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Polyamines Accelerate Codon Recognition by Transfer RNAs on the Ribosome
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ABSTRACT: The selection of aminoacyl-tRNAs by the ribosome is a fundamental step in the elongation cycle of
protein synthesis. tRNA selection is a multistep process that ensures only correct aminoacyl-tRNAs are
accepted while incorrect aminoacyl-tRNAs are rejected. A key step in tRNA selection is the formation of base
pairs between the anticodon of the aminoacyl-tRNA and the mRNA codon in the A site, called “codon
recognition”. Here, we report the development of a new, fluorescence-based, kinetic assay for monitoring
codon recognition by the ribosome. Using this assay, we show that codon recognition is a second-order
binding step under optimal conditions. Additionally, we show that at low Mg>" concentrations, the
polyamines spermine and spermidine stimulate codon recognition by the ribosome without a loss of fidelity.
Polyamines may accelerate codon recognition by altering the structure and dynamics of the anticodon arm of

the aminoacyl-tRNA.

In all living organisms, ribosomes decode the information in
the mRNA to synthesize the corresponding polypeptide. During
this process, the ribosome binds a ternary complex consisting of
an aminoacyl-tRNA, an elongation factor [elongation factor Tu
(EF-Tu)! in Escherichia coli], and a GTP to the A site. The
cognate ternary complex is rapidly accommodated into the
ribosome and participates in peptidyl transfer, while near-cognate
and noncognate ternary complexes fail to be accommodated
and are rejected. This process is called tRNA selection and has to
be sufficiently accurate for the synthesis of functional proteins.
The error rate of translation in vivo has been estimated to be on
the order of 107*—107* (1, 2). However, the difference in the free
energy of binding between cognate and some near-cognate
aminoacyl-tRNAs is small and does not explain how this high
level of fidelity is achieved during protein synthesis.

The high fidelity of protein synthesis can be explained by a
network of ribosome contacts that recognize the cognate codon—
anticodon complex and by a conformational change in the
decoding center of the ribosome. Structural studies revealed that
the universally conserved bases G530, A1492, and A1493 in 16S
rRNA precisely monitor the geometry of the codon—anticodon
helix in the 30S subunit decoding center (3). These interactions
are first established when the ternary complex binds to the
ribosome (in the A/T state) and persist even after the aminoa-
cyl-tRNA has been fully accommodated by the A site (in the A/A
state) (4—6). The codon—anticodon base pairs in the A site
trigger a conformational change in the ribosome called “domain
closure” that is proposed to play a key role in accepting the
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cognate aminoacyl-tRNA (7). In contrast, near-cognate and
noncognate aminoacyl-tRNAs have mismatches between the
codon and the anticodon that distorts the helix backbone and
fail to establish proper interactions with G530, A1492, and
A1493. Domain closure is then inhibited, and the near-cognate
and noncognate aminoacyl-tRNAs are preferentially rejected by
the ribosome. While these structural data nicely explain the
molecular basis for recognition of the cognate aminoacyl-tRNA
by the ribosome, kinetic studies are essential for understanding
how the components of this process are orchestrated to incorpo-
rate the cognate aminoacyl-tRNA on a time scale that is
compatible with the rate of protein synthesis in the cell.

A “kinetic proofreading” mechanism that explains how the
ribosome improves the fidelity of tRNA selection was proposed
independently by Hopffield and Ninio more than three decades
ago (8, 9). In accordance with this hypothesis, the ribosome
conducts tRNA selection in two distinct stages that are separated
by the irreversible hydrolysis of GTP by EF-Tu. The first
selection stage is called “initial selection”, and the second
selection stage is called “proofreading”. During initial selection,
cognate and near-cognate ternary complexes bind to the ribo-
some and trigger GTP hydrolysis on EF-Tu. In contrast, non-
cognate ternary complexes dissociate rapidly from the ribosome
before triggering GTP hydrolysis on EF-Tu. During proofread-
ing, the cognate aminoacyl-tRNA is accommodated into the 50S
subunit A site, while near-cognate aminoacyl-tRNAs are re-
jected. If GTP hydrolysis and petidyl transferase rates are
sufficiently slow relative to the dissociation of incorrect ternary
complexes, then the overall fidelity of tRNA selection will be
equal to the product of the fidelity of the initial selection and
proofreading stages. Thompson and colleagues experimentally
confirmed the kinetic proofreading hypothesis (/0—12). They
showed that noncognate ternary complexes are rejected prior to
GTP hydrolysis (initial selection). In contrast, near-cognate
ternary complexes could pass through initial selection and induce
GTP hydrolysis over background. However, they are efficiently
rejected prior to peptide bond formation (proofreading). The
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rates of GTP hydrolysis and peptide bond formation were
considered to occur at the same rate for both correct and
incorrect ternary complexes. Therefore, the increased dissocia-
tion rates of noncognate ternary complexes before GTP hydro-
lysis and of near-cognate ternary complexes after GTP hydrolysis
were proposed to be the basis for discrimination.

A more detailed kinetic model for tRNA selection was
developed by Rodnina and co-workers, who performed pre-
steady state kinetic analysis with fluorescently labeled tRNAs
and GTP analogues (13, 14). They identified many new steps in
the tRNA selection pathway as illustrated in Figure 1. These
studies showed that the forward rates of GTP hydrolysis and
tRNA accommodation are accelerated for cognate ternary com-
plex compared to near-cognate ternary complexes, suggesting an
induced fit mechanism for tRNA selection. A salient feature of
this kinetic scheme is the codon-independent formation of an
initial complex by the ternary complex on the ribosome called
“initial binding” (step 1 in Figure 1) (15). The initial binding step
is common for cognate, near-cognate, and noncognate ternary
complexes and has been debated in the literature because this step
may reduce the rate of protein synthesis due to competition for a
common binding site on the ribosome (16, 17).

