRNA™® (up to 1M in the final
tripeptide synthesis reaction), and/or decrease the concentration of a differ-

that is incorporated into

ent reactant so as to make it the limiting reactant. Note also that, again
depending on the nature of the biochemical assay to be executed, the TC
Mix may use different concentrations of the 2nd-position ncAA-tRNA
and/or the 3rd-position cAA-tRNA and/or may not include the 3rd-
position cAA-tRNA and the EF-G Mix may or may not be necessary.
Regardless of the choice of limiting reactant and absence or presence of
the 3rd-position cAA-tRNA and EF-G Mix, a POST complex is prepared
by following the protocol in Section 3.3.6 and adding TC Mix to a mixture
of EF-G Mix, when included, and 70S IC Mix. These reactions are allowed
to proceed long enough such that incorporation of the 2nd-position
ncAA-tRINA and, when included, translocation and incorporation of the
3rd-position cAA-tRNA into the resulting POST complex have been max-
imized. For each 2nd-position ncAA-tRNA to be investigated, how long
this takes needs to be empirically determined by executing a dipeptide syn-
thesis assay (Section 3.4.1) or a tripeptide synthesis assay (Section 3.3.6) and,
if maximal translocation efficiency needs to be verified, a primer extension
inhibition assay (Section 3.5.1).

3.4 Assaying delivery of ncAA-tRNAs to the A site and their
performance as acceptors in the peptidyl transfer reaction

3.4.1 Dipeptide synthesis assays

If the overall performance of an ncAA in a tripeptide synthesis assay is

impaired, disorders in the early steps of the elongation cycle can be mech-

anistically characterized using a dipeptide synthesis assay. Specifically,
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dipeptide synthesis assays can be used to identify and characterize defects in
how an ncAA-tRNA undergoes aa-tRINA selection and acts as an acceptor
in the peptidyl transfer reaction, as such defects manifest as decreases in the
yield and/or rate of dipeptide synthesis for reactions using ncAA-tR NAs rel-
ative to those using their cAA-tRINA counterparts (Fig. 3A) (Effraim et al.,
2009; Englander et al., 2015). Dipeptide synthesis assays are executed
and analyzed analogously to the tripeptide synthesis assays described in
Section 3.3.6, except that the 3rd-position aa-tRNA is omitted from the
TC Mix and the percent fMet converted to dipeptide is quantified as (Iy;)/
(Ivee + Ig5) X 100. Reversed-phase C18 column chromatography and gradi-
ent development can be implemented as described in Section 3.3.9 using
marker dipeptides.

3.4.2 Dipeptide synthesis competition assay

Dipeptide synthesis competition assays report on how well or poorly an
ncAA-tRNA competes with its cAA-tRNA counterpart in aa-tRNA selec-
tion and peptidyl transfer, as the yield of the ncAA-containing dipeptide will
either be the same as or less than, respectively, that of the cAA-containing
peptide (Effraim et al., 2009). These reactions are executed and analyzed
analogously to those described in Section 3.4.1, except that the ncAA-
tRINA and its cAA-tRINA counterpart, both cognate to the second codon
position, are included at equal final concentrations of 1 uM each.

3.4.3 aa-tRNA selection and peptidyl transfer smFRET assays

In addition to the ensemble biochemical assays described in Sections 3.4.1 and
3.4.2, we have also developed two smFRET assays that report on aa-tRINA
selection and peptidyl transter (Blanchard, Gonzalez, Kim, Chu, & Puglisi,
2004; Fei et al., 2009; Gonzalez Jr., Chu, & Puglisi, 2007; Kim et al.,
2014), and have adapted these assays for use with ncAA-tRNAs (Fig. 3B
and C) (Effraim et al., 2009; Gamper et al., 2021). Biophysical snFRET exper-
iments measure the efficiency of FRET (Egr 1) between a FRET donor fluo-
rophore and a FRET acceptor fluorophore that have been engineered into
specific residue positions in a biomolecule or biomolecular complex of interest.
The Epr gt depends, among other things, on the donor-acceptor distance, fol-
lowing the relation Epppr = RS/ (R8 + R()), where Ry is the donor-acceptor
distance at which the Egppr = 0.5 and is a characteristic constant for a partic-
ular donor-acceptor pair, and R is the donor-acceptor distance. In a typical
biophysical smFRET experiment, Epp gt vs time trajectories (Egp gt trajecto-
ries) are measured for individual biomolecules or biomolecular complexes, thus
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Fig. 3 Assays that report on aa-tRNA selection and peptidyl transfer. The ability of an
ncAA-tRNA to be delivered to the A site and serve as an acceptor in the peptidyl transfer
reaction can be tested using: (A) a dipeptide synthesis assay, (B) a tRNA-tRNA smFRET
assay, or (C) an L1-L9 smFRET assay. The ncAA is shown as a gold hexagon in all three
panels. See Sections 3.4.1-3.4.3 for detailed descriptions of the dipeptide synthesis-,
tRNA-tRNA smFRET-, and L1-L9 smFRET assays, respectively. For the dipeptide synthesis
assay, data are shown for both an ncAA-tRNA (p-Phe-tRNA) and its corresponding
CAA-tRNA (L-Phe-tRNA). For the tRNA-tRNA assay, data are shown for a tRNA™"® that
has been misacylated with Lys. To clearly show the expected results for a cAA-tRNA that
does not exhibit defects in aa-tRNA selection or peptidyl transfer, the data shown for
the L1-L9 smFRET assay correspond to a proline (Pro) that has been acylated onto a
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allowing time-resolved changes in the donor-acceptor distance in individual
biomolecules or biomolecular complexes to be directly observed. smFRET
methods have been widely reviewed in the literature and, for appropriate back-
ground, the reader is referred to any of several comprehensive reviews (e.g.,
Joo, Balci, Ishitsuka, Buranachai, & Ha, 2008; Lerner et al., 2018; Tinoco
Jr. & Gonzalez Jr., 2011).

For the smFRET studies described in this chapter, we use highly puri-
fied, fluorophore-labeled E. coli translation components prepared using the
detailed protocols we have previously published in Fei et al. (2010). Briefly,
tRNA™¢ that has been purchased or purified as described in Section 3.1 is
labeled with a maleimide-derivatized, cyanine (Cy) 3 FRET donor fluo-
rophore (Lumiprobe) at its naturally occurring 4-thiouridine at residue posi-
tion 8. The resulting (Cy3)tRNA™®" is methionylated and formylated as
described in Section 3.1. Similarly, tRNA" and tRNA™* that have been
purchased or purified as described in Section 3.1 are labeled with N-
hydroxysuccinimide ester (NHS)-derivatized, Cy5 FRET acceptor
fluorophores (Lumiprobe) at their naturally occurring 3-(3-amino-3-
carboxypropyl)uridine residues at position 47 and the resulting (Cy5)
tRNA™® or (Cy5)tRNA™* are aminoacylated with the ncAA of interest
as reported in Section 2.2. The 508 subunit is labeled with Cy3 and Cy5
by in vitro reconstituting recombinantly expressed, purified, and fluorophore-
labeled variants of ribosomal proteins bL9 and uL1 into a 50S subunit lacking
bL9 and ul1, having been purified from an E. coli strain lacking the genes
encoding bL9 and uL1. Specifically, prior to in vitro reconstitution, bL9 is
labeled with a maleimide-derivatized Cy3 at a single cysteine engineered into

