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ABSTRACT

Escherichia coli leucyl/phenylalanyl-tRNA protein transferase catalyzes the tRNA-dependent post-translational addition of amino
acids onto the N-terminus of a protein polypeptide substrate. Based on biochemical and structural studies, the current tRNA
recognition model by L/F transferase involves the identity of the 3’ aminoacyl adenosine and the sequence-independent
docking of the D-stem of an aminoacyl-tRNA to the positively charged cluster on L/F transferase. However, this model does
not explain the isoacceptor preference observed 40 yr ago. Using in vitro-transcribed tRNA and quantitative MALDI-ToF MS
enzyme activity assays, we have confirmed that, indeed, there is a strong preference for the most abundant leucyl-tRNA,
tRNA"" (anticodon 5'-CAG-3') isoacceptor for L/F transferase activity. We further investigate the molecular mechanism for
this preference using hybrid tRNA constructs. We identified two independent sequence elements in the acceptor stem of
tRNA™" (CAG)—a G;:C; base pair and a set of 4 nt (C;, As:Ugg, Ceg)—that are important for the optimal binding and
catalysis by L/F transferase. This maps a more specific, sequence-dependent tRNA recognition model of L/F transferase than
previously proposed.
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INTRODUCTION

Transfer RNAs (tRNAs), in addition to their prominent role
in translation, also participate in alternative functions in
many organisms in vivo, including amino acid biosynthesis
(Ibba and Soll 2004; Sheppard et al. 2008), antibiotic bio-
synthesis (Nolan and Walsh 2009), cell envelope remodeling
(Villet et al. 2007; Roy and Ibba 2008; Fonvielle et al. 2009;
Giannouli et al. 2009), and targeted proteolysis (Abramoch-
kin and Shrader 1996; Mogk et al. 2007; for review and more
details, see Banerjee et al. 2010; Francklyn and Minajigi
2010). These alternative functions often utilize aminoacyl-
tRNA (aa-tRNA) as a source of activated amino acids, yet
deacyl-tRNAs also have regulatory roles in gene expression
during amino acid starvation in both prokaryotes and eu-
karyotes (Wendrich et al. 2002; Zaborske et al. 2009).

Abbreviations: Aminoacyl-tRNA, aminoacylated tRNA; L/F transferase,
leucyl/phenylalanyl tRNA protein transferase; ATE], arginine tRNA protein
transferase 1; MALDI-ToF MS, matrix assisted laser desorption/ionization
time-of-flight mass spectrometry; LeuRS, leucyl-tRNA synthetase; PheRS,
phenylalanyl-tRNA synthetase; MetRS, methionyl-tRNA synthetase; EF-
Tu, elongation factor thermal unstable; rA-aa, aminoacyl adenosine; rA-
Phe, phenylalanyl adenosine
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Currently, there is a conundrum regarding the precise in
vivo mechanism in which the aa-tRNA used for alternative
functions evades the protein biosynthesis machinery.
Elongation factor Tu (EF-Tu) binds to an aa-tRNA molecule
in the cytoplasm where it hydrolyzes a GTP molecule and re-
leases the aa-tRNA to the ribosomal A-site for protein synthe-
sis (Marshall et al. 2008; Agirrezabala and Frank 2009;
Schmeing and Ramakrishnan 2009). EF-Tu has an in vivo
concentration of ~100 pM, and it binds to all aa-tRNAs
with strong, similar affinities (Kp in low nM range) (Andersen
and Wiborg 1994; LaRiviere et al. 2001; Schrader et al. 2011).
Some possible evasion mechanisms have been described, such
as channeling substrates through a protein complex (Bailly
et al. 2007), regulating the subcellular localization of tRNAs
(Stortchevoi et al. 2003), having competitive binding affinities
to aa-tRNAs (Roy and Ibba 2008), utilizing misacylated
tRNAs (Stanzel et al. 1994; Becker and Kern 1998), or idio-
syncratic features of specific tRNA isoacceptors (Giannouli
et al. 2009). However, it remains unclear how canonical aa-
tRNA species participate in both translation and alternative
functions.

© 2014 Fungetal. This article is distributed exclusively by the RNA Society
for the first 12 months after the full-issue publication date (see http:/
rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

RNA 20:1210-1222; Published by Cold Spring Harbor Laboratory Press for the RNA Society



L/F transferase tRNA recognition

Aminoacyl-tRNA protein transferases catalyze the tRNA-
dependent post-translational addition of amino acid from
an aa-tRNA to the N-terminus of a protein polypeptide
(Soffer 1974). These proteins are ubiquitously expressed in
the cytosol of eubacteria (Tobias et al. 1991), yeast (Bachmair
and Varshavsky 1989), plants (Potuschak et al. 1998; Graciet
and Wellmer 2010), and mammals (Gonda et al. 1989).
Aminoacyl-tRNA protein transferases are involved in a wide
variety of biological functions (for review, see Dougan et al.
2010; Saha and Kashina 2011). The enzymatic N-terminal ad-
dition of an amino acid to a protein has been identified as a
molecular marker to target proteins for degradation via the
N-end rule pathway, where it describes the relationship be-
tween the in vivo half-life of a protein and the identity of its
N-terminal amino acid (Bachmair and Varshavsky 1989).
Yet it does not always result in protein degradation but may
have additional cellular functions (Karakozova et al. 2006;
Zhang et al. 2010).

The sole aminoacyl-tRNA protein transferase in Escheri-
chia coli, L/F transferase, has degenerate aa-tRNA specificity
in vitro where it utilizes Leu-tRNA"", Phe-tRNA" (Leibo-
witz and Soffer 1969), and to a lesser extent Met-tRNAMt as
substrates (Scarpulla et al. 1976). In vivo studies, however,
suggest that leucylation is the dominant modification
(Shrader et al. 1993). A model for L/F transferase tRNA rec-
ognition has been proposed based on biochemical and struc-
tural data (Leibowitz and Soffer 1971; Abramochkin and
Shrader 1996; Suto et al. 2006; Watanabe et al. 2007). In vitro
studies with misacylated tRNAs (Leibowitz and Soffer 1971;
Abramochkin and Shrader 1996) and minimalistic adenosine
esters of natural and unnatural amino acids (3’ rA-aa)
(Wagner et al. 2011) are sufficient for aminoacyl transfer.
This suggests that the major determinant of tRNA recogni-
tion by L/F transferase is the 3’ terminal adenosine and the
aminoacyl moiety of an aa-tRNA (Leibowitz and Soffer
1971; Abramochkin and Shrader 1996).

Several X-ray crystal structures of L/F transferase with sub-
strate analogs (minimal substrate phenylalanyl adenosine
[rA-Phe] and inhibitor puromycin) bound have provided in-
sights into the mechanism of tRNA recognition by L/F trans-
ferase (Suto et al. 2006; Dong et al. 2007; Watanabe et al.
2007). However, in closer examination of the crystal struc-
tures with the two analogs revealed differences in their
mode of binding (Fung et al. 2014). Since there are no crystal
structures solved for L/F transferase in complex with an in-
tact aa-tRNA bound, the molecular insights derived from
these structures remain within the 3’ rA-aa of an aa-tRNA.
Nevertheless, the current L/F transferase tRNA recognition
model includes the recognition of the 3’ aminoacyl adeno-
sine, the sequence-independent docking of the tRNA D-
stem to the positively charged cluster (R76, R80, K83, R84)
of L/F transferase, and the disruption or bending of the 3’ ac-
ceptor stem of the tRNA during catalysis (Leibowitz and
Soffer 1971; Abramochkin and Shrader 1996; Suto et al.
2006; Watanabe et al. 2007).