The kinetic scheme for tRNA selection was largely confirmed
by recent single-molecule fluorescence resonance energy transfer
(smFRET) studies (/8—21). The smFRET experiments identified
several distinct FRET states as the tRNA progresses through the
selection process consistent with the kinetic scheme proposed by
Rodnina and co-workers (13, 14). Additionally, smFRET studies
revealed transient binding events by cognate and near-cognate
tRNAs, which were interpreted to be rapid sampling of the A site
codon by the ternary complex (2/). However, smFRET was
unable to detect codon-independent binding of the ternary
complex to the ribosome (initial binding) likely because of the
large distance between the donor and acceptor dyes (8, 21).

Here, we show that under optimal conditions, codon recogni-
tion is a second-order binding step followed by a first-order
conformational change that we tentatively assign as domain
closure. Furthermore, we show that at low Mngr concentrations,
polyamines significantly accelerate the codon recognition step of
tRNA selection without a loss of fidelity. Polyamines are known
to bind to the anticodon arm of tRNA (22, 23), which may
stabilize the proper conformation required for rapid interaction
with the A site codon.

EXPERIMENTAL PROCEDURES

Buffers. The buffer for initial control reactions consisted of
20 mM Hepes-KOH (pH 7.6), 6 mM MgCl,, 150 mM NH,4CI,
4 mM 2-mercaptoethanol, 0.05 mM spermine, and 2 mM
spermidine (24). Buffer A consisted of 50 mM Tris-HCI (pH 7.5),
70 mM NH,CI, 30 mM KCl, 3.5 mM MgCl,, 0.5 mM spermi-
dine, 8 mM putrescine, and 2 mM DTT (25). Buffer B consisted
of 50 mM Tris-HCI (pH 7.5), 70 mM NH,CI, 30 mM KClI,
3.5 mM MgCl,, 0.5 mM spermine, 8 mM putrescine, and 2 mM
DTT. Buffer C consisted of 50 mM Tris-HCI (pH 7.5), 70 mM
NH,4CI, 30 mM KCI, 3.5 mM MgCl,, 5 mM spermidine, 8 mM
putrescine, and 2 mM DTT. Buffer D consisted of 50 mM Tris-
HCI (pH 7.5), 70 mM NH,4Cl, 30 mM KCl, and 20 mM
MgCl, (26).

Ribosomes, mRNA, tRNAs, and EF-Tu. Tightly coupled
708 ribosomes used in all fluorescence experiments were isolated
from E. coliMREG600 cells, essentially as described previously (27).
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Ribosomes used in GTP hydrolysis, peptidyl transfer, and fidelity
measurements were additionally purified with a sucrose cushion
as described previously (26).

mRNAs Y-AAGGAGGUAAAAAUGUUUGCU-3 and 5'-
AAGGAGGUAAAAAUGCUCGCU-3 with a 3'-amino modi-
fier were purchased from Dharmacon and labeled with pyrene
succinimide as previously described (29). The A site codon is
underlined. All experiments were performed with pyrene-labeled
mRNAs. tRNA™ was purchased from Sigma.

E. coli tRNAP™ was purified as described previously (30). The
final pellets were resuspended in water, and tRNAP™ was further
purified on a C18 column as previously described (37).

EF-Tu was purified using the IMPACT-CN system according
to the supplier’s protocol (New England Biolabs). Column buffer
also contained 30 uM GDP. The purity of EF-Tu was assessed by
SDS—PAGE and Coomassie staining. One band corresponding
to EF-Tu could be seen and a second band corresponding to EF-
Ts. EF-Ts was identified by molecular weight and functionally by
the fact that GDP with Mg®" could remove the protein from the
EF-Tu purification. The concentration of EF-Tu was determined
by the Bradford assay. The activity of EF-Tu was assessed using a
native gel assay for tRNA binding (32).

Nucleotide-free EF-Tu was purified using the same method
described above with a few modifications. After the cleared lysate
had been passed over the chitin column, the beads were first
washed with column buffer containing no EDTA and incubated
for 1 h to remove EF-Ts. The column was then washed with
column buffer containing no MgCl, and incubated for 1 h to
remove GDP. Cleavage buffer was then passed over the column,
and the purification proceeded exactly as described above.

Formation of the Ternary Complex. Ternary complexes
were formed by combining 1 mM phenylalanine, 3 mM ATP,
I mM GTP, 3 mM phosphoenolpyruvate, 0.25 mg/mL pyruvate
kinase, 3% phenylalanyl-tRNA synthetase, 15 uM EF-Tu, and
5 uM tRNAP™ in the buffer to be used for each experiment and
incubated at 37 °C for 1 h. Ternary complexes were then diluted
to the working concentration for each experiment. The concen-
tration of the ternary complex was taken to be the concentration
of tRNA in the reaction mixture.

Formation of the Initiation Complex. Initiation complexes
were formed by heat activating 0.25 uM tightly coupled 70S
ribosomes at 42 °C for 10 min. Ribosomes were then cooled to 37 °C
for 10 min. Then, 0.33 uM pyrene-labeled mRNA was added
and the mixture incubated for 10 min at 37 °C; 0.5 uM tRNA™¢!
was then added and the mixture incubated at 37 °C for 30 min.
For experiments in buffers A—C, initiation complexes were
formed in 7 mM Mg®" and then diluted to the working Mg>"
concentration with magnesium-free buffer.