Fig. 3—Cont'd  wildtype tRNAF™ rather than onto a +1FS-inducing tRNA. Panel A: The
data and corresponding data figure subpanels are from Englander, M. T.,, Avins, J. L.,
Fleisher, R. C, Liu, B., Effraim, P. R, Wang, J., Schulten, K, Leyh, T. S, Gonzalez Jr,
R. L., & Cornish, V. W. (2015). The ribosome can discriminate the chirality of amino acids
within its peptidyl-transferase center. Proceedings of the National Academy of Sciences
of the United States of America, 112(19), 6038—6043. https://doi.org/10.1073/pnas.
1424712112; Panel B: The data and corresponding data figure subpanels are from
Effraim, P. R, Wang, J, Englander, M. T,, Avins, J. L, Leyh, T. S., Gonzalez Jr, R. L, &
Cornish, V. W. (2009). Natural amino acids do not require their native tRNAs for efficient
selection by the ribosome. Nature Chemical Biology, 5(2009), 947—953; Panel C: The data
and corresponding data figure subpanels are from Gamper, H., Li, H., Masuda, I., Miklos
Robkis, D., Christian, T, Conn, A. B., Blaha, G., Petersson, E. J, Gonzalez Jr, R. L, &
Hou, Y.-M. (2021). Insights into genome recoding from the mechanism of a classic
+1-frameshifting tRNA. Nature Communications, 12(1), 328. https://doi.org/10.1038/
$41467-020-20373-z.
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residue position 18 ((Cy3)bL9) and ull is labeled with a maleimide-
derivatized Cy5 (Lumiprobe) at a single cysteine engineered into residue posi-
tion 202 ((Cy5)uLl).

The first smFRET assay we have developed is a pre-steady state exper-
iment in which the Egggr trajectories report on aa-tRINA selection and
peptidyl transfer using a FRET signal between fMet-(Cy3)tRNA™M in
the P site of a 70S IC and a TC containing an aa-(Cy5)tRNA"™ or
aaAA-(Cy5)tRNA™" that is delivered to the A site (Fig. 3B) (Blanchard,
Gonzalez, et al., 2004; Effraim et al., 2009; Gonzalez Jr. et al., 2007). In this
tRNA-tRNA smFRET experiment, the Erg g1 value that is observed cor-
responds to the distance between our labeling positions on the P site-bound
fMet-(Cy3)tRNA™* and the incoming aa-(Cy5)tRNA. A typical Ergpr
trajectory thus begins at an Eggp g value of ~0 before a TC interacts with
the 70S IC and then transiently samples Erggr values of ~0 to ~0.60
and returns to an Egp g1 ~ 0 several times as TCs non-productively and tran-
siently sample the 70S IC. Ultimately, the Eppgr trajectory arrives at a
longer-lived Egp gt value of ~0.75 via a multi-step process as a TC produc-
tively delivers an aa-tRINA into the A site. Subsequently, the Egp g trajec-
tory exhibits a transition to an Egp g1 value of ~0.45, demonstrating that the
aa-tRINA has served as an acceptor in the peptidyl transfer reaction and the
newly deacylated tRNA in the P site and newly formed peptidyl-tRINA in
the A site have adopted an alternative configuration as the resulting ribo-
somal pre-translocation (PRE) complex undergoes a transition to an alter-
native, well-characterized global conformational state. In the absence of
EF-G, the Eppgr trajectory undergoes fluctuations between Egpgr values
of ~0.75 and ~0.45, corresponding to the two alternative configurations
the tRNAs adopt as the PRE complex fluctuates between its two well-
characterized global conformational states.

To execute these tRNA-tRINA smFRET assays, a 70S 1C Mix is pre-
pared as described in Section 3.3.3, with two exceptions. The first exception
is that 2uM fMet-(Cy3)tRNA™ is substituted for 0.5pM £[>°S]
Met-tRNA™¢ such that the 70S ribosomes are now the limiting reagent.
The second is that either a chemically synthesized, 5'-biotinylated
T4gp32;_9 mRNA or an in vitro transcribed, T4gp32; o mRINA that has
been pre-hybridized to a 3/-biotinylated DNA oligonucleotide comple-
mentary to the first 18 nucleotides of the T4gp32, ,; mRNA (Effraim
et al., 2009; Gamper et al., 2021) (collectively referred to as Bio-T4gp32
mRNA) is substituted for T4gp32; 50 mRNA. 70S ICs from the resulting
70S IC Mix are purified using sucrose density gradient ultracentrifugation as
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described in Fei et al. (2010). Briefly, the 70S IC Mix is first diluted fivefold
using Tris-Polymix Buffer at 25 mM Mg(OAc), that is at 4 °C such that the
final Mg(OAc), concentration is 20mM. Up to 100 pL of diluted 70S IC
Mix is then loaded onto the top of a 14 X 89 mm thin-wall, polypropylene,
ultracentrifuge tube (Beckman) containing 12.8mL of a 10-40% sucrose
density gradient that has been prepared in Tris-Polymix Bufter at 20mM
Mg(OAc), using a gradient maker (Biocomp) and that has been pre-
equilibrated to 4°C. Gradients are ultracentrifuged at 25,000 RPM in a
SW41 ultracentrifuge rotor (Beckman) for 12 h at 4 °C. The ultracentrifuged
gradients are then analyzed and fractionated using a gradient analyzer out-
fitted with a UV detector and a fraction collector (Biocomp) and fractions
corresponding to the 70S IC are pooled, aliquoted, flash frozen in liquid
nitrogen, and stored at —80 °C until further use. To investigate the incor-
poration of an ncAA-tRNA using this assay, a TC Mix is prepared as
described in Section 3.3.4, with the exception that ncAA-(Cy5)tRNA is
substituted for ncAA-tRINA.

smFRET experiments are executed in microfluidic flowcells that are part
of five-flowcell “chips” assembled using 1 X 3in., 1 mm thick quartz micro-
scope slides (G. Finkenbeiner) and 30 X 24 mm, #1.5, 0.16-0.19mm thick
borosilicate cover slips (VWR) as described in Fei et al. (2010). Briefly, a set
of five 0.75mm holes are drilled along one edge of the central 1in. of the
3-in. side of each slide using a 0.75mm, diamond-coated drill bit (Starlite
Industries) and a corresponding set of five holes are drilled along the other
edge of the central 1in. of the 3in. side of the slide such that five pairs of
holes along the 1in. side of the slide are created. The surfaces of the drilled
slides and the coverslips are then cleaned, aminosilanized with Vectabond
reagent (Vector Laboratories), and derivatized with a mixture of amine-
reactive variants of polyethylene glycol (PEG) and biotinylated PEG
(Bio-PEG) (mPEG-SPA or mPEG-SVA and Biotin-PEG-NHS or Biotin-
PEG-SVA, respectively, from Laysan Bio). For each slide, a 1in. X ~1mm
strip of double-sided tape 1s applied above and below each of the five pairs of
holes along the 1-in. side of the slide to define five flowcells with a hole at
each end of each flowcell, a coverslip is placed on top of the double-sided
tape to create the five flowcells, and epoxy is used to seal the edges of the five
flowcells. Each of the resulting five flowcells can hold ~7 pL.