It has also been demonstrated that there is a preference for
the tRNA™" (anticodon 5'-CAG-3') isoacceptor for L/F trans-
ferase activity (Rao and Kaji 1974). The current tRNA recog-
nition model does not explain this isoacceptor preference. A
comparison with the reported apparent K, values for rA-
Phe (124 uM) and Phe-tRNA™ (1.56 uM), suggests that
the tRNA body contributes to the L/F transferase recognition
significantly (Rao and Kaji 1974; Abramochkin and Shrader
1996; Wagner et al. 2011). In vitro assays with mutant
tRNAs suggest that the anticodon and variable loop are not
the basis for specificity (Abramochkin and Shrader 1996).
Upon meta-analysis of various tRNA recognition studies,
Abramochkin et al. observed a correlation between the
“strength” of the acceptor stem base pairs and overall L/F
transferase activity and hypothesized that tRNAs with weak
acceptor stems (i.e., mismatches or more A:U base pairs)
are better L/F transferase substrates (Rao and Kaji 1974;
Scarpulla et al. 1976; Abramochkin and Shrader 1996).

We hypothesize that the specificity for tRNA"" isoaccep-
tors is a result of previously unidentified sequence elements
in the tRNA body that are recognized by L/F transferase.
Here, we report on our investigations on L/F transferase aa-
tRNA isoacceptor recognition. Specifically, we focus on
whether there are discriminator bases for tRNA™" isoaccep-
tors that are specific for L/F transferase recognition. Using in
vitro-transcribed tRNAs and a quantitative matrix assisted la-
ser desorption/ ionization time-of-flight mass spectrometry
(MALDI-ToF MS) enzyme activity assay developed by our
lab (Ebhardt et al. 2009; Fung et al. 2011, 2014), our results
demonstrated that there is a preference for the CAG isoaccep-
tor by L/F transferase. Through mutations at the acceptor, D-,
and T-stem of tRNAM! isoacceptors, we identified two inde-
pendent, sequence elements in the acceptor stem of Leu-
tRNA"" that are important for optimal L/F transferase bind-
ing and catalysis. These include the G3:C;, base pair and a set
of 4 nt in the acceptor stem that contribute to optimal tRNA
recognition by L/F transferase. This study demonstrates that
tRNA recognition by L/F transferase is more specific and se-
quence dependent than previously hypothesized.

RESULTS

L/F transferase activity assays with tRNA™", tRNAP",
and tRNAM®! isoacceptors

As the initial investigations with the different tRNA"" isoac-
ceptors was incomplete (Rao and Kaji 1974; Abramochkin
and Shrader 1996), we initiated our investigations by examin-
ing all five E. coli tRNA"*" isoacceptors as L/F transferase sub-
strates using the quantitative MALDI-ToF MS-based activity
assay we previously developed (Ebhardt et al. 2009; Fung
et al. 2011). Minimal differences using either purified (fully
modified) or in vitro-transcribed (unmodified) tRNAs was
previously reported (Abramochkin and Shrader 1995), and
with our need to generate hybrid tRNAs, we utilized in
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vitro-transcribed tRNAs as substrates. Sequences reported for
E. coli tRNA genes in the genomic tRNA database (Chan and
Lowe 2009) were used for template design. tRNA"" isoaccep-
tors (including tRNAX™ [anticodon 5-CAG-3], tRNA*"
[UAG], tRNA™" [CAA], tRNA™" [UAA], and tRNA™"
[GAG)]) were in vitro-transcribed and purified. In addition
to the tRNAMYs, we also transcribed and purified the sole
tRNA™™ (GAA) isoacceptor and two representative elongator
tRNAMt (CAU) sequences, which were chosen from the ileX
and metT genes. We omitted the initiator tRNAM® as the
characteristic 5 cytosine overhang is not compatible with
the T7 promoter site for in vitro transcription. Also,
Scarpulla et al. suggested that L/F transferase does not utilize
initiator tRNAM®ts (Scarpulla et al. 1976).

Figure 1 shows the cloverleaf structures of the tRNAs inves-
tigated. In addition to differences in the esterified amino acids
of the tRNA substrates, cloverleaf structural examination re-
veals substantial differences. First, all tRNA™" isoacceptors
have larger D-loops and diverse, lengthy variable loops com-
pared to tRNA"P® and tRNAM®, Additionally, some individu-
al differences are observed, such as the A:C mismatch at the
base of the acceptor stem for tRNA™" (CAG). It had been pre-
viously hypothesized that L/F transferase specifically favors a
Leu-tRNA"" with weak base pairs in the acceptor stem (mis-
matches or more A:U pairs) (Abramochkin and Shrader
1996).

Enzymatic analysis of the addition of an amino acid to a
peptide substrate in the presence of different tRNA isoaccep-
tors was a modified method from our previously established
quantitative MALDI-ToF MS method (Ebhardt et al. 2009;
Fung et al. 2011, 2014), where we varied the concentration
of tRNA substrate and measured product formation in a con-
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FIGURE 1. Cloverleaf structures of E. coli tRNA isoacceptors for leucine, phenylalanine, and me-
thionine. The two tRNA™" isoacceptor species of importance in this study are highlighted in the
gray box. Two representative elongator methionyl-tRNA species are selected for this study with

their respective gene names.
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tRNAMet (CAU) (leX) tRNAYet (CAU) (metT)

tinuous aminoacylation system. Figure 2A shows a graph of
quantified peptide product formation over time for three
representative tRNAs (tRNA™" [CAG], tRNA™" [GAG],
and tRNA [GAA]). Initial rates of product formation are
calculated from the slope of the linear tangent line to the
curve. Initial rates of product formation determined for the
eight tRNA isoacceptors (tRNA™" tRNA") and tRNAM)
are listed in Supplemental Table 1, while the data are summa-
rized graphically in Figure 2B and the kinetic parameters are
listed in Table 1.

Our data are in agreement with previous investigations re-
porting that leucylation is the optimal amino acid addition by
E. coli L/F transferase in comparison to phenylalanylation and
methionylation (Shrader et al. 1993). Our data in Figure 2B
and Table 1 demonstrate that L/F transferase is most specific
to the Leu-tRNA"" (CAG) isoacceptor with an apparent K,
of 2.0 + 0.4 uM with an apparent k., of 0.100 + 0.003 min~".
This is in agreement with the observed isoacceptor preference
by Rao and Kaji ( 1974). Although an apparent K, 0 0.11 uM
has been reported for the CAG isoacceptor under different re-
action conditions (Rao and Kaji 1974; Abramochkin and
Shrader 1996), the relative K, fold changes among the isoac-
ceptors tested (CAG, UAG, CAA, and UAA) are comparable
between the two studies. Subsequent data will be compared
to the CAG isoacceptor tRNA as the optimal reference.