Fluorimeter Experiments. Fluorescence emission scans
were performed with a Fluoromax-P (J. Y. Horiba, Inc.) using
an excitation and emission band-pass of 1 nm. Samples were
excited at 343 nm, and emission scans from 360 to 420 nm were
taken before and after the addition of the ternary complex
or ASL.

Stopped-Flow Measurements. Stopped-flow measurements
were performed at 25 °C with a stopped-flow instrument (uSFM-
20, BioLogic). The samples were excited at 343 nm (band-pass of
10 nm), and the fluorescence emission was measured after it had
passed through a long-pass filter 361 AELP (Omega Optical)
installed in front of the detector; 0.25 uM (final concentration)
initiation complex was mixed with varying amounts of ternary
complex. Time courses of ternary complex binding were fit to the
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FiGure 1: Kinetic steps in tRNA selection. The top row represents initial selection and the bottom row proofreading by the ribosome. Ribosomes
are colored green. EF-Tu is colored blue, aminoacyl-tRNA black, GTP yellow, and GDP orange. The steps in tRNA selection are initial binding
(k1 and k), codon recognition (k; and k), GTPase activation (k3), GTP hydrolysis (kgrp), phosphate release (kp), EF-Tu conformational
change (k4), accommodation (ks), dissociation of the EF-Tu+-GDP complex (kg), rejection of aminoacyl-tRNA (k-), and peptide bond formation

(kpep) (13, 14, 25).

double-exponential function

Y =b+Cyexp(—kix)+ Cy exp(— kax)

GTP Hydrolysis. Measurements of GTP hydrolysis were
performed essentially as described previously (33). Ternary
complexes were incubated at 37 °C for 5 min using nucleotide-
free EF-Tu (purified as described above). Time courses were
performed with a quench-flow instrument (uQFM-400,
BioLogic). Free phosphate was analyzed by PEI-cellulose TLC
in 0.5 M potassium phosphate (pH 3.5). The extent of hydrolysis
was quantified with a phosphorimager (Bio-Rad).

Peptidyl Transferase Assay by Quench-Flow Methods.
Peptidyl transferase reactions were performed in buffer A.
Initiation complexes were prepared in buffer A (7 mM Mg*")
by incubation of the activated 70S ribosome (0.5 uM) with
mRNA (0.75 uM) at 37 °C for 10 min. f[>S]Met-tRNA™¢!
charging mixture prepared in buffer A (0.6 uM tRNA™M 3 mM
ATP, 0.7 uM [**S]-L-methionine, 0.4 mM N'’-formyltetrahydro-
folic acid, 10 ug of formyl transferase, and 10 ug of MetRS
incubated at 37 °C for 20 min) was added directly to the
ribosome—mRNA complex, and the incubation was continued
at 37 °C for 10 min. Unbound f[**S]Met-tRNA™¢! was removed
by ultrafiltration using Microcon Centrifugal Filter Devices
(Amicon; 100000 MWCO) and by washing two times with
300 uL of buffer A (7 mM Mg*"). The initiation complexes were
recovered after washing, and the concentration of Mg*" was
adjusted to 3.5 mM via addition of buffer A lacking Mg*". To
prepare the EF-Tu-GTP-Phe-tRNAP™ ternary complex, the
EF-Tu-GTP complex was formed via incubation of 1 mM
GTP, 3 mM phosphoenolpyruvate, 2.5 ug/uL pyruvate kinase,
and 3 uM EF-Tu at 37 °C for 20 min in buffer A. Phe-
tRNAP™(1.5 4M) was then added, and the incubation was
continued for an additional 20 min. To determine the rate of
the peptidyl transferase reaction, 15 uL of the 70S initiation
complex was rapidly mixed with 15 uL of the ternary complex
and quenched with 1 M KOH in a quench-flow instrument
(uQFM-400, BioLogic). The dipeptide was resolved by electro-
phoresis on cellulose TLC plates and quantified using a phos-
phorimager (37). A similar procedure was followed for experi-
ments in buffer B.

Fidelity Experiment. Initiation complexes were prepared as
described above for the peptidyl transferase assay via incubation
of the activated 70S ribosome (0.5 uM), mRNA (0.75 uM), and
f1*°S]Met-tRNA™¢! (0.75 uM). The ternary complex was pre-
pared as described above except EF-Tu and total tRNA con-
centrations were 300 and 200 uM, respectively. E. colitotal tRNA
(Sigma) was aminoacylated by S-100 extract and purified by
phenol and chloroform extractions. Aminoacylated tRNAs were
precipitated with ethanol, stored in 10 mM sodium acetate (pH
5.2), and used for formation of the ternary complex. To
determine the fidelity of tRNA selection, 10 uL of the 70S
initiation complex (0.5 uM) was mixed with 10 uL of the ternary
complex (200 uM) for 30 s and quenched with 0.1 M KOH.
Dipeptides (f[*’S]Met-Phe and f[*>S]Met-Leu) were resolved by
electrophoresis on cellulose TLC plates and quantified using a
phosphorimager (Bio-Rad) (31). The extent of misincorporation
was estimated via calculation of the ratio of f[**S]Met-Leu to
f[**S]Met-Phe plus f[**S]Met-Leu.