Just prior to use, a flowcell is readied for experiments as described in (Fet,
2010). Briefly, the flowcell is rinsed by pipetting 200 pL of TP50 Buffer
(10mM Tris-OAc (pHrt =7.5, where the “RT” superscript refers to
“room temperature”) and 50mM KCI) into the hole at one end of the
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flowcell. To passivate the surfaces of the flowcell against non-specific bind-
ing of proteins and nucleic acids, 20 pL of Blocking Solution (10 pM Bovine
Serum Albumin (BSA; Invitrogen) and 10uM Blocking DNA in TP50
Bufter) is then pipetted into the flowcell and the flowcell is incubated for
10 min at room temperature. Blocking DNA is composed of a DNA strand
with the sequence 5-CGT TTA CAC GTG GGG TCC CAA GCA CGC
GGC TAC TAG ATC ACG GCT CAG CT-3' (IDT, Inc.) and its Watson-
Crick complementary strand (IDT, Inc.) and is prepared by mixing the two
strands to a final concentration of 100puM each in 10mM Tris-OAc
(pHrt =7.5), heating the mixture to 95°C for 2min in a heating block,
slow cooling the mixture by placing the heating block on top of the lab
bench, and, when the temperature reaches 70 °C, adding 2M KClI to a final
concentration of 50mM. Streptavidin is then bound to the Bio-PEGs
located on the slide- and coverslip surfaces of the flowcell by pipetting
20pL of 1pM streptavidin in Blocking Solution into the flowcell and
incubating the flowcell for an additional 10min at room temperature.
200puL of TP50 Buffer followed by 200pL of Tris-Polymix Buffer at
5mM Mg(OAc), are then pipetted into the flowcell to remove any
unbound BSA, Blocking DNA, and streptavidin. An aliquot of the fMet-
(Cy3)tRNA™ and Bio-mRNA-containing 70S ICs that has been puri-
fied by sucrose density gradient ultracentrifugation is then diluted to a final
concentration of 50-100pM 70S IC using Tris-Polymix Buffer at 5mM
Mg(OAc), and the 70S ICs are tethered to the streptavidin-bound Bio-
PEGs by pipetting 20 pL of the diluted 70S ICs into the flowcell and incu-
bating the flowcell for 5min at room temperature. 200 pL of Imaging Buffer
(Tris-Polymix Bufter at 5mM Mg(OAc), supplemented with an Oxygen
Scavenging System and a Triplet-State Quencher Cocktail) is then pipetted
into the flowcell to remove any untethered 70S ICs. The Oxygen Scavenging
System is composed of final concentrations of 1% (v/v) p-pD-glucose, 25 U/mL
glucose oxidase (Sigma, Inc.) and 250U/mL catalase (Sigma, Inc.) and the
Triplet-State Quencher Cocktail is composed of final concentrations of
1mM 1,3,5,7-cyclooctatetraene (Aldrich) and 1mM p-nitrobenzyl alcohol
(Fluka).

smFR ET imaging is accomplished using a laboratory-built, prism-based,
total internal reflection fluorescence (TIRF) microscope that we have pre-
viously described (Fei, 2010; Fei et al., 2008). This microscope uses a
532nm, diode-pumped, solid-state laser (Laser Quantum) as an excitation
source and an electron-multiplying charged coupled device (EMCCD)
camera (Andor iXon Ultra 888, from Oxford Instruments) as a wide-field
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detector. The EMCCD camera enables imaging of hundreds of individual 70S
ICs as movies with a time resolution of 25-100ms frame ™ '. Additionally, this
microscope is outfitted with a syringe pump that can be connected to the inlet
hole of a flowcell so as to allow stopped-flow delivery of TC Mix or a mixture
of TC Mix and EF-G Mix to surface-tethered 70S ICs during imaging.

To initiate the tRINA-tRNA smFRET experiment, the stopped-flow
syringe is loaded with 60 pL of a TC Mix that has been diluted to a final
concentration of 10-100nM aa-(Cy5)tRINA using Imaging Bufter. Once
a field-of-view has been selected and the microscope has been focused,
imaging commences and, 2s into the movie, the stopped-flow device
delivers 50pL of the diluted TC Mix to the surface-tethered 70S ICs.
The interaction of single TCs with up to hundreds of individually spatially
resolved, surface-tethered 70S ICs are then recorded as a collection of
Cy3- and Cy5 fluorescence intensity vs time trajectories that can then be
converted to Eppgr trajectories using Epppr =Icys/(Icys +1cys), where
Iy3 and Iys are the fluorescence intensities of Cy3 and Cy5, respectively,
to calculate Epppr at each timepoint. Epppr trajectories can then be
analyzed using methods we have previously published (Bronson, Fei,
Hofman, Gonzalez Jr., & Wiggins, 2009; van de Meent, Bronson,
Wiggins, & Gonzalez Jr., 2014) to determine the rates with which:
(1) TCs non-productively sample the 70S IC; (i1) a TC productively delivers
an ncAA-tRNA into the A site; (iil) the ncAA-tRINA serves as an acceptor
in the peptidyl transfer reaction, and the tRINAs adopt an alternative
configuration as the PRE complex undergoes a transition to its alternative,
well-characterized global conformational state; and (iv) the tRINAs transi-
tion between the two alternative configurations they adopt as the PRE
complex fluctuates between its two well-characterized global conforma-
tional states.

The second smFRET assay we have developed is a pre-steady state
experiment in which the Egp g trajectories report on aa-tRINA selection
and peptidyl transfer using a FRET signal between (Cy3)bL9 and (Cy5)
ul1 on the 50S subunit (Fig. 3C) (Fei et al., 2009; Gamper et al., 2021;
Kim et al., 2014). In this L1-L9 smFRET experiment, the Erg gt value that
is observed corresponds to the distance between our labeling positions on
(Cy3)bL9 and (Cy5)ull. Importantly, (Cy5)ull is located within the
“L1 stalk” structural element of the 50S subunit that adopts “open” or
“closed” conformations relative to (Cy3)bL9, which is located within the
“core” of the 50S subunit. Because we (Fei et al., 2009; Gamper et al.,
2021; Kim et al., 2014) and others (Cornish et al., 2009) have previously
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shown that the L1 stalk transitions between its open and closed conforma-
tions at defined steps of the elongation cycle, the changes in the distance
between our labeling positions on (Cy3)bL9 and (Cy5)ul1 that are captured
by the Epp g trajectories in this assay can be used to measure the kinetics of
aa-tRNA selection and peptidyl transfer. Specifically, a typical Egg g1 trajec-
tory begins at an Egp gt value of ~0.55 as the L1 stalk predominantly adopts
the open conformation before a TC interacts with the 70S IC. Subsequently,
the Epg g trajectory exhibits a transition to an Egg gt value of ~0.31, dem-
onstrating that a TC has productively delivered an aa-tRNA into the A
site, the aa-tRINA has served as an acceptor in the peptidyl transfer reaction,
and the L1 stalk has closed as the PRE complex undergoes a transition to its
alternative, well-characterized global conformational state. In the absence of
EF-G, the Egr g trajectory undergoes fluctuations between Egp g values of
~0.55 and ~0.31, corresponding to the open and closed conformations that
the L1 stalk adopts as the PRE complex fluctuates between its two well-
characterized global conformational states.