Both Met-tRNAM®! isoacceptors are poor substrates of L/F
transferase with large apparent K,,, values (9.5- and 74-fold
increase) and low relative activity (90- and 500-fold decrease
in the k., /K,, ratios). Phe-tRNA"™ is an intermediate sub-
strate with an apparent K, of 3.3 £ 0.7 uM with mid-range
relative activity (5.3-fold decrease in the k./K, ratio).
Interestingly, there is a significant difference between the ini-
tial rates among the five leucine isoaccep-
tors (Fig. 2B). Specifically, the Leu-
tRNA™" (GAG) isoacceptor, that has

tRNAL (UAA)
o not been previously tested, is as poor of
sgut” a substrate as tRNAM® with a 21-fold
g decrease in the k., /K, ratio when com-
““ﬂf,.‘,,‘,v"giggggzg““ pared to the CAG isoacceptor. Since the
s N leucine isoacceptors have equal amino
E; Gf:g acid identity contribution, comparison

among these tRNAs directly reflects the
structural contribution to the recogni-
tion and catalytic efficiency by L/F trans-
A ferase. Among the leucine isoacceptors,
the apparent K, values are within a four-
fold change, and the apparent k,, values

uGa al Cocuha

" 323% EgAgi..uc are within a 7.6-fold change when com-
FR pared to the CAG anticodon-containing
U isoacceptor. This suggests that L/F trans-

ferase recognizes leucine isoacceptors
with somewhat similar affinities, but
there is optimal recognition of certain
isoacceptors over others for their catalyt-
ic efficiencies.



L/F transferase tRNA recognition

b -]
[--]
°
>
X
(-]

&

.

6.0x10°
4.0x10¢

2.0x10%1 i e®

Product Concentration (M)

0 20 4I0 S(I) BIIJ 100
Time (minutes)

B 4.0x107
3.5x1074
3.0x1074
2.5x1074
2.0x1074
1.5x1074

Initial Rate of Product
Formation (M/min)

o =
o o
®x X
= 2
o o
& &

0 iy S - S
0 1x10° 2x10° 3x10° 4x10° 5x10°
tRNA Concentration (M)

) O
g

-
S ©
.
'
i
>l
<
(2]

o
S

-}
-
=)
ES

[ %)
o

Percent Aminoacylation (%
n IS
S S

-
o

OCAG UAG CAA UAA GAG GAA ileX metT
Leu Leu Leu Leu Leu Phe Met Met

tRNA isoacceptors

FIGURE 2. A preference of leucyl-tRNA (CAG) isoacceptor by L/F
transferase. (A) Graphical analysis of product formation over time for
tRNA™" (CAG) (#), tRNA™ (GAA) (), and tRNA™" (GAG) (A)
when using an initial tRNA substrate concentration of 1.25 pM.
Errors represented are standard deviation of triplicate measurements
of a single independent experiment. Initial rate of product formation
is calculated from the slope of the linear tangent line (gray) drawn to
the curve. (B) A graphical display of initial rate of product formation
vs. tRNA concentration for isoacceptors tRNA™" (CAG) (),
tRNA"" (UAG) (0), tRNA"" (CAA) (m), tRNA"" (UAA) (a),
tRNA™® (GAA) (0), tRNAX" (GAG) (A), tRNAM® (CAU) ileX (e),
and tRNAM®* (CAU) metT (). Errors represented are the standard devi-
ation of three independent experiments. (C) A bar graph presenting the
maximal percent aminoacylation for natural isoacceptors after 7 min of
aminoacylation. Errors represented are the standard deviation of three
independent experiments.

The catalytic efficiency differences between the leucine iso-
acceptors cannot be explained by the current recognition
model. The current recognition model of tRNA by L/F trans-
ferase suggests that L/F transferase recognizes mainly the 3'-
terminal adenosine and the aminoacyl moiety, while the
remainder of the tRNA body enhances binding affinity in a

sequence-independent manner. We hypothesize that there
is a more specific recognition mechanism for tRNA binding.
There are two potential explanations for the differences be-
tween CAG and GAG isoacceptors. Since our assay uses in vi-
tro-transcribed tRNAs, there is a possibility that some tRNAs
are not folded properly and hence may not be aminoacylated
properly. Alternatively, the current model regarding the rec-
ognition requires modification, and L/F transferase recogniz-
es beyond the 3’-terminal aminoacylated adenosine.

Differences in aminoacylation

To ensure that the differences in L/F transferase product for-
mation rates is due to differences in the RNA sequence and
structure but not due to reduced aminoacylation, experi-
ments to test aminoacylation rates for all tRNAs were per-
formed similarly as previously described (Wolfson and
Uhlenbeck 2002). Figure 2C shows a bar graph plotting the
maximal percent aminoacylation after 7 min for each of the
tRNA isoacceptors (for a full time course, see Supplemental
Fig. S1). We found that all in vitro-transcribed tRNA iso-
acceptors were aminoacylated between 45% and 71%.
Specifically, tRNAM®'s were aminoacylated to 71% and
tRNAP™ was aminoacylated to 45%. tRNA"" isoacceptors
were aminoacylated to between 47% and 62%. Although
there are variations in aminoacylation between tRNA isoac-
cepting species, these differences do not extrapolate to the ki-
netic differences observed in Figure 2B (see Supplemental
Fig. S2). Thus, the specific substrate specificity is not due to
differential aminoacylation and is inherent to the sequence
and structure of the aa-tRNA.

Our percent aminoacylation values are within the typical
range observed for this method, and they reflect the equilib-
rium state of aminoacylation rate by aaRS and spontaneous
deacylation rate (Wolfson and Uhlenbeck 2002). Since the
uncharged tRNA fraction remains relatively high, we also ex-
amined whether the presence of uncharged tRNA (also a
product of the reaction) significantly inhibits L/F transferase.
Preliminary competition assays of uncharged tRNA™ in a
leucylation L/F transferase assay and uncharged tRNA™" in
a phenylalanylation L/F transferase assay suggest that the un-
charged tRNA can compete for binding under high concen-
trations (Supplemental Fig. S3). Comparing the apparent K;
(uncharged tRNA™" =31 uM and uncharged tRNA"™ =25
uM) with the apparent K, (Leu-tRNA"" =2 uM and Phe-
tRNA™ =3 uM in this study and rA-Phe=124 uM
[Wagner et al. 2011]) confirms that the recognition of
aa-tRNA substrate by L/F transferase is through both the
amino acid moiety and the tRNA body. The amino acid moi-
ety contributes to an approximately eightfold difference
(comparing Phe-tRNA™™ with uncharged tRNA""), while
the tRNA body contributes to an ~40-fold difference (com-
paring Phe-tRNA"™ with rA-Phe) in affinity, further con-
firming that the tRNA body does contribute significantly to
recognition.
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TABLE 1. Kinetic parameters of L/F transferase-catalyzed peptide bond formation on in vitro-transcribed E. coli leucyl-, phenylalanyl-,

and methionyl-tRNA isoacceptors

Relative activity

Gene tRNA (5’-anticodon-3’) Codon (5-3%) Apparent Ky, (M) Apparent Keat (min~") to CAG (keaKin)
leuPQTV tRNALeY (CAG) CUG 2.0+0.4 0.100 +0.003 1.0

leuW tRNALEY (UAG) CUA, CUG 6.2+1.0 0.094 +0.004 0.303

leuX tRNALY (CAA) UuUG 49+1.0 0.043 +£0.002 0.176
leuzZ tRNALeY (UAA) UUA, UUG 7.5+1.0 0.049 +0.002 0.131

leuU tRNALeY (GAG) CUC, CUU 54+3.2 0.013 +£0.002 0.048
pheUV tRNAPhe (GAA) UuUC, UUU 3.3+£0.7 0.031 +£0.002 0.188

ileX tRNAMEY (CAU) [ileX] AUG 19.3+9.8 0.011 +£0.002 0.011
metT tRNAME (CAU) [metT] AUG 148 +188 0.018+0.018 0.002