RESULTS

Fluorescence-Based Method for Monitoring Binding of
tRNA to the A Site. To study the binding of the aminoacyl-
tRNA-EF-Tu-GTP ternary complex to the ribosome, we deve-
loped a fluorescence-based method utilizing a short model mRNA
labeled at the 3’ end with pyrene. Similar fluorescently labeled
mRNAs have been used previously to study EF-G-catalyzed
translocation (29), mRNA binding to the 30S subunit (34), and
RF1 recognition of stop codons (35). Ribosome initiation com-
plexes (ICs) were formed by sequentially adding the fluorescently
labeled mRNA and initiatior tRNA™¢ to heat-activated tightly
coupled ribosomes. Addition of the ternary complex containing
tRNAP™ to the fluorescently labeled IC resulted in an increase in
the fluorescence emission intensity of the pyrene probe (Figure 2B).
On the basis of crystal structures of the ribosome, the probe
is located between the head and shoulder regions of the 30S
subunit approximately 25 A from the center of the codon in the A
site (Figure 2A) (36). Therefore, direct interaction between the
tRNA and the probe appears to be unlikely. The increase in
fluorescence may be due to solvent exclusion by the bound A site
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FIGURE 2: Fluorescence-based assay for monitoring binding of tRNA to the ribosome. (A) Approximate location of the pyrene probe (orange)
attached to the 3’ end of a short model mRNA in the 30S subunit: 16S rRNA (gray) small subunit proteins (green), P site tRNA (red), E site tRNA
(yellow),and mRNA (purple). (B) Addition of 1 uM ternary complex to 0.25 uM fluorescently labeled initiation complex (IC) results in an increase
in the fluorescence of the pyrene probe. Fluorescence emission profiles before addition of the ternary complex (---) and after addition (—) are
shown. The fluorescence intensity is in counts per second (cps). (C) Addition of the ternary complex containing GTPase deficient H84A EF-Tu
results in an equivalent fluorescence change. (D) Addition of 20 uM ASL to the fluorescently labeled IC results in a smaller increase in

fluorescence.

tRNA and/or the reduced mobility of the probe after codon—
anticodon base pair formation.

EF-Tu-mediated binding of tRNAs to the ribosome is a
multistep process (Figure 1); therefore, it is necessary to under-
stand what events in this process cause the observed fluorescence
change (13). The H84A mutant of EF-Tu is deficient in GTP
hydrolysis (37, 38). Interaction of the ternary complex containing
H84A EF-Tu with the fluorescently labeled IC resulted in the
same increase in fluorescence as when the ternary complex
containing wild type EF-Tu bound to the fluorescently labeled
IC (Figure 2C). The equivalent increase in fluorescence in the
absence of GTP hydrolysis indicated that an event that occurs
prior to GTP hydrolysis or in a manner independent of GTP
hydrolysis is the cause of the fluorescence change. The same
increase in fluorescence was also observed when a free tRNA
bound to the A site, indicating that the fluorescence change is not
caused by an EF-Tu-dependent step (data not shown). According
to the current model for the binding of the ternary complex to the
ribosome, codon recognition is the most probable event causing
the observed fluorescence change. To test if codon recognition
causes the increase in fluorescence, anticodon stem loop analo-
gues (ASL) of tRNAs were added to the fluorescently labeled IC.
An increase in the fluorescence intensity of pyrene was observed
when ASL bound to the A site; however, the observed increase in

fluorescence was not as large as when the ternary complex bound
to the ribosome, indicating that codon recognition is responsible
for at least part of the observed fluorescence change (Figure 1D).
Subsequent conformational changes in the ribosome complex
may be responsible for the remaining fluorescence increase.
Effect of Polyamines on Binding of the Ternary Com-
plex. Polyamines have a positive effect on the efficiency of in
vitro protein synthesis (39). In addition, magnesium is commonly
used to improve translation. However, higher-than-physiological
concentrations of magnesium decrease the fidelity of protein
synthesis (40—43). We have examined the effect of the poly-
amines spermine and spermidine and the effect of Mg>" ions on
the association of cognate and near-cognate ternary complexes
with the ribosomal A site. Cognate ternary complexes were mixed
with fluorescently labeled ICs that have a UUU codon in the A
site, in buffers containing varying concentrations of spermine. As
the concentration of spermine was increased, the rate of the
fluorescence change increased until the complete fluores-
cence change had occurred before the first measured time point
(Figure 3A). The effect of spermine appeared to be saturated at
0.5mM, although, because the complete fluorescence change had
occurred within 10 s, higher concentrations could have a greater
effect that could not be observed. When ternary complexes were
added to ribosomes programmed with the near-cognate codon
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FiGURE 3: Effect of spermine on the binding of tRNAs to the
ribosome. (A) The IC (0.25 uM) programmed with a cognate UUU
codon in the A site was mixed with 1 uM tRNAP™ containing the
ternary complex, and the relative fluorescence is reported over time in
buffers containing increasing concentrations of spermine. (B) Fluores-
cence change upon mixing of the ternary complex with the fluores-
cently labeled IC programmed with the near-cognate CUC codon in
the A site. The relative fluorescence is determined by dividing all data
points by the fluorescence intensity of the IC before the addition of
the ternary complex.

CUC in the A site, increasing concentrations of spermine
appeared to have a similar effect (Figure 3B). A spermine
concentration of >0.5 mM again appeared to saturate the rate
of fluorescence change; however, the fluorescence change oc-
curred more slowly, and intermediate time points could be
measured. These results agree with the content of spermine in
cells, which has been measured to be approximately 1 mM
(Table 1) (44). These experiments were performed with an excess
of the wild-type EF-Tu+GTP-Phe-tRNAP™ ternary complex.
Therefore, the slow increase in fluorescence with the near-cognate
CUC codon is due to multiple binding and rejection events before
accommodation of the tRNA in the A site.

