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ABSTRACT. The key enzymatic activity of the ribosome is catalysis of peptide bond formation. This reaction

is a target for many clinically important antibiotics. However, the molecular mechanisms of the peptidyl
transfer reaction, the catalytic contribution of the ribosome, and the mechanisms of antibiotic action are
still poorly understood. Here we describe a novel, simple, convenient, and sensitive method for monitoring
peptidyl transferase activity (SPARK). In this method, the ribosomal peptidyl transferase forms a peptide
bond between two ligands, one of which is tritiated whereas the other is biotin-tagged. Transpeptidation
results in covalent attachment of the biotin moiety to a tritiated compound. The amount of the reaction
product is then directly quantified using the scintillation proximity assay technology: binding of the tritiated
radioligand to the commercially available streptavidin-coated beads causes excitation of the bead-embedded
scintillant, resulting in detection of radioactivity. The reaction is readily inhibited by known antibiotics,
inhibitors of peptide bond formation. The method we developed is amenable to simple automation which
makes it useful for screening for new antibiotics. The method is useful for different types of ribosomal
research. Using this method, we investigated the effect of mutations at a universally conserved nucleotide
of the active site of 23S rRNA, A260Eécherichia colinumbering), on the peptidyl transferase activity

of the ribosome. The activities of the in vitro reconstituted mutant subunits, though somewhat reduced,
were comparable with those of the subunits assembled with the wild-type 23S rRNA, indicating that
A2602 mutations do not abolish the ability of the ribosome to catalyze peptide bond formation. Similar
results were obtained with double mutants carrying mutations at A2602 and another universally conserved
nucleotide in the peptidyl transferase center, A2451. The obtained results agree with our previous conclusion
that the ribosome accelerates peptide bond formation primarily through entropic rather than chemical
catalysis.

Solving the crystallographic structure of both ribosomal with the pace of progress in the structural research of the
subunits {—4) as well as of the whole 70S ribosom®) ( ribosome, new sensitive, fast, and accurate biochemical
brought about a quantum leap in the understanding of thetechniques to assess ribosome functions are needed.
ribosome organization. For the first time, active sites of such  The key enzymatic activity of the ribosome is polymer-
an enormously complex multifunctional ribonucleoprotein izing amino acids into polypeptides. Peptide bonds linking
assembly like the ribosome could be described in detailed amino acids in a protein are formed as the result of the
molecular terms. The combination of structural information transfer of the growing polypeptide chain from the peptidyl-
and biochemical data led already to the postulation of atomic tRNA bound in the ribosomal P-site to tlkeamino group
models for two fundamental ribosome functions, namely, of the aminoacyl-tRNA positioned in the A-site. This reaction
peptide bond formation and mMRNA decoding [reviewed in takes place in the peptidyl transferase center located in a
(6)]. Additionally, crystallographic structures of ribosomal cleft on the interface side of the large (50S) ribosomal
subunits complexed with several ribosome-targeted antibiot- subunit. Though proteins are important for the ribosomal
ics significantly improved our understanding of the mode peptidyl transferase activitylQ—12), the active site of the
of action of protein synthesis inhibitors, as well as the peptidyl transferase center is built entirely of rRNES(14);
mechanisms of drug resistanc-9). However, to keep up  the mechanisms of its function, however, are being debated