Determining the recognition element by hybrid tRNAs

To identify the specific element that is important for L/F
transferase tRNA recognition, we synthesized, purified, and
assayed hybrid tRNAs via “step-by-step” mutations to convert
the weak substrate Leu-tRNA™" (GAG) into the strong sub-
strate Leu-tRNA"" (CAG). The large differences in the rates
of product formation when utilizing these two substrates is
apparent in Figure 2B, where the data for these two tRNAs
are shown as solid lines. Mutations to the acceptor, D-, and
T-stems of the tRNA were investigated. As both tRNAs are
aminoacylated by leucyl-tRNA synthetase (LeuRS), it was pre-
dicted that the mutations would not inhibit aminoacylation.
Previous studies have identified the tRNA nucleotides that
are essential for E. coli LeuRS recognition (Asahara et al.
1993a,b, 1998; Larkin et al. 2002), and none of the mutations
investigated alter these nucleotides. Our assumptions were
validated by performing aminoacylation assays to confirm
that these hybrid tRNAs were properly aminoacylated.

tRNAY (GAG) acceptor stem hybrids

Figure 3A shows the sequences and mutations in the acceptor
stem of the tRNA hybrids (constructs 1-11). Mutations in
constructs 1-5 focus on the major differences to “step-by-
step” convert the weak Leu-tRNA™" (GAG) substrate into
the better Leu-tRNA™ (CAG) substrate. Construct 1 with
the U72C mutation converts the noncanonical G:U to a ca-
nonical G:C pair. Construct 2 with the U68C mutation mim-
ics the A:C mismatch in the isoacceptor of Leu-tRNA™"
(CAG). Construct 3 (double mutant) with the G4A and
C69U mutations converts a G:C pair to a weaker A:U pair.
Construct 4 (triple mutant) combines the mutations in con-
struct 2 and 3, while construct 5 (quadruple mutant) com-
bines the mutations in construct 1 and 4. Initial rates of
product formation determined for all hybrid tRNA con-
structs are listed in Supplemental Table 2, and the kinetic pa-
rameters are listed in Table 2. Figure 3B graphically shows the
initial rates of product formation vs. tRNA concentration.
Subsequent data are compared to the wild-type GAG isoac-
ceptor as a reference. Although constructs 1-4 feature the
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major acceptor stem sequence differences, they remain
poor L/F transferase substrates (1.7- to 4.5-fold increase in
apparent K,,, compared to GAG, and lower catalytic efficien-
cy). Interestingly, construct 5 (quadruple mutant) exhibits an
enhanced utilization by L/F transferase activity to a mid-
point to that of the optimal substrate CAG when the four nu-
cleotide mutations combined.

Figure 3C graphically shows the initial rates of product for-
mation vs. tRNA concentration for constructs 611 in con-
verting isoacceptor GAG to CAG. Construct 6 (C:G swap)
swaps the C:G pair of GAG isoacceptor to a G:C pair of
CAG isoacceptor, a relative conserved modification in the ac-
ceptor stem. Surprisingly, this conserved C:G swap in the ac-
ceptor stem alone enhanced L/F transferase activity to a mid-
point level when compared to the optimal substrate CAG.
Next, we wanted to determine whether we could improve
the activity of GAG with minimal modifications to its accep-
tor stem. We combined the C:G swap mutation with the mu-
tations in constructs 1-4 and named those constructs 7-10.
Kinetic analysis show that the C:G swap in combination
with U72C, U68C, double mutant, or the triple mutant
does not have any improvement on substrate utilization.
Not until construct 11 (C:G swap + quadruple mutant), es-
sentially the full acceptor stem of CAG, does the apparent
K, increase slightly and the apparent k., improve to wild-
type CAG levels. A total of a 10-fold improvement in the
kea/ Ky ratio is achieved with mutations in the acceptor
stem of GAG alone.

The maximal percent aminoacylation after 7 min for each
tRNA hybrid construct is shown in a bar graph in Figure 3D
(for full time course, see Supplemental Fig. S4). Again, there
are no significant differences between the aminoacylation of
these tRNA hybrids compared to the wild-type isoacceptors.
The changes in aminoacylation of the hybrid constructs are
not sufficient for changes in the initial reaction rates.

Here, we have demonstrated that mutations in the GAG
tRNA acceptor stem alone are able to optimize the utilization
of aa-tRNAs by L/F transferase to the maximal CAG isoaccep-
tor levels. We have determined two independent sequence el-
ements—the C:G swap at position 3:70 and the quadruple
mutations (G4A, U68C, C69U, U72C)—within the acceptor
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FIGURE 3. Acceptor stem hybrids identify two independent sequence elements for optimal sub-
strate utilization. (A) Cloverleaf structures of tRNA hybrid constructs 1-11. (B) A graphical dis-
play of initial rate of product formation vs. tRNA concentration for tRNA™" (CAG) (#), tRNA™"
(GAG) (A), constructs 1 (), 2 (¥), 3 (V), 4 (O), and 5 (m). Constructs 1-4 display low activity
similar to GAG, while construct 5 displays a mid-range activity. Errors represented are the stan-
dard deviation of three independent experiments. (C) A graphical display of initial rate of product
formation vs. tRNA concentration for tRNA" (CAG) (#), tRNAX" (GAG) (A), constructs 6 (0),
7(2),8(x),9(38),10 (3), and 11 (®). Constructs 6-10 display mid-range activity (overlapping),
while construct 11 displays high activity. Errors represented are the standard deviation of three
independent experiments. (D) A bar graph presenting the maximal percent aminoacylation of
all hybrid constructs after 7 min of aminoacylation. Errors represented are the standard deviation
of three independent experiments.

stem that are important for L/F transferase recognition and
catalysis.