Similar experiments were performed via variation of the
concentrations of another common polyamine, spermidine. In-
creasing the concentration of spermidine in the ternary complex
binding reaction mixtures had an effect similar to that of
spermine. However, the improvement in binding appeared to
require a higher concentration of 2.5 mM to reach saturation
(Figure S1A,B of the Supporting Information). This is consistent
with the higher physiological concentration of spermidine of
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Table 1: Polyamine and Mg*" Concentrations in Each Buffer and in Vivo

[spermine] [spermidine] [putrescine] Mg>1]
buffer (mM) (mM) (mM) (mM)
A - 0.5 8 3.5
B 0.5 - 8 3.5
C - 5 8 3.5
D - - - 20
in vivo 1 7 32 0.5—1¢

“Free Mg>".

approximately 7 mM in E. coli (Table 1) (44). Mg>" also
stimulated the binding of the ternary complex to the ribosome.
However, in the case of the near-cognate ternary complex, the
improvement in binding does not saturate even with 20 mM
Mg*" (Figure SIC,D of the Supporting Information).

Kinetics of Binding of the Ternary Complex to the A Site.
To understand how polyamines affect the binding of tRNA to the
ribosome, we measured the kinetics of binding of the ternary
complex to the ribosome in a stopped-flow fluorimeter. Four
reaction conditions were tested: buffers A, B, C, and D (Table 1).
Buffers A—C all contained a low Mg>" concentration of 3.5 mM
previously used to study high-fidelity tRNA selection by the
ribosome (25). Buffer A also contained 0.5 mM spermidine, a
concentration much lower than the physiological concentra-
tion (44). Buffer B contained 0.5 mM spermine, which appeared
to greatly stimulate tRNA binding in the experiments described
above and is near the physiological concentration of approxi-
mately 1 mM (44). Buffer C contained 5 mM spermidine, which
also stimulated binding of tRNAs and is near the physiological
concentration of approximately 7 mM in E. coli (44). Buffer D
contained 20 mM Mg*" and did not contain any polyamines.
Buffers A and D (corresponding to HiFi and LoFi, respectively)
have previously been used to study the detailed mechanism of
tRNA discrimination by the ribosome (26).

Ternary complexes were mixed with the fluorescently labeled
IC in a stopped-flow fluorimeter to measure the time course of
fluorescence change. H84A EF-Tu was used to form ternary
complexes to simplify the data analysis, as H84A EF-Tu does not
hydrolyze GTP on the time scale of these experiments. In all four
buffer conditions, a biphasic increase in fluorescence was ob-
served (Figure 4A). Stopped-flow time courses were fit to the sum
of two exponential equations to determine the observed reaction
rates of each phase. The observed rates of the fluorescence change
were significantly faster in buffers B—D than in buffer A,
indicating that polyamines stimulate the binding of the ternary
complex to the ribosome as well as 20 mM Mg”". Time courses of
wild-type EF-Tu ternary complex binding appeared to be
identical to that of the H84A EF-Tu ternary complex.

To determine the association rate constant for binding of the
ternary complex to the ribosome, we performed the experiment
with 0.25 uM fluorescently labeled IC and varying concentrations
of the ternary complex. Plotting the observed rate of the first
phase versus the ternary complex concentration showed a linear
concentration dependence in buffers B—D (Figure 4B). A linear
concentration dependence indicates a second-order reaction in
which the slope of the line is equal to the second-order association
rate constant (45). The association rate constant for binding of
the ternary complex to the ribosome was 84 M ' s~ in buffer B
and 86 uM ™" s™! in buffer C, indicating that the polyamines
spermine and spermidine stimulate the binding of the ternary
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Table 2: Rate Constants for Binding of the Ternary Complex to the
Ribosome

buffer kon (/’{M71 Sil) kmax] (Sil) kmaxZ (sil)
A - 5 0.2
B 84 - 23
C 86 - 2.7
D 66 - 2.4

complex to the ribosome equivalently at their respective physio-
logical concentrations (Table 2). In buffer D, the association rate
constant was 66 uM ' s~ indicating that the polyamines can
stimulate the binding of the ternary complex to the ribosome at
least as well or slightly better than even 20 mM Mg>". The
association rate constant for binding of the ternary complex to
the ribosome measured here is in good agreement with previous
measurements using a different fluorophore (/3). In buffer A, a
hyperbolic relationship between the observed rate of the first
phase and ternary complex concentration that saturated at a rate
of 557! was observed (Figure 4C and Table 2). A hyperbolic
concentration dependence indicates that a first-order conforma-
tional change is rate-limiting (45). The slow rate of binding

observed here is quite different from previous measurements of
association of the ternary complex with the ribosome in the same
buffer system (25). Differences in the rate of binding could
potentially be attributed to the fact that in our measurements,
the ternary complex was not purified. The higher NTPs would
result in less free Mg”" even though the total Mg>* content of the
reaction mixtures is the same. More importantly, physiological
concentrations of either spermine or spermidine or high concen-
trations of Mg>" were able to stimulate the binding of the ternary
complex to the ribosome.

The concentration dependence of the second phase of the
stopped-flow time courses showed a hyperbolic concentration
dependence under all conditions tested, consistent with a first-
order conformational change (Figure 4D). The rate of this
conformational change is much faster in the presence of higher
concentrations of spermine, spermidine, or Mg>". The second
step saturated at rates of 2.3 s~ ' in buffer B, 2.7 s~ in buffer C,
and 2.4s~ " in buffer D. In buffer A, the second phase saturated at
a significantly lower rate of 0.2 s~ ' (Table 2).