L1-L9 smFRET assays are executed and analyzed in a manner analogous
to that described above for the tRINA-tRNA smFRET assays with the
exception that the 70S IC is prepared using (Cy3)bL9- and (Cy5)ul1-
labeled 50S subunits and unlabeled Met-tRNA™ and the TC is prepared
using an unlabeled ncAA-tRNA. The resulting Egp gt trajectories can be
analyzed to determine the rates with which: (i) a TC productively delivers
an ncAA-tRNA into the A site, the ncAA-tRINA serves as an acceptor in the
peptidyl transfer reaction, and the L1 stalk closes as the resulting PRE com-
plex undergoes a transition to its alternative, well-characterized global con-
formational state and (ii) the L1 stalk fluctuates between the open and closed
conformation it adopts as the PRE complex fluctuates between its two
well-characterized global conformational states.

3.5 Assaying translocation of ncAA-containing peptidyl-tRNAs
from the A site to the P site

3.5.1 Primer extension inhibition, or “toeprinting,” assays

Assuming that an ncAA-tRNA can be successfully delivered to the A site
and can act as an acceptor in the peptidyl transfer reaction, primer extension
inhibition, or “toeprinting,” assays can be used to identify and characterize
defects in how a PRE complex carrying an ncAA-containing peptidyl-
tRINA in the A site undergoes translocation (Fig. 4A) (Englander et al.,
2015). In a toeprinting assay, reverse transcriptase (RT) is used to extend
a radiolabeled DNA primer that has been pre-annealed to the mRNA
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Fig. 4 Assays that report on translocation. The ability of an ncAA-containing
peptidyl-tRNA to be translocated from the A site to the P site can be tested using:
(A) a primer extension inhibition, or “toeprinting” assay or (B) an L1-L9 smFRET assay.
The ncAA is shown as a gold hexagon in both panels. See Sections 3.5.1, and 3.5.2 for
detailed descriptions of the toeprinting and L1-L9 smFRET assays, respectively. For the
toeprinting assay, data are shown for both an ncAA-tRNA (p-Phe-tRNA) and its
corresponding cAA-tRNA (.-Phe-tRNA). To clearly show the expected results for an
cAA-containing peptidyl-tRNA that does not exhibit defects in translocation, the data
shown for the L1-L9 smFRET assay correspond to a proline (Pro) that has been acylated
onto a wildtype tRNAP™ rather than onto a +1FS-inducing tRNA. Panel A: The data and
corresponding data figure subpanels are from Englander, M. T., Avins, J. L., Fleisher, R. C.,
Liu, B., Effraim, P. R., Wang, J,, Schulten, K., Leyh, T. S., Gonzalez Jr., R. L., & Cornish, V. W.
(2015). The ribosome can discriminate the chirality of amino acids within its
peptidyl-transferase center. Proceedings of the National Academy of Sciences of the
United States of America, 112(19), 6038—6043. https://doi.org/10.1073/pnas.1424712112;
Panel B: The data and corresponding data figure subpanels are from Gamper, H., Li, H.,
Masuda, I, Miklos Robkis, D., Christian, T, Conn, A. B, Blaha, G., Petersson, E. J,
Gonzalez Jr,, R. L., & Hou, Y.-M. (2021). Insights into genome recoding from the mechanism
of a classic +1-frameshifting tRNA. Nature Communications, 12(1), 328. https://doi.org/
10.1038/541467-020-20373-z.
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downstream of a ribosomal complex assembled on the mRNA. RT is
strongly blocked upon encountering the ribosomal complex, producing a
cDNA primer extension product (i.e., a “toeprint”) whose length, measured
using denaturing PAGE (D-PAGE), marks the position of the ribosomal
complex on the mRNA with single-nucleotide resolution. Toeprinting
reactions executed on ribosomal complexes captured as they engage in pep-
tide synthesis can therefore report on the extent and kinetics of translocation.

It is important to use an mRNA that has as little intrinsic, thermodynam-
ically stable secondary structure as possible along the segment that will be
reverse transcribed; this minimizes the possibility of strong, mRINA second-
ary structure-induced RT stops that can make it difficult to interpret the
results of the experiment. To this end, we have found that T4gp32; 5,4
mRNA contains less problematic secondary structure than T4gp32; ,q
mRNA (Englander et al., 2015) and therefore use T4gp32, 55, mRINA
In our toeprinting assays.

Radiolabeling the DNA primer (5'-TATTGCCATTCAGTTTAG-3';
(IDT, Inc.)) with y[>*P]ATP is carried out by combining 2.4pM of the
primer with 1.4 pM y[**P]ATP (Perkin Elmer) and 0.5 U/pL T4 polynucle-
otide kinase (New England Biolabs) in Polynucleotide Kinase Buffer (New
England Biolabs) and incubating for 30min at 37°C. The kinase is then
inactivated by heating the reaction to 75 °C for 10 min and unincorporated
radiolabeled nucleotides are subsequently removed by gel filtration through
a G25 Sephadex spin column (GE Healthcare Life Sciences). The
[**P]-labeled primer is annealed to the mRNA by combining 0.25uM of
the primer with 5uM of the mRNA in 25mM Tris-OAc (pHpt =7.0),
incubating for 1.5min at 90°C, and slow cooling on the benchtop until
the mixture cools to room temperature.