(13, 15-19).
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directly detected by scintillation counting or resolved by experiments designed to elucidate the counting efficiency
paper electrophoresis with subsequent radiographic detectiorof SPA beads in the reaction buffer, 120 of SPA beads
(20, 22). In a more recent version of this technique, containing Stop solution [L0 mM phosphate buffer, pH 7.4,
puromycin-containing oligonucleotides (C-Pmn or CC-Pmn) 137 mM KCI, 2.7 mM NacCl, 125 mM EDTA, 0.45 mg of
were used instead of puromycin; this allowed the incorpora- SPA beads (binding capacity: 127 pmol/mg)] was added to
tion of the radioactive label into the acceptor substrate and 5 pmol of biotin-PH] Met-tRNA in 60 «L of reaction buffer
the use of gel-electrophoresis for the detection of the reactioncontaining 20 mM Hepes/KOH (pH 7.6), 6 mM MgOAc
products 23). Despite important contributions of these 150 mM NH,CI, 4 mM j-mercaptoethanol, 2 mM spermi-
techniques to our current knowledge of the mechanisms of dine, and 0.05 mM spermine. SPA beads registered 35% of
peptide bond formation, they have their intrinsic confines radioactivity (cpm) compared to conventional liquid scintil-
including the use of limiting amounts of either donor or lation counting.
acceptor substrate, high error rates due to multiple pipetting SPARK-PmnThe reaction can be performed either in 96-
steps involved in reaction product detection, and the difficulty well plates or in 1.5 mL Eppendorf tubes. Typically,134
in automating the reaction for use in high through-put tests. pmol of E. coli or S. aureus70S was programmed with 76
Here we describe a new, sensitive, accurate, and convepmol of the synthetic mMRNA AAGGAGAUAUAACAA-
nient way to monitor ribosomal peptidyl transferase activity UGGGU or AAGGAGAUAUAACAAUGAAA (Dharmacon
which is based on the scintillation proximity assay (SPA) Research, Inc.), and incubated with 48 pmol of forn{[
technology 24) which utilizes commercially available Met-tRNA (14 300 dpm/pmol; 5900 cpm/pmol) for 10 min
streptavidin-coated polymeric SPA beads containing embed-at 37°C in SA buffer containing 10 mM Tris-HCI, pH 7.6,
ded scintillant. SPA beads can det#dtradioactivity of the 30 mM MgCh, and 50 mM NHCI. The reaction was initiated
ligand that bind to the beads, but not that of the free by the addition of 60 pmol of biotin-puromycif'{Pmn)
radioligand. We applied this technique for measuring the and performed at 37C in a final volume of 6QuL for the
peptidyl transferase activity of the ribosome or isolated large indicated period of time. The reaction was stopped by the
ribosomal subunit. The method was tested with ribosomes addition of 120uL of Stop solution and incubated at room
from diverse organisms including Gram-positi&tdphylo- ~ temperature for at lead h to allow complete binding of
coccus aureysand Gram-negativeEscherichia coliand the reaction product to the beads. Subsequently, the radio-
Thermus aquatic)s bacteria. The high sensitivity and activity of the reaction product was counted in a 96-well
reproducibility of this new technique made it instrumental plate scintillation counter (Wallac) (if the reaction was
for studies of in vitro reconstituted large ribosomal subunits performed in 96-well plates) or in Beckman scintillation
containing 23S rRNA mutations in the peptidyl transferase counter LS 6000IC (if the reaction was done in Eppendorf
active site. Furthermore, the method is amenable for use intubes). The background values of experimental samples
a high through-put format, and can be employed for studies which did not contain ribosomes 8f'Pmn (usually 256
of the mechanisms of antibiotic action and for screening of 500 dpm) were subtracted from all the readings. SPARK-
natural or synthetic compound libraries for new inhibitors Pmn with E. coli or T. aquaticuswas performed as above

of protein synthesis. but in a polyamine buffer26) [20 mM Hepes/KOH (pH
7.6), 150 mM NHCI, 4 mM S-mercaptoethanol, 2 mM
EXPERIMENTAL PROCEDURES spermidine, and 0.05 mM spermine] containing 30 mM

MgOAc,. SPARK-Pmn with reassociated 70S ribosomes
tRNA_ SubstratesFormyl-FH] Met-tRNA (14.300 or containing in vitro reconstituted 50S subunits was performed

54 000 dpm/pmol) was purchased from NEN Life Science as described1(?)

Products (Boston, MA). Phe-tRNA was prepared by ami- Two tRNA-SPARK with 70S Ribosomes (SPARK-2Ta,

noacylation ofE. coli tRNAP"e or total E. coli tRNA in a SPARK-2Th)SPARK-2Ta was
- - - performed under the same
buffer containing 20 mM Hepes/KOH (pH 7.6), 8 mM conditions as SPARK-Pmn in the SA buffer with the

MOAC;, 150 mM NHCI, 4 mM -mercaptoethanol, 2 mM exception that®Pmn was replaced with 30 pmol of
spermidine, and 0.05 mM spermine as described by T“ana'biotinylated Lys-tRNA as the acceptor and 76 pmol of

Alonso et al. 5). Biotinylation of Phe-tRNA was performed AAGGAGAUAUAACAAUGAAA RNA
by incubating 1308-1700 pmol of Phe-tRN&®in 200 L anj(%ueG UAUAACAAUGAAA was used as an m

of |50. meNaI—:fCQ (pH 82()j VIVitg %)QOVL of_da U t:ng/mL In SPARK-2Th, 7 pmol ofE. coli 70S ribosomes was
solution of sulfosuccinamidyl 6-(biotinamido) hexanoate incubated with 5.7 pmol of°Phe-tRNhe and 40ug of

(Pierce) fo 1 h onice. Aminoacylated formyl3H] Met- ; ; s
P poly(U) in the polyamine buffer26) containing 6 mM
tRNA and Phe-tRNA as well as biotinylated Phe-tRNA were MgOAGC; for 15 min at 37°C. Subsequently, 5.2 pmol of

HPLC-purified, ethanol-precipitated, and resuspended in [H]-Phe-tRNEhe (6000 cpm/pmol) was added, and the
H20. reaction was performed at 3T for the indicated period of

Biotinylated Lys-tRNA was purchased from Promega.  {ime in a final volume of 23.3uL. The reaction was
SPA BeadsSPA beads were obtained from Amersham terminated by the addition of 47L of Stop solution.