D- and T-stem of Leu-tRNA"" (GAG)
(Fig. 4A). Construct 12 (D-stem), with
the mutations U11C and A24G, converts
the entire D-stem/D-loop to mimic
CAGs. Construct 13 (T-stem), with the
mutations A49G and U65C, converts
the weaker A:U pair to a stronger G:C
pair in the T-stem. Construct 14 (C:G
swap + QM + D-stem) and construct
15 (C:G swap + QM + D-stem + T-stem)
combine the full acceptor stem muta-
tions with D- and T-stem mutations.
Figure 4B clearly shows that D- or T-
stem mutations alone do not significantly
alter the utilization of the aa-tRNA by L/F
transferase. Additionally, full acceptor
stem mutations in combination with D-
stem and T-stem mutations also do not
significantly alter the utilization of con-
struct 11. This suggests that the D- and
T-stems do not play a significant role in
L/F transferase recognition and catalysis.

tRNAY (CAG) reverse hybrids

To validate our findings on the two inde-
pendent sequence elements recognized
by L/F transferase, we generated reverse
hybrids to convert the optimal CAG sub-
strate into the poorer GAG substrate. The
sequence and mutations are depicted
in Figure 5A. Construct 16 (reverse C:G
swap) is a reversal of the C:G swap hy-
brid; meanwhile, construct 17 (reverse
quadruple mutant) with the mutation
A4G, C68U, U69C, and C72U is a rever-
sal of the quadruple mutant. Construct
18 (reverse C:G+ QM) combines the
mutations in constructs 16 and 17 to gen-
erate the full acceptor stem of the GAG
isoacceptor in the context of the CAG
isoacceptor. Figure 5B shows the graph
of initial rates of product formation vs.
tRNA concentration. Subsequent data
are compared to the wild-type CAG iso-
acceptor as a reference. The reverse C:G
swap and reverse quadruple mutant, as

predicted, independently decrease the affinity (apparent K,
increase by 4.3-fold compared to CAG) and decrease the rel-

ative catalytic efficiency of the CAG isoacceptor to a midway

tRNA'" (GAG) D- and T-stem hybrids

To further determine whether other parts of the tRNA body
contribute to L/F transferase recognition and catalysis, we
generated constructs 12—15 with mutations focused on the

level (6.4- to 6.6-fold decrease in k.,/K,, ratio). The reverse
full acceptor stem of GAG (reverse C:G swap + QM) signifi-
cantly decreases the apparent K, by a 7.5-fold and decreases
the relative catalytic efficiency to a lower level similar to that
of the GAG isoacceptor (21.7-fold decrease in k., /K, ratio
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TABLE 2. Kinetic parameters of L/F transferase-catalyzed peptide bond formation on in vitro-transcribed leucyl-tRNA and phenylalanyl-tRNA

hybrids
Construct Apparent K,  Apparent k.,  Relative activity to
number Name Mutation (uM) (min™") CAG (keaKm)
1 u72C tRNAY (GAG) U72C 9.3+4.3 0.025 +0.004 0.054
2 A:C mismatch tRNALeY (GAG) U68C 242+12.2 0.013 +0.003 0.011
3 Double mutant (DM) tRNAY (GAG) G4A, C69U 9.9+4.6 0.011 +0.002 0.022
4 Triple mutant (TM) tRNAY (GAG) G4A, U68C, C69U 129+11.7 0.009 +0.003 0.014
5 Quadruple mutant (QM) tRNAY (GAG) G4A, U68C, C69U, 69=x1.7 0.049 +0.003 0.142
U72C
6 C:G swap tRNAY (GAG) C3G, G70C 9.8+3.4 0.069 +0.008 0.141
7 C:G swap + U72C tRNAY (GAG) C3G, G70C, U72C 14.7 £4.1 0.079 +0.008 0.107
8 C:G swap + A:C mismatch tRNAY (GAG) C3G, U68C, G70C 8.6+3.6 0.065 +0.008 0.151
9 C:G swap + DM tRNAY (GAG) C3G, G4A, C69U, 74+1.5 0.062 +0.004 0.168
G70C
10 C:G swap+T™M tRNAY (CGAG) C3G, G4A, U68C, 8.8+2.8 0.066 +0.006 0.150
C69U, G70C
11 C:G swap + QM =full CAG tRNAY (GAG) C3G, G4A, U68C, 4.2+0.6 0.101 £0.004 0.481
acceptor stem C69U, G70C, U72C
12 D-stem tRNAY (GAG) U11C, A24G 74+2.4 0.022 +0.002 0.059
13 T-stem tRNALeY (GAG) A49G, U6b5C 5.2+0.8 0.022 +0.001 0.085
14 C:G swap + QM + D-stem tRNAY (GAG) C3G, G4A, UT1C, 3.9+0.9 0.102 +0.006 0.523
A24G, U68C, C69U, G70C, U72C
15 C:G swap + QM + D-stem + tRNALeY (GAG) C3G, G4A, UT1C, 4.5+0.9 0.099 + 0.005 0.440
T-stem A24G, A49G, U65C, U68C, C69U,
G70C, U72C
16 Reverse C:G swap tRNALeY (CAG) G3C, C70G 85+2.6 0.064 + 0.006 0.151
17 Reverse QM tRNAY (CAG) A4G, C68U, U69C, 8.7+2.5 0.068 + 0.006 0.156
C72U
18 Reverse C:G swap + QM = tRNAY (CAG) G3C, A4G, C68U, 15.1+4.8 0.035 +0.004 0.046
full acceptor stem of U69C, C70G, C72U
GAG

Nucleotides numbering is according to Sprinzl et al. (1998).

compared to CAG). These data confirm the importance of
the C:G swap and quadruple mutant in L/F transferase recog-
nition and catalysis.

DISCUSSION

The acceptor stem of an aa-tRNA is important
for L/F transferase recognition

An atypical function for tRNAs is their role in tRNA-de-
pendent post-translational addition of amino acids to the
N-terminus of proteins, which leads to protein degradation
(Bachmair and Varshavsky 1989). The eubacterial L/F trans-
ferase catalyzes the transfer of a leucine or phenylalalanine
(or to a lesser extent, methionine) from a cognate aa-tRNA
onto the N-terminus of a protein polypeptide (Leibowitz
and Soffer 1969; Scarpulla et al. 1976). The protein peptide
substrate specificity has been well studied with the aid of
X-ray crystal structures and in vitro enzymatic assays
(Mogk et al. 2007; Watanabe et al. 2007; Wang et al. 2008a,
b; Ninnis et al. 2009; Schuenemann et al. 2009; Kawaguchi
et al. 2013). Nonetheless, the aa-tRNA recognition by L/F
transferase has remained somewhat elusive. Although there
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are tRNA substrate analog (3’ rA-Phe and puromycin)-
bound X-ray crystal structures, the molecular insights remain
within the 3" aminoacyl adenosine as an intact aa-tRNA: pro-
tein structure has not been solved (Suto et al. 2006; Watanabe
et al. 2007).

Here, we investigated L/F transferase’s preference for a spe-
cific tRNA™" isoacceptor and subsequently determined the
nucleotides of an aa-tRNA that are optimal for substrate uti-
lization. Our results indicated that the tRNA™" (CAG) isoac-
ceptor is the optimal L/F transferase substrate. Using in vitro-
transcribed hybrid tRNAs, we identified two independent se-
quence elements in this optimal tRNA substrate including
the G;:C;( base pair and a set of 4 nt (C;,, Ay:Ugg, Ceg) at
the acceptor stem that are shown to be important for binding
and catalysis. Our data do not support the weak acceptor
stem hypothesis proposed (Abramochkin and Shrader
1996), since individual mutants that generate weak base pairs
(i.e., A:U or A:C mismatch in constructs 2 and 3) have no sig-
nificant effects on activity, while a single conserved C:G or
G:C swap at position 3:70 (in constructs 6 and 16) signifi-
cantly modifies L/F transferase activity. Comparing the 3:70
base pair on wild-type tRNA isoacceptors (Fig. 1), we ob-
served that the two high activity Leu-tRNA"*"s CAG and
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FIGURE 4. No significant recognition contribution by the D-stem and
T-stem of the tRNA body. (A) Cloverleaf structures of tRNA hybrid con-
structs 12—15. (B) A graphical display of initial rate of product formation
vs. tRNA concentration for tRNA™" (CAG) (¢), tRNAX" (GAG) (A),
constructs 12 (O), 13 (¢), 14 (®), and 15 ([X)). Errors represented are
the standard deviation of three independent experiments.