We typically use dipeptide synthesis reactions for toeprinting assays and
carry these out as described in Section 3.4.1 with several exceptions. First,
preparation of the 708 IC Mix is adjusted so that 1.25 pM fMet-tRNA™< i
substituted for 0.5 uM f- [355]1\/[et-tRNAﬂvlCt and 0.625 pM primer-annealed
T4gp32, 5>, mRNA is substituted for 4 uM T4gp32; o mRNA such that
the primer is now the limiting reagent. Second, at each desired time point,
an aliquot of the dipeptide synthesis reaction is quenched with 4 X reaction
volume of Toeprinting Mix (1.25mM viomycin (BOC Sciences); 625 pM
each dGTP, dCTP, and dTTP; and 2.2mM dATP in 1.25 X Tris-Polymix
Buffer at 12.5mM Mg(OAc),) and transferred to ice. The antibiotic viomy-
cin is included because it strongly inhibits EF-G-catalyzed translocation
(Fredrick & Noller, 2003).
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For each ncAA-containing peptidyl-tRNA and its corresponding
cAA-containing peptidyl-tRINA to be tested, four dipeptide synthesis reac-
tions are run. All four reactions are executed as described in the previous
paragraph with the following exceptions. For the first reaction, Tris-
Polymix Buffer at 5mM Mg(OAc); is substituted for 70S ribosomes when
preparing the 70S Mix. For the second reaction, Tris-Polymix Buffer at
5mM Mg(OAc), is substituted for TC Mix and EF-G Mix. For the third
reaction, Tris-Polymix Buffer at 5mM Mg(OAc), is substituted for EF-G
Mix. The fourth reaction is run as described in the previous paragraph, with
no exceptions. Thus, the first, second, third, and fourth reactions will mark
the positions of mRINA secondary structure-induced stops, the 70S IC, the
PRE complex, and the POST complex, respectively.

mRNAs are then reverse-transcribed by adding avian myeloblastosis
virus (AMV) RT (Promega) to a final concentration of 0.6 U/pL and incu-
bating for 15min at 37 °C. To determine where in the mRNA sequence the
secondary structure-induced stops, 70S IC, PRE complex, and POST com-
plex are located, we additionally execute Sanger sequencing of the mRINA.
For the Sanger sequencing reactions, we use the same primer-annealed
T4gp321 554 mRNA and implement the reverse transcription exactly as for
the dipeptide synthesis reactions, except that we adjust the Toeprinting
Mix to omit viomycin and, for each Sanger sequencing reaction, include
25pM of the dideoxynucleotide corresponding to the nucleotide to be
sequenced.

The resulting 5'-[**P]-labeled cDNA products are then phenol extracted
twice, chloroform extracted twice, and ethanol precipitated. Precipitated
cDNA pellets are resuspended in Gel Loading Bufter (23M formamide,
0.09% bromophenol blue, and 0.09% xylene cyanol) and the cDNA products
are separated using 9% polyacrylamide D-PAGE. Similar to what is described
in Section 2.3.4, the gel is then dried on a gel drier, wrapped in Saran wrap,
and exposed to a phosphorimaging screen overnight; the screen is imaged
using a phosphorimager; and the band intensities are quantified using
ImageQuant, Image], etc. Because the bands corresponding to the 70S IC,
PRE complex, and POST complex are expected at the +15, +16, and
+18/+19 mRNA nucleotide positions (where the positive numbers refer
to the number of nucleotides downstream from the adenosine nucleotide
of the AUG start codon), respectively, percent translocation at each time point
is calculated as [(I1g + Li10)/ (Iiis + Liig + Lig + Liqo)] X 100, where I, is
the intensity of the band corresponding to the +n nucleotide position.
Occasionally, corrections to this calculation need to be implemented to
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normalize for intensity differences across the various lanes and/or to correct
for misincorporation and translocation of additional ncAA-tRNAs. For
examples of these types of corrections, please see Englander et al. (2015).
As described in Section 3.3.7, experiments are executed in duplicate or trip-
licate; the mean yield for each timepoint is plotted as a function of time with
error bars representing either the standard error or the standard deviation; and
the mean yields as a function of time are fit to a single-exponential function of
the form y=y, +A(e ™).

3.5.2 Translocation smFRET assay

In addition to the toeprinting assay, the L1-L9 smFRET assay that we use
for mechanistic studies of ncAA-tRINA selection and peptidyl transfer (see
Section 3.4.3) can be easily extended to allow mechanistic studies of trans-
location (Fei et al., 2009; Kim et al., 2014). Recently, we have used this
smFRET assay to study translocation of a PRE complex carrying a +1FS-
inducing peptidyl-tRINA in the A site that we have shown can be used to
incorporate an ncAA in response to a quadruplet codon (Fig. 4B) (Gamper
etal., 2021). These experiments are executed and analyzed in a manner anal-
ogous to those described in Section 3.4.3 for L1-L9 smFRET studies of
ncAA-tRNA selection and peptidyl transter with the exception that the
60pL of 10-100nM TC Mix that is loaded into the stopped-flow syringe
is supplemented with EF-G Mix to a final, saturating concentration of
2uM EF-G.

As was the case for the L1-L9 smFRET assay for aa-tRINA selection and
peptidyl transfer, a typical Epppr trajectory begins at an Egpgr value of
~0.55 as the L1 stalk adopts the open conformation. Then, upon incorpo-
ration of the aa-tRINA into the A site, peptidyl transfer, and the subsequent
rearrangement of the resulting PRE complex, the Egpgr trajectory
undergoes a transition to an Erg gt value of ~0.31 as the L1 stalk undergoes
an open — closed transition. In the presence of saturating amounts of EF-G,
however, the Epp gt trajectory remains at an Egpgr value of ~0.31 for a
short period of time as EF-G binds to the PRE complex and transiently sta-
bilizes it in the global conformational state in which the L1 stalk is closed.
The Epp g trajectory then undergoes a transition back to an Erg gt value of
~0.55 corresponding to opening of the L1 stalk as the PRE complex
undergoes translocation and is converted to a POST complex. The resulting
ErreT trajectories can therefore be analyzed to determine the rates with
which: (1) a TC productively delivers an ncAA-tRNA into the A site, the
ncAA-tRINA serves as an acceptor in the peptidyl transfer reaction, and
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the L1 stalk closes as the resulting PRE complex undergoes a transition to its
alternative, well-characterized global conformational state and (i1) the L1
stalk opens as the PRE complex undergoes translocation and is converted
to a POST complex.

3.6 Assaying the stability of ncAA-containing peptidyl-tRNAs
at the P site

Even if an ncAA-containing peptidyl-tR NA can be successfully translocated
into the P site, it is possible for the peptidyl-tRINA to prematurely dissociate
from the P site, particularly if the nascent polypeptide chain is short (Forster
etal., 2003; Karimi, Pavlov, Heurgué-Hamard, Buckingham, & Ehrenberg,
1998). Such premature dissociation of an ncAA-containing peptidyl-tR NA
from the P site can be identified and characterized using a nitrocellulose filter
binding assay (Fig. 5A) (Englander et al., 2015). In this assay, ribosomes and
ribosome-bound tR NAs are retained on the negatively-charged nitrocellu-
lose filters due to positively charged patches found on the solvent-exposed
surfaces of the ribosomal proteins. In contrast, unbound tRINAs, which are
negatively charged, will pass through the filter. Thus, quantitation of how
much £-[>>S]Met is retained on a filter vs how much passes through the filter
as a function of time after using an f- [35S]Met—tRNAﬂwet—containing 70SIC
to initiate a peptide synthesis reaction allows the extent and kinetics of pre-
mature dissociation of the ncAA-containing peptidyl-tRINA from the P site
to be determined.