Pharmacia Biotech (catalog number RPNQO00Q7). In control - Two tRNA-SPARK with Isolated 50S Subunits (SPARK-
50S).Reactions withE. coli or T. aquaticus50S subunits

1 Abbreviations: SPARK, scintillation proximity assay for ribosomal ~ were performed in the same polyamine buffer containing 30
kinetics; Pmn, puromycir¥®Pmn, biotin-puromycin containing a biotin -~ mM MgOAcC,. P-site binding was performed by incubating

group attached to the C6f puromycin via an 18 atom linker; L{8- ; ; ot _ he
tRNA, Lys-tRNA carrying the biotin tag at theamino group of lysine; 14 meI.Of SOSosubunlts with 1].' .meI 6PPhe-tRNA
bophe-tRNA andPMet-tRNA, N-biotinylated Phe-tRNA and Met-  fOr 10 min at 37°C. After the addition of 12 pmol ofH]-

tRNA, respectively. Phe-tRNA"¢ the reaction was started by the addition of 15
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Ficure 1: Versions of SPARK3H-Labeled substrates are shown in red and biotinylated ligands in green. (A) SPARK-Pmn is performed
with 70S ribosomes carrying®i-labeled formyl-Met-tRNA (f-Met) at the P-site and biotin-puromycin (Pmn) at the A-site. (B) In SPARK-
2Ta, Lys-tRNA biotinylated at the-amino group of lysine (Ly¥-tRNA) serves as the acceptor (A-site) substrate, while foriy]-[
Met-tRNA functions as the donor in the reaction performed by 70S ribosomes. (C) SPARK-2Tb employs unlabeled N-biotinylated Phe-
tRNA and3H-labeled Phe-tRNA as P- and A-site substrates for poly(U)-programmed 70S ribosomes. (D) The peptidyl transfer reaction in
SPARK-50S is promoted by the isolated large ribosomal subunit in the presence of N-biotinylated Phe-tRiNAabeled Phe-tRNA as

donor and acceptor substrates, respectively. The reaction product, diphenylalanyl-tRNA, is the same in SPARK-2Tbh and SPARK-50S.

uL of cold methanol and incubated on ice for the specified O\Y“ s HeC_ CH,
time indicated in Figure 5 or overnight (in antibiotic HN:C-\/\/IrNHMOVOV‘ONOWONO%? r’l%iN
experiments). The final reaction volume before addition of S o N4
methanol was 3@L. In antibiotic studies, 10@M drug was NP

added before methanol addition. The reactions were termi- oo NIHOOH

nated by the addition of 90L of Stop solution containing )

0.3 mg of streptavidin-coated SPA beads. FIGURE 2: Structure of biotin-puromycin used in SPARK-Pmn.

Reconstitution of T. aquaticus Mutant 50S Subufite

mutations at position 2602 of the clon@&d aquaticus23S SPARK is that, in contrast to all the previously used methods,

rRNA gene R7) were engineered by oligonucleotide-based no product purification is required: the SPA beads are added

PCR mutagenesis as previously descritdEd.(The double directly into the reaction mixture, together with the stop

mutants were constructed by introducing the A2451T muta- solution, which facilitates the release of the reaction product

tion into the construct carrying the A2602G mutation. Wild- from the ribosome.

type or mutant 23S RNAs were in vitro transcribed and e have designed several different formats of SPARK

assembled into 50S subunits as descril#&g. ( which can find application in different types of ribosomal
studies (Figure 1).

RESULTS SPARK-Pmn: Measuring the Peptidyl Transferase/Atgti

The Principle of SPARKWe named the new peptidyl of the 70S Ribosome Using Peptidyl-tRNA and Biotin-
transferase assay SPARK for Scintillation Proximity Assay puromycin.In this version of SPARK, formyl®H] Met-
for Ribosomal Kinetics. In the SPARK technique, one of tRNA serves as a donor substrate of the peptidyl transfer
the substrates of the peptidyl transfer reaction, a peptidyl- reaction while biotin-puromycirPPmn), which contains a
or aminoacyl-tRNA analogue, carries tRid-labeled ami-  biotin group attached to the C&f puromycin via an 18 atom
noacyl moiety while the second substrate is tagged with linker (Figure 2), is the acceptor. Preincubation of ribosomes
biotin. The formation of a peptide bond between the reaction With formyl-[*H] Met-tRNA and synthetic mMRNA (AAG-
substrates results in the appearance of a product that carieSAGAUAUAACAAUGGGU or AAGGAGAUAUAACA-
both the®H-label and a biotin tag. The product can bind to AUGAAA) containing a Shine-Dalgarno sequence GGAG

the streptavidin-coated scintillant-containing SPA beads. Thisand a unique AUG codon places formyl-Met-tRNA in the
brings the radioligand into a close enough proximity with ribosomal P-site. The reaction is then initiated by the addition

the scintillant to enable detection of radioactivity. The Of °*Pmn and later terminated by the addition of the EDTA-
unreacted radioactive substrate does not carry a biotin groupcontaining Stop buffer and SPA beads.