UAG contain the G;:C, base pair, while the remaining
tRNAs contain the Cs:Gyq base pair. Thus, the G;:C,q base
pair may serve as a simple predictor for tRNA substrate uti-
lization by L/F transferase. Additionally, the set of 4 nt only
enhances binding and catalysis when in combination (con-
struct 5), but individual mutation effects (constructs 1-4)
are relatively insignificant. The G;:C;, base pair is common
between the CAG, UAG, and CAA isoacceptors, the three
better tRNA"" isoacceptors of the five, whereas the A;:Ugo
and As:Cgg mismatch are unique features of CAG. We hy-
pothesize that the sequence elements may function in combi-
nation by contributing to the overall helical shape of the
acceptor stem for efficient substrate recognition and catalysis.
Future experiments with chemical acylation of various amino
acids to various acceptor stem helices may provide additional
insights into determining the relative contribution of the
amino acid and tRNA to L/F transferase binding affinity
and thus the molecular mechanism of aa-tRNA recognition.

Comparison of aa-tRNA recognition to Weissella
viridescens FemX transferase

A group of aminoacyl-tRNA protein transferases involved in
peptidoglycan biosynthesis have a similar structural fold,
but are dissimilar in substrate specificity or function, to L/F

transferase (Benson et al. 2002; Biarrotte-Sorin et al. 2004;
Rai et al. 2006; Dong et al. 2007). Factors essential for meth-
icillin resistance (Fem) transferase X from Weissella viridescens
(FemXy,) transfers (-Ala from |-Ala-tRNA*? to UDP-
MurNAc-pentapeptide (Maillard et al. 2005). The C-terminal
domain of L/F transferase belongs to the GCN5-related N-
acetyltransferase (GNAT) protein superfamily (Rai et al
2006; Dong et al. 2007) and is similar to the two domains of
FemXyy, (Biarrotte-Sorin et al. 2004). The Ala-tRNAM® spec-
ificity for FemXyy, is mainly through steric hindrance of
the aminoacyl moiety, where it excludes most amino acids be-
sides glycine (Fonvielle et al. 2009). To distinguish tRNA®"
from tRNA®Y, FemXyy, recognizes the 2:71 base pair in the
acceptor stem specifically (tRNA*? with the determinant
G,:C;, base pair, and tRNASY with the anti-determinant
C,:Gy, base pair) (Villet et al. 2007; Fonvielle et al. 2009).
The aa-tRNA recognition by the structurally similar L/F
transferase and FemXyy, is more similar than once thought.
First, L/F transferase also uses steric hindrance by the C-
shaped hydrophobic pocket to select for the aminoacyl moi-
ety (Suto et al. 2006; Watanabe et al. 2007). From this study,
we demonstrated that L/F transferase similarly has a major
determinant base pair (G;:C,,) for efficient utilization of spe-
cific tRNA™" isoacceptors. L/F transferase and FemXyyy,
however, are different in the number of contacts between
the protein and the aa-tRNA substrate. FemXyy, is suggested
to recognize the distal end of an aa-tRNA (up to the first two
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FIGURE 5. Reverse hybrids validate the identified two independent se-
quence elements for optimal substrate utilization. (A) Cloverleaf struc-
tures of tRNA hybrid construct 16-18. (B) A graphical display of the
initial rate of product formation vs. tRNA concentration for tRNA™"
(CAG) (#), tRNA™" (GAG) (A), constructs 16 (D), 17 (m), and 18
(®). Errors represented are the standard deviation of three independent
experiments.
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FIGURE 6. A proposed docking model of aminoacyl-tRNA binding to L/F transferase. Our mod-
el suggests that, in addition to the 3’ aminoacyl adenosine recognition and electrostatic interac-
tion, the positive cluster (R76, R80, K83, and R84) of L/F transferase may play a role in the
specific recognition of the acceptor stem of an aminoacyl-tRNA. To generate the model, the struc-
ture of L/F transferase-rA-Phe complex (shown as electrostatic surface, PDB ID: 2Z3K)
(Watanabe et al. 2007) was superimposed on the FemX-peptidyl-RNA complex (PDB ID:
4119) (Fonvielle et al. 2013) via the conserved core of the GNAT domain. The combined 3’
CCA ends (the cytosines 74 and 75 of the peEPtidyl—RNA and adenosine of rA-Phe) were then
used as references to dock the yeast tRNA"™ (shown as ribbon, PDB ID: 1EHZ) (Shi and
Moore 2000). The model was generated using PyYMOL (version 1.41), and electrostatic potentials

Codon usage, abundance, and
aminoacylation efficiency of tRNA™"
isoacceptors

As the tRNA™" (CAG) isoacceptor was
determined to be the optimal substrate,
we evaluated the literature regarding
this isoacceptor and what has been re-
ported with respect to abundance, codon
bias, and amino acid-dependent aminoa-
cylation changes. tRNA™" (CAG) is the
most abundant leucine isoacceptor in E.
coli, representing 50% of all RNA™ iso-
acceptors (Dong et al. 1996), and decodes
the most frequently used 5'-CUG-3’ co-
don across various growth rates (Emils-
son and Kurland 1990; Dong et al
1996) and media conditions (Holmes et

were calculated by APBS (version 1.8).

base pairs) (Villet et al. 2007; Fonvielle et al. 2009); mean-
while, our data suggest that L/F transferase recognizes up to
5 bp in the acceptor stem specifically. The additional tRNA
body recognition mechanism by L/F transferase may provide
sufficient affinity to compete with EF-Tu.

A proposed model of L/F transferase aa-tRNA
recognition

Our investigations have added to the current model of aa-
tRNA recognition by L/F transferase that has been developed
from previous biochemical and structural studies (Leibowitz
and Soffer 1971; Abramochkin and Shrader 1996; Suto et al.
2006; Watanabe et al. 2007). L/F transferase, like other aa-
tRNA binding enzymes, recognizes both the esterified amino
acid as well as sequence-specific elements within the tRNA
body for recognition. The amino acid selectivity is mainly
through the C-shaped hydrophobic pocket of L/F transferase,
which sterically prevents larger p-branched amino acids (i.e.,
Ile and Val) and disfavors smaller amino acids (i.e., Ala and
Pro), as they are not large enough to make sufficient hydro-
phobic contacts (Suto et al. 2006; Watanabe et al. 2007).
Figure 6 shows a proposed docking model of aa-tRNA recog-
nition by L/F transferase. Based on the close proximity of the
positive cluster (R76, R80, K83, and R84) of L/F transferase to
the acceptor stem of an aa-tRNA, we suggest that the positive
cluster may contribute to the specific recognition of the ac-
ceptor stem. Thus, the recognition of the tRNA body involves
the 3’ aminoacyl adenosine, the major determinant G;:Cy,
base pair, the combined set of 4 nt (Cy,, A4:Ugg, Ceg), and
the sequence-independent recognition of the D-stem. We
hypothesize that the eukaryotic aminoacyl-tRNA protein
transferase (ATE1) may similarly depend on both the esteri-
fied amino acid and sequence-specific determinants on the
tRNA body (i.e., likely the acceptor stem) for efficient aa-
tRNA recognition.