Dipeptide synthesis reactions are executed as described in Section 3.4.1
with the exception that 0.5 pL of the mixture of EF-G Mix and 70S IC Mix
is removed prior to the addition of TC Mix, is mixed with 49.5pL of ice-
cold Stop Buffer (50mM Tris-HCI, pHrt =7.5, 1M NH,CIl, 15mM
Mg(OAc),), and is placed on ice. This will serve as the “zero” time point
of the reaction. Following addition of TC Mix to the mixture of EF-G
Mix and 70S IC Mix, 0.5 pL of the dipeptide synthesis reaction is removed
at each desired time point, mixed with 49.5 pL of ice-cold Stop Buffer, and
placed on ice. For each Stop Buffer-treated time point, 30 pL of the reaction
is applied to a nitrocellulose filter (Whatman) that has been pre-wetted with
ice-cold Stop Buffer and placed over the well of a multi-well vacuum man-
ifold (Millipore). An additional 10 uL of the reaction is applied to a second
nitrocellulose filter that is not placed in the vacuum manifold. Vacuum is
then applied to the manifold such that a flow rate of approximately
5mL/min is established and maintained over the filters as they are washed
extensively with ice-cold Stop Bufter. For each time point, the amount
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of £-[>>S|Met retained on the filter that was exposed to vacuum and the filter
that was not exposed to vacuum were determined by liquid scintillation
counting (Perkin Elmer). For each time point, the percentage of f-[>S]
Met retained on the nitrocellulose filter was calculated as (Ci,,.)/
(3 x C_,,0) X100, where C,,. is the number of counts from the filter that
was exposed to vacuum, C_,. is the number of counts from the filter
that was not exposed to vacuum, and the factor of 3 is a normalization factor
that accounts for the threefold larger volume of the reaction that was pip-
etted onto the filter that was exposed to vacuum relative to the one that
was not exposed to vacuum. As described in Section 3.3.7, experiments
are executed in duplicate or triplicate; the mean yield for each timepoint
is plotted as a function of time with error bars representing either the stan-
dard error or the standard deviation; and the mean yields as a function of

time are fit to a single-exponential function of the form y=y, +A(e ™).

3.7 Assaying the performance of ncAA-containing
peptidyl-tRNAs as donors in the peptidyl transfer reaction
Assuming an ncAA-containing peptidyl-tRINA is successfully translocated
into, and stably bound at, the P site, its ability to function as a donor in
the peptidyl transfer reaction can be assessed using a puromycin (Pmn) assay
(Fig. 5B) (Englander et al., 2015). The antibiotic Pmn is an analog of the 3’
aminoacyl-adenosine end of an aa-tRNA that causes premature termination
of polypeptide synthesis by binding to the A site, acting as an acceptor in the

Fig.5 Assays that report on the stability of ncAA-containing peptidyl-tRNAs at the P site
and their performance as donors in the peptidyl transfer reaction. (A) Following its trans-
location into the P site, the stability of an ncAA-containing peptidyl-tRNA at the P site
can be tested using a nitrocellulose filter binding assay. The ncAA is shown as a gold
hexagon. See Section 3.6 for a detailed description of this assay. Data are shown for both
an ncAA-containing peptidyl-tRNA (fMet-p-Phe-tRNA) and its corresponding cAA-
containing peptidyl-tRNA (fMet-.-Phe-tRNA). (B) The ability of an ncAA-containing
peptidyl-tRNA that is stably bound at the P site to act as a donor in the peptidyl transfer
reaction can be tested using a Pmn assay. The ncAA is shown as a gold hexagon. See
Section 3.7 for a detailed description of this assay. Data are shown for both an
ncAA-containing peptidyl-tRNA (fMet-b-Phe-tRNA) and its corresponding cAA-
containing peptidyl-tRNA (fMet-L-Phe-tRNA). Panels A and B: The data and corresponding
data figure subpanels are from Englander, M. T, Avins, J. L., Fleisher, R. C, Liu, B,
Effraim, P. R, Wang, J,, Schulten, K, Leyh, T. S, Gonzalez Jr, R. L, & Cornish, V. W.
(2015). The ribosome can discriminate the chirality of amino acids within its peptidyl-
transferase center. Proceedings of the National Academy of Sciences of the
United States of America, 112(19), 6038—6043. https://doi.org/10.1073/pnas.1424712112.
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peptidyl transfer reaction, deacylating the peptidyl-tRINA at the P site, and
ultimately dissociating from the A site, carrying the nascent polypeptide
chain with it (Traut & Monro, 1964). As a minimal A site substrate that does
not undergo the rate-limiting, aa-tRINA selection steps that a full-length
aa-tRNA would typically undergo, Pmn has been extensively used to probe
the efficiency with which P site-bound peptidyl-tRINAs serve as donors in
the peptidyl transfer reaction (Englander et al., 2015; Traut & Monro, 1964;
Wohlgemuth, Brenner, Beringer, & Rodnina, 2008).

We begin these assays by preparing a POST complex carrying an ncAA-
containing peptidyl-tRINA at the P site as described in Section 3.3.10. To
achieve this, we use a 70S IC Mix, TC Mix, and EF-G Mix prepared as
described in Sections 3.3.3-3.3.5, with the exception that the 3rd-
position cAA-tRNA is omitted from the TC Mix. As described in
Section 3.3.10, POST complex formation reactions are incubated at 37°C
for as long as necessary to maximize incorporation of the 2nd-position
ncAA-tRINA and subsequent translocation, as determined using a tripeptide
synthesis assay (Section 3.3.6) and/or a primer extension inhibition assay
(Section 3.5.1). As examples, to ensure 2nd-position D-aa-tRINAs are maxi-
mally incorporated and translocated during POST complex formation,
we incubate the reactions for 10min. In contrast, to ensure that their
cAA-tRNA counterparts, L-aa-tRNAs, are maximally incorporated and
translocated, we incubate them for only 2.5min. Following this incubation,
Pmn from a 100 mM stock solution prepared in Tris-Polymix Buffer is added
to the POST complexes to a final Pmn concentration of 25 mM. Pmn reac-
tions are quenched at the desired time points by adding KOH to a final con-
centration of 160mM. As described in Section 3.3.7, reaction products are
then separated by eTLC; eTLC plates are air-dried, wrapped in Saran wrap,
and exposed to a phosphorimaging screen overnight; the screen is imaged
using a phosphorimager; and the eTLC spot intensities are quantified
using ImageQuant, Image], etc. The percentage of f-[>°S]Met converted to
£[>>S]Met-X-Pmn, where X is the 2nd-position aa-tRNA, is quantified as
Unviexpmn)/ U + Invx + Invicxepmn) X 100, where  Ingx_pmns  Iav, and
Inix are the eTLC spot intensities corresponding to the f-[>’S]Met-
X-Pmn and £-[>>S|Met-X products and the unreacted f-[>>S|Met, respec-
tively. As described in Section 3.3.7, experiments are executed in duplicate
or triplicate; the mean yield for each timepoint is plotted as a function of time
with error bars representing either the standard error or the standard deviation;
and the mean yields as a function of time are fit to a single-exponential func-

tion of the form y=y, +A(e ).
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3.8 Assaying ribosome structural changes imposed by ncAAs

Inhibition of translation by ncAAs can, at least in some cases, involve
ncAA-mediated perturbation of the structure or structural dynamics of
the ribosome. Nonetheless, several factors have until recently made struc-
tural studies of ncAA-containing ribosomal complexes challenging. As an
example, samples are sometimes heterogeneous due to incomplete incorpo-
ration of the ncAA or to partitioning of the ncAA-containing ribosomal
complexes into functional, and presumably, structural sub-populations
(Englander et al., 2015; Fleisher et al., 2018). Such sample heterogeneity
makes X-ray crystallography a poor choice. Although single-particle cryo-
genic electron microscopy (cryo-EM) should, in principle, enable classifica-
tion of a structurally heterogeneous sample into a set of structural
sub-populations, it is only recently that cryo-EM has attained the classifica-
tion capabilities and high spatial resolution necessary to model and interpret
the recorded Coulombic potential maps at near-atomic resolution. Such
breakthroughs are now positioning single-particle cryo-EM to have a tre-
mendous impact in the field (vide infra).