and, therefore, does not bind to the beads. Consequently, it Conditions for this assay were originally optimized for
will not be detected because its radioactive emission is 70S ribosomes fror. aureusand subsequently attuned for
guenched by the solution before reaching the scintillant which E. coli and T. aquaticusribosomes The reaction has a
is embedded in the SPA beads. The main advantage ofrelatively sharp Mg" optimum of 30 mM (Figure 3A). Such
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Ficure 3: Optimization of SPARK-Pmn conditions. (A) Mg-
dependences. aureugclosed symbols) oE. coli (open symbols)
ribosomes in SA buffer (10 mM Tris-HCI, pH 7.6, 50 mM YEl)
with variable concentrations of Mgg€I(B) mRNA-dependences.
aureusribosomes in SA buffer containing 30 mM MgClzarying
concentrations of a synthetic mRNA analogue, AAGGAGAUAUAA-
CAAUGAAA, were used in reactions that were performed at 37
°C for 30 min. (C) Biotin-puromycin %°'Pmn) dependence.
Reactions withS. aureusribosomes in SA buffer containing 30
mM MgCl, were performed at 37C for 5 min using formyl-fH]
Met-tRNA (54 000 dpm/pmol) as a donor. (D) Comparison of the
SA buffer (open symbols) with the polyamine buffer (20 mM
Hepes/KOH, pH 7.6, 30 mM MgOA¢ 150 mM NH,CI, 2 mM
spermidine, 0.05 mM spermine, and 4 mBdmercaptoethanol)
(closed symbols) in time course experiments using 24 pmél. of
coli 70S ribosomes, 48 pmol of formytHl] Met-tRNA (14 300
dpm/pmol), and M P°Pmn. The curves represent the mean of

Biochemistry, Vol. 41, No. 39, 20021605

a Mg?t concentration is slightly higher than that used in other
ribosomal assays and might be required for the proper
binding of the biotinylated puromycin to the ribosome. The
reaction, which is performed with a 2-fold excess of formyl-
[®H] Met-tRNA over the ribosome, critically depended on
the presence of mRNA (Figure 3B), demonstrating that
proper binding of formyl-Met-tRNA in the ribosomal P-site
is required for an efficient reaction. The yield of the reaction
product increases linearly within tf'Pmn concentration
range of 0.258 uM (Figure 3C). However, the actual
amount of®°Pmn that can be conveniently used in the
reaction is limited by the binding capacity of SPA beads;
therefore, the standard assay is performed with the final
biotPmn concentration of AM.

In the conditions optimized foB. aureusibosomes, the
Pmn-SPARK is performed in 4L of the SA reaction buffer
which contains 10 mM Tris-HCI, pH 7.6, 30 mM Mggl
and 50 mM NHCI. Ribosomes present at 6-2.4 uM are
preincubated at 37C with 1.27 mM synthetic mRNA and
0.8 uM E. coli formyl-[3H] Met-tRNA, and the peptidyl
transfer reaction is initiated by the addition®§fPmn to the
final concentration of M.

Time course experiments revealed that under these condi-
tions, a plateau in product formation is reached after about
3 h of incubation at 37C (Figure 3D). Though we have
not specifically studied this question, the reason for the slow
kinetics may be related to the use of derivatized puromycin
or, alternatively, slow release of the reaction product, formyl-
Met- P°Pmn, from the ribosome. However, in experiments
with E. coli ribosomes, we noticed that replacing the SA
buffer optimized forS. aureuswith a polyamine buffer
developed by Nierhaus and co-workeZ6)( for E. coli
ribosomes not only significantly accelerated the reaction (ca.
3-fold) but also increased the yield of product formation
(Figure 3D). Nevertheless, the reaction still required a high
(30 mM) M¢?* concentration (data not shown). Therefore,
all the SPARK-Pmn experiments witk. coli and T.
aquaticusribosomes were performed using the polyamine
buffer supplemented with 30 mM Mg.