1218 RNA, Vol. 20, No. 8

al. 1977). The CAG isoacceptor is, there-

fore, widely used during protein synthe-
sis and does not appear to be idiosyncratic for the post-
translational addition of amino acids. However, during leu-
cine starvation, the tRNA™" (CAG) aminoacylation level rap-
idly decreases to 9% of its steady-state level (Elf et al. 2003;
Dittmar et al. 2005; Sorensen et al. 2005), yet it also increases
rapidly upon restoration of leucine levels. It has been suggest-
ed that this differential aminoacylation may serve as a quick
response to environmental stress (EIf et al. 2003; Dittmar
et al. 2005; Sorensen et al. 2005). These rapid changes in
tRNA"" (CAG) aminoacylation levels during environmental
stress may regulate L/F transferase activity.

Comparison of aa-tRNA recognition by EF-Tu

Figure 7 summarizes the recognition nucleotides of Leu-
tRNA"" (CAG) by E. coli L/F transferase, LeuRS (Asahara
etal. 1993a,b, 1998; Larkin et al. 2002), and EF-Tu (Schrader
et al. 2009, 2011; Schrader and Uhlenbeck 2011). All three
enzymes interact with the single-stranded 3’ CCA end, but
their recognition nucleotides are independent and distinct
from each other, perhaps adding to the evolutionary selective
pressures on these sequences.

All elongator aa-tRNAs bind to EF-Tu with approximately
the same affinity (Louie et al. 1984; Louie and Jurnak 1985;
Ott et al. 1990; Asahara and Uhlenbeck 2005). It has been
shown that there is a thermodynamic compensation mecha-
nism that balances the affinity for the esterified amino acid
and the affinity of the tRNA using three adjacent base pairs
(49:65, 50:64, and 51:63) in the T-stem of an aa-tRNA
(LaRiviere et al. 2001; Asahara and Uhlenbeck 2002; Dale
et al. 2004; Sanderson and Uhlenbeck 2007a,b; Schrader
et al. 2009, 2011). A model has been proposed and validated,
enabling the binding affinity of any tRNA to EF-Tu to be pre-
dicted using three T-stem base pairs (Schrader and Uhlenbeck
2011). Based on the model, Schrader et al. identified some aa-
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FIGURE 7. A summary of Leu-tRNA™" (CAG) recognition nucleo-
tides by L/F transferase (J), LeuRS (°), and EF-Tu (A). Solid squares
represent the major determinant G;:C;, base pair; meanwhile, dashed
line squares represent the set of 4 nt (C;,, A4:Ugg, Cgg) for L/F transfer-
ase aa-tRNA recognition. Data for LeuRS recognition were from
Asahara et al. (1993a,b, 1998) and Larkin et al. (2002), and data for
EF-Tu recognition were from Schrader et al. (2009, 2011) and
Schrader and Uhlenbeck (2011). Nucleotides numbering is according
to Sprinzl et al. (1998).

tRNAs that bind weakly to EF-Tu and are proposed to be can-
didates of nontranslational tRNAs (Giannouli et al. 2009;
Schrader and Uhlenbeck 2011). However, based on the pre-
dictions, all E. coli tRNA™" isoacceptors appears to bind sim-
ilarly to EF-Tu, suggesting that all E. coli tRNA™" isoacceptors
participate in translation with equal efficiency (Schrader and
Uhlenbeck 2011). Given that L/F transferase has a low in vivo
concentration (L/F ~0.5 uM vs. EF-Tu ~100 pM) with a weak
affinity for aa-tRNA (L/F Kp ~200 nM vs. EF-Tu K ~5 nM)
when compared to EF-Tu, this predicts a competition of sub-
strates that does not favor L/F transferase (Leibowitz and
Soffer 1969; Scarpulla et al. 1976; Shrader et al. 1993).

Thus, as the tRNA"" CAG isoacceptor seems to participate
in both translation and alternative functions, the specific iso-
acceptor preference and the molecular mechanism in which
L/F transferase competes with EF-Tu for aa-tRNA remain elu-
sive. It is possible that there are still unidentified factors that
aid in substrate recruitment by L/F transferase in vivo. Or,
perhaps L/F transferase needs to be opportunistic and only ac-
cesses aa-tRNA substrates when EF-Tu is inactivated through
amore general mechanism. For example, during the stringent
response, when nutrients are limited, it has been estimated
that almost half of the GTP molecules is converted to penta-
phosphate guanosine (pppGpp) synthesis (Fiil et al. 1972).
Given that EF-Tu binds to an aa-tRNA in its GTP-bound
state, the loss of GTP molecules would affect the concentra-
tion of free aa-tRNA in the cytosol. pppGpp molecules are hy-
drolyzed into tetraphosphate guanosine (ppGpp), which is
the functional molecule of the stringent response (Wu and
Xie 2009). Interestingly, it has been shown that pppGpp can

substitute GTP and binds to EF-Tu to form the ternary com-
plex with aa-tRNA, whereas the EF-Tu-ppGpp cannot form
the ternary complex (Pingoud and Block 1981). The tetra-
phosphate ppGpp resembles GDP and has been shown to
be able to inhibit EF-Tu directly (K; =7 X 1077 M) and indi-
rectly via trapping the EF-Tu:EF-Ts complex (K;=4x 107>
M) (Rojas et al. 1984). Therefore, we hypothesize a general
mechanism for L/F transferase aa-tRNA utilization where
EF-Tu s inactivated during the stringent response and cannot
bind an aa-tRNA efficiently, allowing free aa-tRNA to be used
for post-translational addition of amino acids.

Concluding remarks

In conclusion, we have demonstrated that the most abundant
leucyl-tRNA in E. coli, tRNA" (CAG), is the most optimal
substrate for L/F transferase. We confirmed that the rate dif-
ferences are not due to differential aminoacylation. Using
“step-by-step” hybrid tRNAs, we have identified two inde-
pendent sequence elements on the acceptor stem of Leu-
tRNA"" (CAG) that are important for optimal binding and
catalysis by L/F transferase. A G3:C;, base pair and a set of
4 nt in combination (C;,, A4:Ugy, Ceg) contribute to optimal
tRNA recognition by L/F transferase. This maps a more spe-
cific, sequence-dependent tRNA recognition model of L/F
transferase than previously thought.

MATERIALS AND METHODS

Materials

Unless stated otherwise, all chemicals were purchased from Sigma-
Aldrich. a-Cyano-4-hydroxycinnamic acid (CHCA), triethylamine
(TEA), and bromoethane were purchased from Acros Organics.
The substrate and product peptides (REPGLCTWQSLR, LREPGL
CTWQSLR, FREPGLCTWQSLR, and MREPGLCTWQSLR) were
purchased from the Institute for Biomolecular Design (University
of Alberta, Canada). Peptide stock solutions were made, and their
absolute concentrations were determined by amino acid analysis
(Institute for Biomolecular Design).