Domain Closure in Ternary Complex Binding. Biphasic
kinetics often result from a two-step sequential mechanism in
which the receptor and ligand first collide in a second-order
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association step and then undergo a conformational change to
form the final, tightly bound, complex (46). However, other
binding mechanisms may also result in biphasic kinetics. For
example, if one binding partner isomerizes between an active and
inactive binding conformation, the active population will im-
mediately bind while the inactive population must first isomerize
to the active conformation before binding. If the isomerization
step is relatively slow, biphasic binding kinetics will be ob-
served (47). Additionally, multiple binding pathways may exist
that exhibit different reaction kinetics. To differentiate among the
mechanisms described above, we plotted the fraction of fluores-
cence change contributed by each phase of the stopped-flow time
courses versus ternary complex concentration (Figure SA).
Under all conditions tested, approximately 75% of the total
fluorescence change observed could be attributed to the first
phase and 25% to the second phase of the fluorescence change
(Figure 5A). The amplitude of each phase did not change as the
concentration of the ternary complex was increased. The con-
stant amplitudes of each phase support a two-step binding
mechanism rather than an isomerization of the ternary complex
or multiple active populations of ternary complex as the cause of
biphasic stopped-flow time courses. If isomerization or multiple
populations of ternary complex caused biphasic kinetics, it would
be expected that the fast phase of the stopped-flow time courses
would contribute more of the fluorescence change as the con-
centration of the ternary complex is increased because the faster
binding variants of the ternary complex would quickly bind all
available sites, preventing the slower population from binding.
Isomerization of the ribosome or multiple binding pathways due
to subpopulations of ribosomes cannot be completely excluded
on the basis of these data. However, the kinetics of GTP
hydrolysis and peptidyl transfer (see below) indicate that sub-
populations of ribosomes are not responsible for the biphasic
time courses.

Consistent with a two-step binding mechanism associated with
the biphasic stopped-flow time courses, control reactions indicate
that codon recognition followed by domain closure of the 30S
subunit is the cause of the observed fluorescence change. When
the ternary complex binds to the fluorescently labeled IC, an
~30% increase in fluorescence occurs (Figure 5B). As previously
described, a smaller increase in fluorescence of ~20% occurs
when the ASL binds to the A site of the ribosome. Crystal
structures of the 30S subunit with an ASL bound in the presence
and absence of the miscoding antibiotic paromomycin revealed a
conformational change known as domain closure where the head
and shoulder of the 30S subunit rotate inward, toward the
decoding center (7). Although the cognate ASL induces domain
closure, the extent of domain closure is greater in the presence of
both the cognate ASL and paromomycin (7). On the basis of the
location of the probe, we hypothesized that the fluorescent probe
could be sensitive to domain closure of the 30S subunit. Con-
sistent with observations of domain closure from crystal struc-
tures, the full fluorescence change was observed when the ASL
bound to the ribosome in the presence of paromomycin
(Figure 5B). Because a saturating concentration of the ASL (20
uM) was used in these experiments, the increase in fluorescence is
not due to an increased level of binding of the ASL in the presence
of paromomycin. Paromomycin alone did not cause a significant
fluorescence change and did not affect the change in fluorescence
when the ternary complex bound to the IC. The fluorescent probe
appears to be sensitive to both the codon recognition and domain
closure events upon binding of the ternary complex to the ribosome.
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FIGURE 5: Analysis of the biphasic fluorescence change. (A) Con-
centration dependence of the amplitudes of each phase of the
fluorescence change. Under all conditions and at all concentrations
tested, the first phase of the fluorescence change contributed approxi-
mately 75% of the total fluorescence change and the second phase
approximately 25%. (B) Percent increase in fluorescence shown when
the ternary complex (TC), TC and paromomycin, ASL, ASL and
paromomycin, or paromomycin alone was mixed with the fluores-
cently labeled IC. (C) Fraction of the fluorescence change contributed
by phase 1 (gray bars) and phase 2 (white bars) in all buffers tested
compared to the fluorescence change observed when ASL alone (gray
bar with lines) binds to the ribosome or the additional fluorescence
change when ASL is added in the presence of paromomycin (white
bar with lines).

As described earlier, the first phase of the stopped-flow time
courses contributed approximately 75% of the total fluorescence
change under all reaction conditions tested. The second phase of
the stopped-flow time courses contributed approximately 25% of
the total fluorescence change. When the ASL and paromomycin



7186  Biochemistry, Vol. 49, No. 33, 2010
A

(=2}
o
1

(3]
o
1

»H
o
1

w
o
1

% GTP Hydrolyzed

)
S

< O
w >

10¢ T T T
0.0 0.5 1.0 15

Time (s)

B 3o

S

w >

< ©

104

Observed Rate (s™)

0 T T
0 1 2 3

Ribosome (M)

C

o«

| 2]

30+

vy ®

20

% Dipeptide Formed

0% T T
0 1 2 3

Time (s)

FIGURE 6: Kinetics of GTP hydrolysis and peptidyl transfer.
(A) Time course of the GTP hydrolysis reaction when 0.25 uM ternary
complex containing [y->*P]GTP is mixed with 0.75 uM IC in buffer A
(®) or buffer B (¥). Data were fit to a single-exponential equation.
(B) Concentration dependence of the observed rate of GTP hydrolysis
at varying IC concentrations. Saturation rates of GTP hydrolysis were
determined by fitting to a hyperbolic equation. The standard devia-
tions from two or three independent experiments are indicated.
(C) Time course of the [*>S]fMet-Phe dipeptide formed when 1.5 uM
ternary complex is mixed with the IC containing [*>S]fMet-tRNA™¢!
in the P site. Data were fit to a single-exponential equation.

bound to the ribosome, approximately 70% of the total fluores-
cence change could be attributed to the ASL binding alone and
30% to the additional fluorescence change observed when the
ASL bound in the presence of paromomycin (Figure 5C). The
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Table 3: Rate Constants for GTP Hydrolysis and Peptidyl Transfer

buffer kgre (571 Kpep sh
A 12 9+3
B 39 10+2

correlation between the two phases of the stopped-flow time
courses with the different fluorescence change observed when the
ASL binds in the presence or absence of paromomycin indicates
that in the stopped-flow time courses, the first phase corresponds
to codon recognition and the second phase to domain closure.
Assignment of the second phase to domain closure, however,
needs to be validated with additional experiments.