The SPARK-Pmn proved to be a very sensitive method
for measuring peptidyl transferase activity: control experi-
ments lacking eithef®Pmn or ribosomes showed that the
radioactivity of unreacted formyBH] Met-tRNA is es-
sentially not registered. The background values measured
in these controls were on average 2 orders of magnitude
lower than the counts obtained in the full reaction (see
Experimental Procedures). This made the assay suitable for
measuring even very low levels of peptidyl transferase
activity, for example, those obtained with ribosomes recon-
stituted in vitro with mutant 23S rRNA (see below).

SPARK-2T: Measuring the Aeily of 70S Ribosomes
Using Peptidyl- and Aminoacyl-tRNABo better mimic the
in vivo conditions for peptide bond formation, in the other
versions of SPARKP®Pmn was replaced with aminoacyl-
tRNA, so that both P- and A-sites carry tRNA substrates.
We designed two different formats of two-tRNA SPARK to
be used with the 70S ribosome. In one version, SPARK-
2Ta, formyl-PH] Met-tRNA was used as a donor while
commercially available biotinylated Lys-tRNA carrying the
biotin tag at the=-amino group of lysine (Ly¥-tRNA) was

3—4 independent time course experiments, whereas the amount offMployed as an acceptor (Figure 1B). Synthetic RNA
product at 360 min in the polyamine buffer was taken as 100%. oligonucleotide AAGGAGAUAUAACAAUGAAA was used
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Ficure 4: SPARK-2Tb reaction kinetics of poly(U)-programmed
E. coli 70S using the polyamine buffer of Figure 3D at 6 mM
MgOAcC,. Reactions contained 7 pmol of 70S ribosomes, 5.7 pmol

of PotPhe-tRNA, and 5.2 pmol ofiH]-Phe-tRNA (6000 cpm/pmol)
and were performed at 3TC.

as mRNA. In the SA bufferS. aureusibosomes showed
faster reaction rates in SPARK-2Ta than in SPARK-Pmn,
which probably reflected the enhanced binding of 1%s
tRNA compared t&@°Pmn to the ribosomal A-site (data not
shown).

In another version of the two-tRNA SPARK (SPARK-
2Th), unlabeled N-biotin-Phe-tRNA{Phe-tRNA) served

as the peptidyl donor whereas a natural aminoacyl-tRNA,

[®H]-Phe-tRNA, was an acceptor while poly(U) was used
as mRNA (Figure 1C). The tritiated ligand and the biotin-

tagged substrate in this version of SPARK were switched
compared to SPARK-Pmn and SPARK-2Ta designs. When

E. coliandT. aquaticugibosomes were tested in SPARK-

2Tb in SA buffer (see above), the reaction was slow and,
similar to SPARK-Pmn, reached the plateau after about 4 h

(data not shown). However, both. coli and T. aquaticus

ribosomes exhibited significantly faster reaction rates and

product yields in the polyamine buffer system of Blaha et
al. (26) at 6 mM Mg " (Figure 4) which is thought to closely
mimic the in vivo ionic conditions. Under these conditions,

the peptidyl transferase reaction proceeded essentially to

completion since the entiréH]-Phe-tRNA substrate was
converted into the dipeptidyl-tRNA product after 30 min of
incubation (5.0 pmol of dipeptidyl-tRNA formed when 5.7

Polacek et al.
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Ficure 5: SPARK-50S time course experiment employing 14 pmol
of 50S subunits fronk. coli (closed symbols) of. aquaticugopen
symbols). Reactions were performed in the polyamine buffer
described in Figure 3D. Reactions contained 11 pmdi%®#he-
tRNA and 12 pmol of {H]-Phe-tRNA (6000 cpm/pmol) and were
started by addition of 33% methanol and proceeded°& for the
indicated periods of time.

studies that focus specifically on the activity of the peptidyl
transferase center located on the large ribosomal subunit.
Indeed, SPARK-Pmn, SPARK-2Ta, and SPARK-2Tb criti-
cally depend on the properties of the small ribosomal subunit
and its interactions with mRNA and tRNA. To improve
SPARK versatility for functional studies of the ribosomal
peptidyl transferase center, we modified the two tRNA-
SPARK (SPARK-2Th version) for use with isolated large
ribosomal subunits (SPARK-50S) (Figure 1D).

The peptidyl transferase assay conventionally used with
50S subunits (“fragment reaction”) is performed in the
presence of 33% methanak8), which is thought to be
required for binding of peptidyl-tRNA analogues to the P-site
of 50S subunitsZ9, 30). Although binding off°Phe-tRNA
or its 3 fragment to the P-site of 50S subunits does not
require methanol R1) and our unpublished results], the
activity of isolated 50S subunits in the SPARK-50S still
strictly depended on the presence of methanol possibly due
to stimulation of the binding of the acceptor substrate]{
Phe-tRNA, to the A-site.