Because of the limitations described above and the fact that many of the
perturbations of interest manifest as changes in the secondary structure or sec-
ondary structure dynamics of the ribosomal RNA (tRNA) component of the
ribosome, chemical probing assays have served as a powerful approach for
identifying and characterizing ncAA-mediated changes in the secondary
structure or secondary structure dynamics of ncAA-containing ribosomal
complexes. Even with the increasing feasibility of X-ray crystallographic
and single-particle cryo-EM studies of ncAA-containing ribosomal com-
plexes, chemical probing can serve as an excellent starting point for structural
studies of ncAA-containing ribosomal complexes. In a rRINA chemical prob-
ing assay, the solvent accessibility of individual rRINA nucleotides is assessed
by subjecting the rRINA to modification by different chemical probes that tar-
get either the bases or sugars of the nucleotides. By comparing the solvent
accessibility of nucleotides in ncAA-containing ribosomal complexes with
that of their cAA-containing counterparts, changes to rRINA secondary
structure and/or secondary structure dynamics can be inferred. To this
end, many RNA-reactive chemistries have been developed for chemical
probing of RNA, including dimethyl sulfate (DMS), 1-cyclohexyl-3-(2-
morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMCT), 3-
ethoxy-a-ketobutyraldehyde (kethoxal), and selective 2/-hydroxyl acylation
analyzed by primer extension (SHAPE) (Xu & Culver, 2009). In the course



416 Rachel C. Fleisher et al.

of our own work, we have used chemical probing with DMS to determine if
and how an fMet-D-aa-tRINA bound at the P site of a POST complex alters
the secondary structure or secondary structure dynamics of the PTC and
nascent polypeptide exit tunnel entrance (ETE) sites within the 23S rRINA
component of the 50S subunit (Fig. 6). Based on this work, below we present
a generalized protocol for chemical probing using DMS. We would like to
note, however, that we strongly advocate the use of multiple probes for these
types of studies and point the reader to many well-established, previously pub-
lished protocols (Busan, Weidmann, Sengupta, & Weeks, 2019; Tijerina,
Mohr, & Russell, 2007; Xu & Culver, 2009).

DMS is an alkylating agent that methylates the N1 position of adenine
and, to a lesser extent, the N3 position of cytosine (Tijerina et al., 2007).
Since these positions are involved in hydrogen bonding and/or have limited
solvent accessibility when an adenine or cytosine is based-paired, only
unpaired adenines and cytosines are robustly methylated by DMS.
Methylation is achieved under conditions that result in ~1 methylation
event per rRNA molecule and the location of the methylated base in the
rRINA is identified when it blocks the ability of an RT to transcribe past
the methylated base. Specifically, a [*°P]-labeled DNA primer is annealed
to the rRNA extracted from a DMS-treated ribosomal complex and a
cDNA is generated by primer extension using RT. When it encounters a
methylated base, RT is blocked and can therefore no longer extend the
cDNA, thereby generating a ¢cDNA transcript of a specific length.
cDNAs are then separated using D-PAGE alongside Sanger sequencing
lanes to determine the exact position of the methylated base. Because a dif-
ferent base can be methylated in each rRINA molecule, the experiment gen-
erates a set of cDNAs and a corresponding set of bands on the gel that
collectively map the location of all of the methylated bases. In addition,
the more solvent accessible a particular base is, the more frequently it will
be methylated and thus the more frequently its corresponding cDNA
will appear in the set of cDNAs and the more intense its corresponding band
will be on the gel. Comparing the location and intensities of the bands
arising from different ribosomal complexes therefore allows changes in sec-
ondary structure or secondary structure dynamics to be detected with single-
nucleotide resolution.

POST complexes carrying an ncAA-containing peptidyl-tRNA at the P
site for these assays are prepared as described in Sections 3.3.10 and 3.7. This
is accomplished using 70S IC Mix, TC Mix, and EF-G Mix prepared as
described in Sections 3.3.3-3.3.5, with the exceptions that 2pM
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non-radiolabeled fMet-tRNA™®" substitutes for the 1.25pM £-[**S]
Met-tRNA™¢ in the 70S IC Mix and the 3rd-position cAA-tR NA is omit-
ted from the TC Mix. This ensures that the final concentration of fMet-
tRNA™M in the POST complex formation reaction is 0.8 pM, with
ribosomes being the limiting reagent. As described in Sections 3.3.10 and
3.7, POST complex formation reactions are incubated at 37 °C for as long
as necessary to maximize incorporation of the 2nd-position ncAA-tRINA
and subsequent translocation.

For each ncAA-containing peptidyl-tRNA to be tested, four POST
complex formation reactions are run. All four reactions are executed as
described in the previous paragraph with the following exceptions. For
the first reaction, Met-tRNAME is excluded from the 70S IC Mix and
ncAA-tRNA is excluded from the TC Mix so as to generate a vacant ribo-
somal complex containing no tRINAs. For the second and third reactions, a
cAA-tRNA counterpart to the ncAA-tRINA to be tested is substituted for
the ncAA-tRNA in the TC Mix. Note that the second reaction will not be
treated with DMS (vide infra). The fourth reaction is run as described in
the previous paragraph, with no exceptions. Thus, the first, second, third,
and fourth reactions will map the locations of rRNA nucleotides that are
accessible to DMS in the absence of tRINAs, result in secondary structure-
induced RT stops, are protected from DMS in the presence of a cAA-
containing peptidyl-tRINA, and are protected from DMS in the presence
of an ncAA-containing peptidyl-tRNA, respectively.