Expression vectors and protein purifications

E. coli L/F transferase wild type with a 6 histidine tag in a pCA24N
expression vector was obtained from the ASKA strain collection
(Kitagawa et al. 2005) from the National Institute of Genetics
(Japan). A clone of a 6x histidine-tagged E. coli leucyl-tRNA synthe-
tase (LeuRS) in a pCA24N expression vector was obtained from the
National Institute of Genetics (Japan). A clone of a 6x histidine-
tagged E. coli phenylalanyl-tRNA synthetase (PheRS) in a pET28a ex-
pression vector was a gift from Jack Szostak (Harvard Medical
School). E. coli methionyl-tRNA synthetase (MetRS) was cloned
into a pET28a plasmid vector between the Nhel and NotI restriction
sites which incorporates an N-terminal 6x histidine tag. Cloned 6x
histidine-tagged nucleotidyl transferase (CCA adding enzyme) in a
pET22b expression plasmid was a generous gift from Allen Weiner
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(University of Washington). Proteins were purified as described
(Fung et al. 2011) with the proteins dialyzed into storage buffer
(50 mM Tris—Cl [pH 7.4], 100 mM NaCl, I mM DTT, and 10% glyc-
erol), flash frozen, and stored at —80°C.

In vitro transcription of tRNA

Purified, unmodified E. coli tRNAs were prepared by primer exten-
sion, in vitro transcription, and preparative denaturing gel electro-
phoresis as previously described (Fahlman and Uhlenbeck 2004;
Fung et al. 2011). Overlapping DNA oligonucleotides (IDT) used
for in vitro tRNA and hybrid tRNA transcriptions are listed in
Supplemental Tables 3 and 4, respectively.

Stable isotope labeling of peptides

To generate peptides of identical chemical composition that differ in
mass by five mass units (m/z), the substrate and product peptides
were alkylated using either bromoethane or deuterated (d5)-bromo-
ethane as previously described (Hale et al. 1996, 2004; Ebhardt et al.
2009; Fung et al. 2011).

L/F transferase activity assay

The peptide bond formation reaction was modified from the original
procedure described by Ebhardt et al. (2009) and Fung et al. (2011).
Briefly, in each strip of eight tubes (Corning Thermowell Gold PCR)
was a 90-uL tRNA precharging reaction containing 1X reaction buff-
er (50 mM Hepes, pH 7.5, 50 mM KCl, 15 mM MgCl,), 2 mM ATP,
0.2 mM CTP, 2 mM B-mercaptoethanol, 2 mM amino acid (leucine,
phenylalaine, or methionine), 5.91 pM substrate peptide (REPGLCT
WQSLR), 5.91 uM standard product peptide (LREPGLCTWQSLR,
FREPGLCTWQSLR, or MREPGLCTWQSLR), 1 pL of 1 mg/mL
CCA adding enzyme, and 1 pL of 1 mg/mL aa-tRNA synthetase
(LeuRS, PheRS, or MetRS). Additionally, these tubes also contained
the refolded (65°C in 5 mM NaOAc and then slow cooled to 37°C)
tRNA species (isoacceptors or hybrids) with final concentrations
ranging from 1.25 to 50 pM. These reaction mixtures were incubated
for 7 min at 37°C to facilitate aminoacylation of the tRNA. The reac-
tions were initiated by the addition of wild-type L/F transferase (final
concentration 3.8 pM) to the samples containing the aminoacylated
tRNAs and peptide substrate. At increasing time points, 5 pL of the
reactions were added to 5 pL quench solution (0.01 pg/uL BSA,
10% acetonitrile, 2% trifluoracetic acid). For analysis, 10 uL matrix
solution (saturated R-Cyano-4-hydroxycinnamic acid in 50% aceto-
nitrile and 0.2% TFA) were added to the quenched reaction aliquots,
and 1 pL of the mixture was spotted in duplicate on a MALDI-ToF
sample plate. The spectra were collected on a Bruker Daltonics
Ultraflex MALDI-ToF/ToF at the Institute for Biomolecular Design
(University of Alberta, Canada). To quantify product formation, the
ratio of the relative intensity of the labeled product peptide to the rel-
ative intensity of the labeled internal standard peptide was used as de-
scribed previously (Fung et al. 2011).

Curve-fit analysis

The initial rates of product formation calculated from the quan-
titative MALDI-ToF MS enzymatic assay data were plotted vs.
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tRNA substrate concentration using GraphPad Prism Version 5.02
(GraphPad Software).

Radiolabeling tRNA and aminoacylation assay

To ensure that the differences in L/F transferase product formation
rates are due to the RNA structure and not due to reduced aminoa-
cylation, aminoacylation rates were tested. The aminoacylation assay
has been modified as previously described (Wolfson and Uhlenbeck
2002). Briefly, 2 uM purified in vitro-transcribed tRNAs were folded
by heating for 3 min at 65°C in 10 mM MgCl,. To **P-label the
tRNAs at the 3'-terminal inter-nucleotide linkage, the folded
tRNAs were added to a 100-pL reaction containing 50 mM gly-
cine-HCI (pH 9.0), 50 uM NaPP;, 2 uM [a->*P] ATP [3000 Ci/
mmol], 0.06 ug/uL CCA adding enzyme, and 80 units of RNase
OUT and incubated at 37°C for 5 min. Two microliters of 10
units/mL yeast PPase and 2 uM CTP were added, and the reaction
mixture was incubated for an additional 2 min before quenching
by phenol/chloroform extraction. After ethanol precipitation,
3/-32p-labeled-tRNAs were purified by a pre-equilibrated desalting
column (Thermo Fisher, 7k MWCO). Aminoacylation levels were
determined in a 25-pL reaction containing 1 aminoacylation buffer
(50 mM HEPES [pH 7.5], 30 mM KCl, 15 mM MgCl,, 2 mM ATP,
0.5 mM DTT), 1 mM amino acid (leucine, phenylalanine, or methi-
onine), 0.8 uM 3'-**P-labeled tRNA (isoaccepting or hybrid species),
and 1 pL of 1 mg/mL aa-tRNA synthetase (LeuRS, PheRS, or MetRS)
at 37°C. Aliquots were taken at specific time points (0, 0.5, 1, 2, 3,4, 5,
7,10, and 20 min) and quenched on ice with 200 mM sodium acetate,
pH 5.0 containing 1 unit/pL of nuclease S1 or P1. The quenched al-
iquots were kept on ice until the aminoacylation time course was
completed and then incubated for 10 min at room temperature to
digest the tRNA into AMP and aminoacyl-AMP (AMP-AA). One
microliter of the digestion reaction was spotted on 9-cm, prewashed
polyethylenimine-cellulose plates, and the AMP and AMP-AA were
separated by TLC in glacial acetic acid/1 M NH,CI/H,O (5:10:85).
The radioactivity was measured by PhosphorImager (Molecular
Dynamics) and quantified by ImageQuant (version 5.2).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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