In SPARK-50S, the P-site of the peptidyl transferase center
is filled by preincubation of the large ribosomal subunits
(0.47uM) with PePhe-tRNA (0.37«M) for 15 min at 37°C

pmol of donor and 5.2 mol of acceptor substrate were used).in the polyamine buffer containing 30 mM Mg The

The turnover rate for the SPARK-2Tb with coli 70S was
0.23 min! with an initial rate of 1.62 pmol/min.

The total (plateau) amount 8f'Phe-fH]Phe-tRNA prod-
uct formed in SPARK-2Tb with 70S ribosomes from
aquaticusunder identical conditions was notably reduced
(1.43 pmol) compared t&. coli ribosome. This indicates

reaction is then initiated by the addition 6H]-Phe-tRNA
(0.4 uM) and methanol (33%) and incubated on ice. The
reaction yields and the kinetics ¢P'Phe-fH]Phe-tRNA
product formation byE. colior T. aquaticuss0S are shown
in Figure 5 and were similar to those seen with poly(U)-
programmedcE. coli 70S ribosomes under similar incubation

that the ribosome preparation contained inactive particles conditions (0°C, polyamine buffer at 6 mM Mg; data not
capable of irreversible binding of one of the substrates in a shown). Replacement of the polyamine buffer with the one

nonproductive ribosometRNA complex. However, the

usually used in the fragment reactid@8J (e.g., 20 mM Tris-

reaction catalyzed by the active ribosomes in the preparationHCI, pH 8.0, 36-60 mM MgCh, 400 mM KCI) did not

was fairly fast, with an initial rate of 0.63 pmol/min, and
reached the plateau after 30 min (data not shown).
SPARK-50S: Using SPARK To Monitor the Peptidyl
Transferase Aciity of Individual Large Ribosomal Subunits
The use of 70S ribosome might not always be optimal for

affect notably the reaction yield or rate. Similar to SPARK-
2Th, 50S subunits prepared from aquaticuswere less
active thanE. coli 50S subunits (Figure 5). Nevertheless,
even such reduced activity was more than sufficient for most
practical purposes.
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Table 1: Effect of Antibiotics on the Formation of

| |
Biotin-Phe-PH]Phe-tRNA in SPARK-50S and SPARK-2Tb g:g
50S subunits 70S ribosomes . o =
antibiotic (% activity) (% activity) G 1315 R i, A
none 100 100 C: 12+0.5% A / c,
chloramphenicol 50- 28 39+ 30 U: 10£1.5% _;I\c?;[\ 66c—
sparsomycin 1&1 49+5
h?/gromygin A 3242 23+1 Az 15+25% — %S 2602G/2451U: gACG_
carbomycin 44+ 10 40+ 18 \ /g( 6+1.2% u
erythromycin 10K 19 79+ 8 7 c
tetracycline 113t5 62+ 7 Uc\ G
a SPARK-2Tb reactions were performed with poly(U)-programmed 2602 ’ACG'\J\;AGA c U A
E. coli 70S at the same incubation temperaturé@ as the SPARK- AGQ\\GC Vugg_cu®
50S.° Final concentration of the added drugs was ZBDeach. Values ¢ cY Gy.c
are an average of 2 or 3 independent experiments. ue §=¢
||
A) 70000 FiIGURE 7: Effect of 23S rRNA mutations on the peptidyl transferase
activity. The location and the nature of the engineered mutations
60000 at the two highly conserved adenines at positions 2602 and 2451
50000 are shown on the secondary structure diagram of the central loop
Z 40000 of domain V ofT. aquaticu23S rRNA @1). The relative activities
(=] in the SPARK-Pmn of reassociatdd aquaticus70S ribosomes
30000 composed of in vitro reconstituted 50S subunits (harboring 23S
20000+ rRNA base changes at 2602 and 2451) and native 30S subunits
100004 . are indicated. The values shown are averages-& ixdependent
0 SPARK-Pmn experiments stopped after 240 min of incubation at
02 1 3 13 5125 50125 500 37°C.
Prug M binds to the large ribosomal subunit in the vicinity of the
= Lincomycin 1Csp = 0.19 pM peptidyl transferase center but does not directly inhibit
: z'::;;;:nﬁii:gﬁ; 2‘2 ‘;';’1 M transpeptid_atiqn?(, 34), had _Iittle or no effect. Tetracycline,
S0 = o0 K a drug which interferes with the binding of tRNA to the
B)  4500- A-site of the small subunitg 35—37), inhibited only the
activity of 70S ribosomes in SPARK-2Tb, but had no effect
4000 on the isolated large ribosomal subunits in SPARK-50S
s 35004 (Table 1).
& 3000 ¥ Using SPARK To Test the Effects of 23S rRNA Mutations
| on the Peptidyl Transferase Aditly of in Vitro Reconstituted
2500 Large Ribosomal Subunitsligh sensitivity and reproduc-
ibility of SPARK makes it a convenient method for studying
T B 13 5135 201 500 functions of ribosomal peptidyl transferase. As a proof of
Drug uM principle, we used SPARK-Pmn to test effects of mutations

