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Translational Fidelity Mutations in 18S rRNA Affect the Catalytic Activity of
Ribosomes and the Oxidative Balance of Yeast Cells

Theodoros C. KonstantinidisNikolaos Patsouki§,Christos D. Georgio,and Dennis Synetos*
Laboratory of Biochemistry, School of Medicine, and Department of Biology,ddsity of Patras, 261 10 Patras, Greece

Receied December 8, 2005; Rised Manuscript Receéd February 6, 2006

ABSTRACT. The function of mutationsdn1A rdnlT, andrdn2in 18S rRNA ofSaccharomyces cersiae

is investigated. The mutations correspond to substitutions C1054A, C1054U in helix 34, and G517A in
helix 18 of 16S rRNA inEscherichia coli respectively, in which the first and third mutations caused
nonsense suppression, while C1054U caused no suppression. Imgmeb&taused phenotypic suppression

at nonsense codons, wheredalT andrdn2 caused antisuppression. We provide in vitro evidence that,

in addition,rdn1Adecreases translational accuracy at sense codons as well, by a factor of 8, accompanied
by extreme sensitivity to paromomycin, compatible with its error-prone character. Mutadioh$ and

rdn2 exhibit hyperaccuracy and paromomycin resistance. Thus, mutations in conserved rRNA regions
may affect the same functions in the various species but in opposite directions. Mutktio® but not

rdnlT or rdn2, affected also the catalytic activity of the ribosome, a 60S subunit activity. The rate of
peptide bond formation was reduced to half its normal value, indicating a communication between the
two subunits. Moreover, error-prone mutati@mlAwas less susceptible to oxidative modifications than

wild type, indicated by decreased lipid peroxidation and nonprotein/protein disulfides, as well as by
increased protein thiols. In contrast, hyperaccurate mutatibrisl andrdn2 displayed increased oxidative
stress. Our results suggest that the cells may consume more energy to achieve hyperaccuracy leading to
increased oxidative modifications.

The ribosome is a subcellular organelle responsible for aminoacyl-tRNA more favorable than that of near-cognate
the accurate decoding of the genetic information carried in aminoacyl-tRNA 8). Furthermore, this long helix of the
mRNA and for protein synthesis via peptide bond formation. small subunit is involved in several of the contacts between
The first process takes place in the decoding center, whichthe two ribosomal subunits, e.g. with 5.8/25S rRNA or with
is assembled by nucleotides from helices 18, 24, 27, 34, andribosomal proteins rpl23 and rpl24 of the large subuBjt (
44 of 16S (18S) ribosomal RNALY and some ribosomal  Helix 27 of the 16S (18S) rRNA contacts helix 44 below
proteins ). Peptide bond formation is carried out in the the decoding region9j, and it is also involved in a bridge
peptidyltransferase center, which is apparently composedto the 5.8/25S rRNA of the large subunit of yea$§).(
mainly from nucleotides of domain V of 23S (25S) rRNA Moreover, inE. coli, the 900 tetraloop that caps helix 27 of
3, 4). 16S rRNA forms a motif that docks into the minor groove

The 18S rRNA of yeast is 256 nucleotides longer than of three base pairs at the bottom of helix 24 of 16S rRNA
the 16S rRNA ofEscherichia coli but its overall tertiary  (10). Both the tetraloop and its receptor in helix 24 contact
structure is well conserved); Helix 44 of 18S rRNA is helix 67 of 23S rRNA, forming the B2c intersubunit bridge
the conserved core of the decoding region. Two of its (11). Mutations in helix 24 and/or helix 27 have an impact
universally conserved bases, A1492 and A1493, are essentiabn translational fidelity due to a possible perturbation of B2c
for cell viability and for A-site tRNA binding ). In the assembly or structurel().

presence of MRNA and cognate tRNA in the ribosomal  \cleotides from helix 18 and helix 34 of 16S rRNA also
A-site, A1492 and A1493 flip out of the interior of helix 44 4 icipate in the assembly of the decoding site. It has been
and interact with the second and first base pairs of the t5nq that G530 of helix 18 undergoes a conformational

codon-anticodon helix, respectivelyr). In this way, they change in the presence of mRNA and aminoacyl-tRNA and
cause transition of the small ribosomal subunit from an open jieracts with A1492 in helix 44. with the anticodon in the

to a closed conformation, making the recognition of cognate ggcong position and with the codon in the third position,