GTP Hydrolysis and Peptidyl Transfer. To measure the
kinetics of GTP hydrolysis by the ternary complex upon binding
to the ribosome, ternary complexes containing [y-*P]|GTP were
mixed with the IC in a quench-flow instrument and the fraction
of GTP hydrolyzed at each time point was determined by TLC
and phosphorimaging (Figures S2A,B of the Supporting Infor-
mation). Time courses of GTP hydrolysis were fit to a single-
exponential equation (Figure 6A). No second phase was
evident in time courses of GTP hydrolysis, supporting the
statement that the biphasic fluorescence time courses observed
are due to a two-step binding mechanism rather than subpopula-
tions of less active ribosomes or the ternary complex. Consistent
with the fluorescence kinetics, the observed rates of GTP hydro-
lysis by the ternary complex were faster in buffer B than in buffer
A (Figure 6A). The rate of GTP hydrolysis by the ternary
complex was measured with increasing concentrations of the
IC to determine the saturation rate (Figure 6B). The rate of GTP
hydrolysis was found to saturate at 12's~ " in buffer A and 395"
in buffer B (Table 3). Reported saturation rates of GTP hydro-
lysis vary widely in recent literature most likely due to the fact
that typical concentration dependence measurements measure
slightly more than half the saturation rate, requiring a large
extrapolation of the data (25, 33, 48, 49). Our data reported here
do agree well with previous studies performed under similar
conditions (33, 49). Faster rates of GTP hydrolysis in buffer B
support the observation from the binding kinetics that physio-
logical concentrations of polyamines can improve the efficiency
of binding of the ternary complex to the ribosome. The rate of
GTP hydrolysis in buffer A was slower and saturated earlier,
indicating that the conformational change observed in the first
phase of the stopped-flow time courses limits GTP hydrolysis
under these conditions.

The rate of GTP hydrolysis in buffer A was found to saturate
at a faster rate than that of the first phase of the fluorescence
change from stopped-flow binding time courses. The faster
observed rate is likely due to the lower NTP content in the
GTP hydrolysis reaction mixtures. NTPs sequester Mg*", low-
ering the effective free Mg> " content; thus, in the GTP hydrolysis
experiments, the reactions occur in the presence of a greater
effective Mg>" concentration which would be expected to
improve the binding step. Because of the differences in the
reaction conditions, the rates measured in the GTP hydrolysis
reactions cannot be directly compared to the binding kinetics.
Nevertheless, it is clear that polyamines stimulate the rate of GTP
hydrolysis when the ternary complex reacts with ribosomes. It is
likely that the stimulation of GTP hydrolysis occurs through
improvements in the association of the ternary complex with the
ribosome rather than the chemistry step itself.
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FiGure 7: Effect of polyamines on the fidelity of tRNA selection.
(A) Representative electrophoretic TLC showing the products of the
fidelity experiment in the four buffer systems. The IC containing
[*>S]fMet-tRNA™¢ in the P site and the UUU codon in the A site
was mixed with the ternary complex formed from total tRNA
mixtures. A control reaction with the CUC codon in the A site was
performed in parallel to serve as a marker for the [**S]fMet-Leu
dipeptide. Only two product spots were observed. One spot corre-
sponds to the cognate [*>S]fMet-Phe dipeptide and the other spot to
the near-cognate [*>S]fMet-Leu dipeptide. (B) Bar graph showing the
fraction of incorrect [*>S]fMet-Leu dipeptide formed in each buffer
system.

The kinetics of peptide bond formation were measured by
mixing a 6-fold excess of the ternary complex with the IC
containing [*SJfMet-tRNA™® bound in the P site in a
quench-flow instrument. Dipeptide products were separated by
electrophoretic TLC and quantitated by phosphorimaging
(Figure 6C and Figure S2C,D of the Supporting Information).
The observed rate of peptide bond formation was 9 + 3 s~ ' in
buffer A and 10 + 2 s~" in buffer B, indicating that after the
association of the ternary complex with the ribosome, polya-
mines do not stimulate the rate of peptide bond formation
(Table 3). One study showed that the rate of peptide bond
formation may exhibit a significant concentration depen-
dence (28). We therefore measured the rate of peptide bond
formation at a 2-fold lower concentration of the ternary complex.
The observed rate of peptide bond formation was found to be the
same at the lower concentration of the ternary complex in buffer
A (9.3£0.65") and in buffer B (8.4 £0.75s7").

Effect of Polyamines on the Fidelity of tRNA Selection.
Polyamines stimulate the rate of association of the ternary
complex with the ribosome; however, studies on the effect of
polyamines on the fidelity of protein synthesis have yielded
conflicting results (43, 50). To understand the effect of polyamines
on the fidelity of protein synthesis, ICs containing [*S]fMet-
tRNA™¢in the P site were mixed with ternary complexes formed
from total tRNA mixtures. The reactions were quenched after
30 s, and the products were separated by electrophoretic TLC
(Figure 7A). The amount of correct and incorrect dipeptide
formed under all buffer conditions was quantitated by phosphor-
imaging. The observed fractions of incorrect dipeptide formed
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were 0.04 £+ 0.01 in buffer A, 0.026 &+ 0.004 in buffer B, 0.027 +
0.007 in buffer C, and 0.081 4+ 0.004 in buffer D (Figure 7B).
Consistent with previous work, magnesium was found to decrease
the fidelity of protein synthesis. A slightly lower misincorporation
rate was observed in the case of buffers with physiological
polyamine content (buffers B and C) when compared to the low-
Mg** /polyamine buffer (buffer A). Unlike Mg*", polyamines are
able to significantly stimulate the binding of the ternary complex to
the ribosome without decreasing the fidelity of protein synthesis.