U 1 1C50 = 017 uM at one of the important nucleotides in the ribosomal peptidyl
= Lincomycin =0.17 ul : g ;
« PNUL176788 1G50 = 3.2 uM transferase center on the catalytic activity of the ribosome.

v Chloramphenicol IC50 = 47 uM In vitro transcribedT. aquaticus23S rRNA can be
FIGURE 6: Antibiotic sensitivity of SPARK. SPARK-Pmn (A) and :ﬁCCinStltut%d with SIS ”ENAta.rllggée J.[Ozalfpmtffm frﬁlctlo? of
SPARK-2Ta (B) were performed witB. aureug’0S in the standard e large ribosomal subunit ( ) into functionally active

conditions using formyl3H] Met-tRNA (54 000 dpm/pmol) as a  90S subunitsZ7). This technique allows the use of in vitro
donor in the presence of varying concentrations of peptidyl genetics for studying the functional consequences of muta-

transferase inhibitors. The measured,d@alues for each drug,  tions which may have lethal or deleterious in vivo pheno-
obtained from averaging at least three independent experlments,[ypes Previously, we studied the transpeptidation activity
are indicated. ) . : . .

of reconstituted 50S subunits harboring base changes at

Sensitiity of SPARK to AntibioticsMany antibiotics, ~ Positions A2451 and G2447E( coli numbering) in the
inhibitors of protein synthesis, interfere with functions of Peptidyl transferase active sit&7).
the ribosomal peptidyl transferasg?( 33). As anticipated One of the intriguing nucleotides in the ribosomal peptidyl
for the reaction catalyzed by the ribosomal peptidyl trans- transferase center is A2602. This universally conserved
ferase center, all versions of SPARK were sensitive to adenine base bulges out from helix 93 of 23S rRNA (Figure
antibiotics, inhibitors of peptide bond formation (Table 1, 7) and is located in close proximity to the peptidyl-tRNA
Figure 6 and our unpublished results). All the tested peptidyl ester carbonyl carbon atom of the transition-state intermediate
transferase inhibitors (chloramphenicol, sparsomycin, hy- (13). To investigate if the base identity at position 2602 of
gromycin A, and carbomycin tested with coli ribosome, 23S rRNA is critical for the transpeptidation reaction, all
as well as lincomycin, PNU-176798, and chloramphenicol three base changes were introduced in the in vitro transcribed
tested withS. aureugibosomes) inhibited formation of the 23S rRNA, and the activities of the assembled subunits were
reaction product. Conversely, erythromycin, a drug which tested in SPARK-Pmn. Neither of the A2602 mutations
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eliminated peptidyl transferase activity of the in vitro
reconstituted 50S subunits (G, #31.5%; C, 12+ 0.5%;

U, 10+ 1.5%) (Figure 7). Notably, even the deletion of the
universally conserved A2602 (the mutant) or the double
mutant 2602G/2451U, which combines in the same 23S
rRNA molecule two different base changes that confer in
vivo lethality, still showed considerable in vitro transpepti-
dation activity A\, 15 + 2.5%; 2602G/2451U, & 1.2%).

DISCUSSION

In this report we present SPARK, a new, fast, and
convenient method for measuring peptidyl transferase activity

of ribosomes and isolated large ribosomal subunits. This can

be used in various applications including studying protein
synthesis, elucidating mechanisms of antibiotic action, and

screening for new ribosome-targeted drugs. The central
principle of the assay remains the same in all presented

versions of SPARK: the ribosomal peptidyl transferase forms
a peptide bond between two ligands closely resembling
natural ribosomal substrates, one of which is tritiated and
the other biotin-tagged. Transpeptidation results in the
covalent attachment of the biotin moiety to a tritiated

compound, and the amount of the reaction product can be

directly quantified using commercially available SPA beads.