T This work was supported by the European Social Fund (EKT), the whereas C1054 of helix 34 stacks against G36 of the
Operational Programme for Educational and Vocational Trainin’g Il antlchon _Stem loop of A'S'te'bolund tR_N}X)( .Moreover’ .
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studies have shown that efficient tRNA discrimination is

based on the large differences in the forward reaction rates

of GTPase activation and accommodatids)(

Increasing evidence suggests the existence of an intimate

cross talk between the two ribosomal subunits and that an
element of one subunit affecting a specific activity of this
subunit may have pleiotropic effects on functions of the other.
Thus, mutations in the large subunit, ergn5in the sarcin/
ricin loop of yeast 25S rRNA14), or in ribosomal proteins,
e.g., in L39 (5), not only influence the 60S subunit-
associated catalytic activity of the ribosome but also affect
translational fidelity, a 40S subunit-associated activity.

In yeast, mutatiomdn1A(C1054A E. colinomenclature)
in helix 34 of 18S rRNA was found to cause dominant
nonsense suppression, whereas mutatebrlT (C1054U)
was a recessive antisuppressis)( Yeastrdn2 (G517A) in
helix 18 of 18S rRNA was shown to inhibit nonsense
suppression induced by paromomycit7), Of the corre-
sponding substitutions iB. coli, C1054A and G517A behave
as translational suppressors and reduce translational fidelity
while C1054U does not affect fidelityl 8, 19).

In the present work, we examined whether mutations
rdnlA rdnlT, andrdn2, apart from affecting readthrough

at stop codons, affected also the accuracy of decoding at
sense codons as well. Moreover, we examined their influence

on other parameters of protein synthesis including peptidyl-
transferase activity. We found that a translational fidelity
mutation belonging to the 40S subunit may affect the
catalytic activity, a 60S subunit activity, lending further
support to the notion that the two subunits intercommuni-
cate.

Translational fidelity and oxidative balance are two of
several parameters affected during cell aging. The production

of free radicals during metabolic processes enhances thete

oxidative modification of protein targets including transla-
tional elongation factor2Q). Studies conducted in prokary-
otes have demonstrated that increased levels of transcription
and translational errors induce protein oxidatigf)( Thus,
the possible effect of translational fidelity mutations on the
oxidative status of the yeast cell was also targeted in this
study.

MATERIALS AND METHODS

Strains and PlasmidsThe previously constructed strains
rdnwt (L1494), rdn1A (L1583), rdn1T (L1597), andrdn2
(L1522) @6, 17) were used in the present study. All strains
contain complete and stable deletions of the chromosomal 9
kb rDNA units RDN) and a new multicopy plasmid pRDN
carrying in tandem the genes for 18S, 25S, 5.8S, and 5S
rRNAs as well as regulatory sequences. Moreover, strains
L1583, L1597, and L1522 carry in addition substitutions
C1054A ¢dnl1A), C1054U (dnlT) in helix 34, and G517A
(rdn2) in helix 18 of 18S rRNA (Figure 1 and Table 1),
respectively. All substitutions were introduced to and
expressed through the high-copy plasmid pRDN.

In Vivo ProceduresCells from the various strains were
grown in YPD medium containing 1% yeast extract, 2%
peptone, and 2%-glucose at 30C.

To measure sensitivity of the various strains toward
selected antibiotics, such as paromomycit,cels/mL from
each freshly grown yeast colony were added to YPD media
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FIGURE 1: Secondary structure of th®. cereisiae 18S rRNA
(related information is available at http://www.rna.icmb.utexas.edu).
The positions of mutationsin1A rdnlTin helix 34, andrdn2in
helix 18, corresponding to nucleotide substitutions C1054A,
C1054U, and G517A, respectively, are indicated.

containing increasing concentrations of paromomycin. Cells
were grown at 30C until the culture without antibiotic was
grown to an optical density at 660 nm of 0.9, which was
taken as 100%. At this point, growth of all cultures was
stopped. Increasing concentrations of the drug begin to inhibit
cell growth, resulting in optical density decreases. For each
strain, the concentration of paromomycin required for 50%
inhibition of cell growth was determined.