DISCUSSION

We have developed a new fluorescence-based assay to monitor
the binding of the ternary complex to the ribosome. An increase
in the fluorescence intensity of pyrene covalently attached to the
3" end of a short mRNA occurs when the ternary complex binds
to the A site. The observed increase in fluorescence is independent
of GTP hydrolysis by EF-Tu and shows biphasic kinetics. The
first phase is correlated with codon recognition as shown by
experiments with the ASL (Figure 2D). The second phase is
attributed to domain closure as judged by experiments with the
ASL and paromomycin (Figure 5B,C). Binding of the ASL with
paromomycin to the A site results in the same fluorescence change
observed when full-length tRNAs bind. This is consistent with
observations from crystallography that domain closure is en-
hanced when the cognate ASL binds in the presence of the
miscoding antibiotic paromomycin (7). The new assay for mon-
itoring the pre-steady state kinetics of the binding of the ternary
complex to the ribosome can be used with any tRNA or tRNA
transcript. This opens up the possibility of examining the process
of tRNA selection with tRNAs having various substitutions.

Details of the mechanism of association of the ternary complex
with the ribosome measured here have significant implications for
our understanding of decoding. The current kinetic model of
binding of the ternary complex to the ribosome has been
determined primarily through one fluorescence method (/3).
One step in the current model of tRNA selection by the ribosome
that has been controversial is the initial binding step (Figure 1). It
is proposed that prior to codon recognition, the ternary complex
binds to the ribosome in a nonspecific initial binding complex (15).
In this model, cognate, near-cognate, and noncognate ternary
complexes appear to all bind equivalently. A nonspecific initial
binding mode would be expected to inhibit protein synthesis by
competitive inhibition of cognate ternary complexes (/6). Addi-
tionally, the kinetics of the transition of the noncognate ternary
complex from initial binding to codon recognition indicates that
an incorrect ternary complex would be passed between these two
binding conformations many times prior to dissociation of the
ternary complex, further inhibiting protein synthesis (/7). Experi-
ments directly measuring the inhibition of protein synthesis by the
near-cognate ternary complex have shown that no such inhibition
occurs, indicating that nonspecific binding of ternary complexes is
negligible (51).

According to our kinetic results, codon recognition occurs as a
second-order process, indicating that there is no initial binding step
or that the transition from initial binding to codon recognition is
extremely fast, allowing codon recognition to display apparent
second-order kinetics. Under compromised conditions, we see
codon recognition occurs as a conformational change, indicating
that there may be an initial binding step that is only apparent under
suboptimal conditions. Rapid entry of the ternary complex either
directly into the codon recognition step or via a pathway that does



7188  Biochemistry, Vol. 49, No. 33, 2010

not allow the observation of an initial binding intermediate explains
why incorrect ternary complexes do not inhibit protein synthesis.

Our studies with polyamines showed that spermine and
spermidine allowed the codon recognition step to occur as a
second-order process and stimulated the association of the
ternary complex with the ribosome at least as well as or better
than 20 mM Mg”". The rate of the second phase of the stopped-
flow time courses of ternary complex binding was also stimulated
equally well by polyamines or Mg*". The relatively slow satura-
tion rate of the second phase from stopped-flow time courses
suggests that domain closure occurs as a late event in the binding
of the ternary complex to the ribosome and may be important in
positioning the tRNA in the A site for peptidyl transfer during the
accommodation step. Alternatively, the second phase may re-
present a conformational change in the ribosome that occurs after
domain closure.

The stimulation of binding of the ternary complex to the
ribosome by polyamines was confirmed by measuring the rate of
GTP hydrolysis by EF-Tu. Spermine stimulated the rate of GTP
hydrolysis by the ternary complex. At low concentrations of
spermidine and Mg**, GTP hydrolysis appears to be rate-limited
by the preceding codon recognition step, which is severely
inhibited under these conditions. Peptidyl transfer reactions
exhibited identical kinetics in buffers A and B, indicating that
after the association of the ternary complex with the ribosome,
polyamines do not significantly stimulate forward reactions.
Additionally, fidelity measurements showed that the polyamines
spermine and spermidine do not decrease the fidelity of protein
synthesis, unlike Mg*", which has been shown to significantly
reduce the fidelity of decoding (14, 43).

Polyamines bind to tRNAs and influence the structure of the
anticodon loop which has been shown by crystallography (22),
limited R Nase digestion (52), fluorescence (23), and photo-cross-
linking studies (53). Electron density difference maps showed that
spermine binds to the anticodon stem of tRNAP™ in the hinge
region (22) that must adopt an “untwisted”, “kinked” inter-
mediate when the tRNA adopts the A/T state prior to GTP
hydrolysis by EF-Tu (4). This region has functionally been shown
to be vital for the correct decoding of tRNAs by the ribo-
some (48). While it has long been known that polyamines
stimulate protein synthesis, the mechanism of this stimulation
has remained largely unknown (44). Here, we have shown that
the polyamines spermine and spermidine are able to greatly
stimulate the association of the ternary complex with the ribo-
some at physiological concentrations with a relatively low Mg>"
concentration without compromising fidelity.
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