Polacek et al.

resembled the physiological situation in respect to the
substrates or ionic conditions, the faster the reaction kinetics
and the higher the product yields. Replacing puromycin used
in SPARK-Pmn with a complete aminoacyl-tRNA as the
acceptor substrate in SPARK-2Ta or SPARK-2Tb clearly
improved the reaction performance. Thus, while a higitMg
concentration (30 mM) was required for efficient product
formation in the puromycin-based SPARK-Pmn, a signifi-
cantly lower concentration of Mg (6 mM) was sufficient

for the aminoacyl tRNA-based assay, SPARK-2Ta and
SPARK-2Th. The difference in Mg dependence could
reflect better A-site binding of aminoacyl-tRNAs compared
to puromycin. The reaction kinetics were also notably faster
with aminoacyl-tRNA as an acceptor substrate (compare
Figures 3D and 4) compared to puromycin. Not onlya¥g
concentration but also the general buffer composition had a
significant influence on the reaction. With. coli and T.
aquaticusribosomes, the best rates and product yields were
found in a polyamine buffer which is thought to closely
mimic the in vivo conditions Z6).

Different versions of SPARK can find applications in
different types of ribosomal studies (Figure 1). A relatively
inexpensive SPARK-Pmn, which utilizes commercially
available "°Pmn, is suitable for large library screening
projects. Somewhat more expensive, but also more physi-

The big advantage of SPARK compared to the previously gjogically feasible, two tRNA-SPARKs, SPARK-2Ta and
used method of measuring peptidyl transferase activity is gpARk-2Th, can be used for studying interactions of tRNA
its simplicity. Once the reaction has started, only one gypstrates with their binding site in the peptidyl transferase
pipetting step (adding the SPA beads together with the Stopcenter as well as for investigating the mechanism of catalysis.
buffer) is required before the samples can be placed in agipg|ly, large ribosomal subunit-based SPARK-50S can be
scintillation counter. No product purification is required. The |;sed to address more specific questions on the mechanism
combingtion of this. simplicity with_ the possibility of  f peptide bond formation and antibiotic action.
performing SPARK in a small reaction volume, plus the  peptide hond synthesis in all versions of SPARK could
availability of 96-well scintillation counters, makes SPARK o efficiently inhibited by peptidyl transferase-targeted
amenable to simple automation for use in high through-put 4pipiotics (Figure 6, Table 1, and our unpublished data).
screens of natural or synthetic libraries in search for new 1pese data provided strong evidence that the formation of
antibiotics. Another important benefit of SPARK is its high dipeptides in various versions of SPARK was indeed
sensitivity, with the reaction activity values being 2 orders c4talyzed by the peptidyl transferase center. Conversely, the
of magnitude higher than the background. Using in Vitro qrgs that bind to the ribosome but do not inhibit peptidy!
reconstituted 50S containing mutant 23S rRNA, transpepti- yransferase directly, erythromycin, for example, did not affect
dation activities as low as 0.5% could be measured comparedspaARK. Therefore, SPARK can be used for studying
to ribosomes assembled from wild-type 23S rRNA tran- mechanisms of antibiotic action, as well as for searching for
scripts. This combination of high reproducibility and sensi- ey antibiotics in libraries of synthetic or natural compounds.
tivity makes SPARK mstrqmental for .addressmg important The possibility of using SPARK with isolated large 50S
questions on the mechanism of peptide bond catalysis.  jjhosomal subunits (SPARK-50S) makes such screens even

Of course each of the SPARK versions has its intrinsic better targeted because it enables the screening for drugs that
limitations. At least one of the reaction substrates has to carrydirectly act on the peptidyl transferase center of the large
a biotin group which might affect the interaction of the ligand subunit while ignoring compounds that may affect mMRNA
with the ribosome. The limited capacity of the SPA beads or tRNA interactions with the small subunits. The latter
prevents the use of saturating amounts of the biotinylated compounds, which may also represent important leads for
substrate. Furthermore, since the SPA beads possess onligrug development, may be identified by comparing the results
~35% counting efficiency compared to a regular liquid of the 50S subunit-based assay (SPARK-50S) with the result
scintillant, substrates with relatively high specific activities of the 70S ribosome-based tests (for example, SPARK-2Tb).
have to be used. In addition, the reaction rates in the SPARK, This idea is demonstrated by our experiments with tetracy-
though comparable or exceeding those obtained in the mostcline, which efficiently inhibited SPARK-2Tb, but not
“popular” fragment reaction, still do not reach the in vivo SPARK-50S (Table 1). Indeed, tetracycline is known to bind
rates of peptide bond formation. Nevertheless, the ease ofto the 30S subunit and interfere with the binding of
using SPARK as well as its high sensitivity and reproduc- aminoacyl-tRNA in the A-site§, 35—37).
ibility makes it an excellent technique for various types of e believe that SPARK can be useful for studies of the
in vitro studies of the ribosome. ribosomal peptidyl transferase. As an example, we used

During the optimization of SPARK conditions, a general SPARK to study the effects of mutations of one of the central
tendency was clear: the more the experimental setupnucleotides in the ribosomal peptidyl transferase center. The
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may promote peptide bond formation primarily through REEERENCES
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