Alternatively, the sensitivity toward antibiotics was de-
rmined with the antibiotic disk assay, in which ap-
proximately 10 cells were spread evenly on YPD plates
Fontaining in addition 2% agar. Paromomycin at the ap-
propriate concentrations was pipetted onto 5 mm Whatman
(3MM) paper disks placed evenly on the surface of the YPD
medium. The plates were incubated at°8for 3—6 days.
Clear and white circles around the disks indicate sensitivity
and phenotypic suppression, respectively.

In Vitro ProceduresThe preparation of a yeast cell-free
system, the translation of poly(U) templates, the fidelity of
translation expressed as the error frequency measured by the
misincorporation of JH]leucine, the time course of polyphe-
nylalanine synthesis using{]Phe-tRNA, the A- and P-site
binding studies, and the sucrose gradient analysis were all
carried out as described previouslys).

Preparation of a Ternary Complex Acéi in Peptide Bond
Formation.Unwashed ribosomes and soluble protein factors
from wild-type or mutant yeast cells as well as A&f[Phe-
tRNA were prepared as described recenfly) ( Complex
C, i.e., the Ac-fH]Phe-tRNApoly(U)-80S ribosome com-
plex, was formed and purified through adsorption on
cellulose nitrate filter disks. The filter disks with the adsorbed
complex C were gently shaken for 45 min &tGin binding
buffer containing 0.05% Zwittergent 3-12 (ZW) (1.8 mL/
whole disk). The extraction was stopped by removing the
filters, and the complex C-containing ZW extract was used
in the puromycin reaction. The amount of A#d|Phe-tRNA
bound to poly(U)-programmed ribosomes was determined
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Table 1: Genotypes of Yeast Strains

strain genotype mutation

wt (L1489) MATa adel-14(UGA) his7—1(UAA) leu2—3,112 lys2-L864UAG) trp1A1 ura3—52 none

rdnwt (L1494) MATo ade-14(UGA) his7—1(UAA) lys2-L864UAG) leu2—3,112 trpIA1 ura3—52RDNA pRDN-wt none
(TRP1 LE2-d rDNA)

rdn1A(L1583) MATa adet-14(UGA) his7—1(UAA) lys2-L864UAG) leu2—3,112 trpIA1 ura3—52RDNA pRDN-1A C1054A
(TRP1 LE2-d rDNA)

rdn1T(L1597) MATa adet-14(UGA) his7—1(UAA) lys2-L864UAG) leu2—3,112 trpIA1 ura3-52RDNA pRDN-1T C1054U
(TRP1 LEW2-d rDNA)

rdn2 (L1522) MATa adet-14(UGA) his7—1(UAA) lys2-L864UAG) leu2—3,112 trpIA1 ura3—52RDNA pRDN-2 G517A
(URA3IDNA)

by measuring the trapped radioactivity in the ZW extract in 10000 ¢

a scintillation spectrometer.

In Vitro Assay for Peptidyltransferase Adgty. The
reaction between the AéHJPhe-tRNA of complex C in the
ZW extract and puromycin (puromycin reaction) was carried
out as described recentlyt4). ZW extract (0.9 mL) was
preincubated for 2 min at 30C and then reacted with
puromycin. At the end of each incubation period, the
percentagex) of the bound donor, AciH]Phe-tRNA, that
was converted to product P (AéH]Phe-puromycin) was
measured. Each percentag@ Was corrected by dividing
its value, first, with factoA (A = C/Co, whereC andC, are Time (hours)

the amounts of surviving complex C in binding buffer at Ficure 2: Growth curves of wild-type andin mutant strains. Cells,

the end of each incubation period and at zero time, respect-109/mL of each culture, were added to YPD medium and grown at
ively), and, second, with the extent factarThe extent factor 30 °C. The number of cells was monitored in a hemocytometer at

is determined when complex C is allowed to react completely appropriate time intervals. The curves represent growth of the
at any concentration of puromycin. By the first correction fgllowmg I?éra'.”S: rldnwt (053” triangles)rdnlA (solid squares),
(X/A), the parallel inactivation of complex C during the rdn1T (solid triangles), anddn2 (open squares).