Chemical probing of the POST complexes with DMS is then
implemented using slight modifications of a previously published protocol
(Stern, Moazed, & Noller, 1988). DMS is diluted 10-fold with DMS
Buffer (80% ethanol in Tris-Polymix Buffer) immediately before use.
1puL of the diluted DMS solution is added to the first, third, and fourth
reactions described in the previous paragraph and 1pL of DMS Buffer
(i.e., lacking DMS) is added to the second reaction described in the previous
paragraph. All four samples are immediately incubated on ice for 45 min.
Subsequently, 25ng of glycogen (Ambion) are added as a carrier to all of
the samples and the rRINA is precipitated with 95% ethanol. The precipi-
tated rRINA pellets are then dissolved in 200pL of Extraction Buffer
(0.3M sodium acetate (pHrT =5.2), 2.5mM EDTA, and 0.5% sodium
dodecyl sulfate (SDS)). The resuspended pellets are then extracted with phe-
nol three times with vigorous agitation for 5min followed by two subse-
quent extractions with chloroform with vigorous agitation for 3min. This
phenol-chloroform extraction procedure ensures that all ribosomal proteins
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are removed from the rRINA. Following extraction, the rRNA is ethanol
precipitated a second time and the resulting pellets are dissolved in 15pL
of nanopure water.

A DNA primer complementary to the rRNA region of interest is [*>P]-
labeled as described in Section 3.5.1 (e.g., to probe the PTC and ETE
regions of 23S rRNA, we use a 17-nucleotide primer with the sequence
5'-CAAAGCCTCCCACCTAT-3). The [**P]-labeled primer is annealed
to the rRINA extracted from each POST complex by incubating a mixture
of ~1.0 pmol rRNA and 0.7 pmol of [**P]-labeled primer in a final volume
of 10pL of RT Buffer (25mM Tris-HCI (pHp 1 =8.3), 40mM KCl, and
5mM MgCl,) for 5min at 65 °C and then slow cooling to RT on the bench-
top. Reverse transcription of the rRNA from each POST complex is then
initiated by adding 10 pL of a solution thatis 1.8 U/uL AMV RT and 1 mM
in each dGTP, dCTP, dTTP, and dATP in RT Buffer to the 10 pL solution
of [**P]-labeled primer-annealed rRNA in RT Buffer and the final, 20 uL
reactions are incubated at 42 °C for 30 min.

To identify where in the rRINA sequence modified adenines and cytidines
are located, we additionally execute Sanger sequencing of the rRINA. For the
Sanger sequencing reactions, we use rRNA extracted from non-DMS-
treated, vacant (i.e., tRINA-free), 70S ribosomes in the same manner as we
extracted the rRNA from the POST complexes. Annealing of the same
[**P]-labeled primer to the rRNA extracted from the non-DMS-treated,
vacant (i.e., tRINA-free), 70S ribosomes and reverse transcription of the
resulting [**P]-labeled primer-annealed rRNA are achieved identically to that
of the rTRNA extracted from the POST complexes, except that we adjust
the solution containing the deoxynucleotides to include 25pM of the
dideoxynucleotide corresponding to the nucleotide to be sequenced.

The reverse transcription and Sanger sequencing reactions are quenched
with 20pL of Gel Loading Bufter and the cDNA products are separated
using 7% polyacrylamide D-PAGE. As described in Section 3.5.1, the gel
is dried, wrapped in Saran wrap, and exposed to a phosphorimaging screen
overnight and the screen is imaged using a phosphorimager. We use the
Semi-Automated Footprinting Analysis (SAFA) software program devel-
oped by Das, Laederach, Pearlman, Herschlag, and Altman (2005) to
quantify each gel using previously published protocols (Das et al., 2005;
Englander et al., 2015). SAFA uses semi-automated routines to identify
the lanes of a gel, identify the bands in each lane, assign each band in each
lane to a nucleotide number, deconvolve any overlap from neighboring
bands, correct for differences in loading amounts (using a normalization
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procedure developed by Takamoto, Chance, and Brenowitz (2004)
and implemented in SAFA), and quantify the intensity of each band.
Experiments are typically executed in triplicate and from SAFA analysis
of the three gels, we then determine the mean and standard deviation of
the intensity of each band in the lanes corresponding to the POST complex
carrying the ncAA-containing peptidyl-tRNA (I,.aa) and the cAA-
containing peptidyl-tRNA (I.aa). For each nucleotide, I,can and Iaa
values for the bands corresponding to that nucleotide are used to calculate
I.an/L,can. The entire set of I.aa/1,.aa values are then used to calculate the
average I.aa/Iican (<Ican/ILnean >). Nucleotides exhibiting an Iaa/Lican
value that is some number of standard deviations above or below the <I.aa/
L,.aa > value are then identified (e.g., in our studies of D-aa incorporation,
we used two standard deviations below or above the mean). These nucle-
otides are then interpreted as having significantly altered accessibilities to
DMS, and therefore be involved in significantly altered secondary structures
or secondary structure dynamics, in the POST complex carrying the ncAA-
containing peptidyl-tRNA vs the POST complex carrying the cAA-
containing peptidyl-tRNA.

4. Conclusions and future outlook

The toolbox of mechanistic assays described here has allowed us to
explore the limits of misacylated cAA-tRNA (Effraim et al., 2009) and
pD-aa (Englander et al., 2015; Fleisher et al., 2018) incorporation by the
TM as well as the limits of +1FS-mediated incorporation of ncAAs in
response to quadruplet codons (Gamper et al., 2021). Notably, these assays
are entirely general and can be used, adapted, or extended in order to iden-
tity and characterize the mechanistic underpinnings of inefficient incorpo-
ration of a broad range of ncAAs, thereby informing the ways in which the
TM might be engineered to increase this efficiency.

Looking forward, we expect that emerging advances in the structural
biology of engineered ribosomes (Schmied et al., 2018; Ward et al.,
2019) and ribosomal complexes carrying ncAA-tRNAs (Melnikov et al.,
2019) will be extended and, ultimately, expanded to include structural
studies of other engineered ribosomes and TM components and of ribo-
somal complexes reflecting additional steps in the process of ncAA incorpo-
ration. Such studies promise to reveal the structural bases for the impaired or
successful incorporation of ncAAs, information that could be invaluable for
interpreting the results of mechanistic studies and informing efforts to
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engineer the TM. Likewise, we expect that increases in computational
power will ultimately make it possible to run longer MD simulations on
larger ribosomal complexes (Bock, Kolar, & Grubmuller, 2018; Levi,
Noel, & Whitford, 2019), developments that promise to bridge the gap
between the all-atom, but static, structures generated by structural tech-
niques such as X-ray crystallography and cryo-EM and the dynamic, but
single-distance, structural rearrangements captured by smFRET. We expect
that such MDD simulations will continue to become important tools for help-
ing to interpret biochemical, smFRET, and structural data on the incorpo-
ration of ncAAs; for providing roadmaps that enable engineering of the TM
to improve the efficiency of ncAA incorporation; and for deciphering how
engineered TM components facilitate the incorporation of ncAAs.

These are exciting times for the ncAA mutagenesis field. It is now
becoming possible to combine high-resolution biochemical assays,
smFRET experiments, structural studies, and MD simulations into a pow-
erful framework that allows researchers to investigate the substrate specificity
of the TM, identify and characterize the physical basis for limits in this spec-
ificity, and this information to engineer the TM, using either rational design
or directed evolution approaches. We envision that such mechanistically
informed engineering of the TM will unleash the full promise and potential
of ncAA mutagenesis technology.
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