puromycin reaction is subtracted, while by the second
correction, the intervention of any species other than complex
Cis erased as if 100% of the bound At{[Phe-tRNA were

1000 |

cells x 10°/ ml
2
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borohydride (BH) 22). In addition, protein thiols (PSH) and
protein disulfides (PSSP) were determined in the resulting
reactive toward puromycin. Thus, the experimental values protei_n pellet by the same photometric mgt_hod, according
of x were corrected by factb@\a : é ¥ = YIAa to whlc_h the protein pellet was urea-solubilized to expose
’ T e ) PSH thiol groups to DTNB as well as those resulting from
Preparation of Cells and in Vitro Assays for the Study of psgp after BH reduction.
Oxidative StressYeast cells were grown in YPD medium
at 30°C up to 16 cells/mL, diluted in the appropriate buffer,
lysed with glass beads, and centrifuged at 4pfa® 5 min
at 4 °C. The supernatant was collected and used for the
determination of lipid peroxidation and nonprotein disulfides
(NPSSR). Lipid peroxidation was assayed by a modified
thiobarbituric acid- (TBA-) based metho#3). Specifically,
0.35 mL of the sample was mixed with 0.35 mL of TBA RESULTS
reagent followed by addition of &L of a 2% (w/v) solution
of the lipid antioxidant butyl hydroxyanisole. The mixture  Growth Rates of rdn Mutant Strain§he introduction of
was incubated at 100C for 20 min and brought to room  high-copy plasmid pRDN (strain L1494, Table 1) was not
temperature, then 0.7 mL of 1-butanol was added, and theentirely innocuous for the cell. This straminwt, grew with
mixture was centrifuged at 150g0dor 3 min. Absorbance  a doubling time of 118 min compared to 96 min for the wild-
of the upper butanol layer was measured at 535 and 600 nmtype strain carrying the chromosomal RDN locus (strain
against appropriate sample and reagent blanks. The absort 1489). Impressively, nucleotide substitutions at a position
bance difference between 535 and 600 nm was converted toof 18S rRNA corresponding to C1054 Bf coli 16S rRNA
malondialdehyde (MDA) equivalents using the extinction |ed to widely different growth rates. Thus, cells carrying
coefficient for MDA, 1.55x 10> M~* cm™ (22). Lipid adenine in place of cytosinednlA) caused a very poor
peroxidation was expressed in picomoles of MDA equiva- growth phenotype; their doubling time was increased to 280
lents per milligram of total protein. min (Figure 2). In contrast, cells carrying uracil in place of
Nonprotein disulfides (NPSSR), isolated by fractional cytosine (dnl1T) grew with a doubling time of only 154 min,
trichloroacetic acid- (TCA-) based protein precipitation, were i.e., at a rate twice as fast as thatrdhl1lAand only slightly
determined in the resulting supernatant by a photometric slower thanrdnwt The third mutantrdn2 (G517A), in
method based on the reaction of Ellman’s reagent-5,5 agreement with previous finding4?), exhibited also a slow
dithiobis(2-nitrobenzoic acid) (DTNB) with thiol sulfhydryl ~ growth phenotype and grew with a doubling time of 200
groups after reduction of nonprotein disulfide bridges by min.

Statistical AnalysisThe data variability was estimated
using the one-way analysis of variance (ANOVA) procedure.
We used the F-Scheftest to determine which means were
significantly different from each other. All statistical tests
were performed using an SPSS program for MS Windows,
release 6.0.
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Ficure 3: Time courses of polyphenylalanine synthesis. Poly(U)-
programmed wild-type andin mutant ribosomes were incubated
with [3H]Phe-tRNA at 30°C for the indicated time intervals. The
curves correspond to the following straingtnwt (open triangles),
rdnlA (solid squares)rdnlT (solid triangles), anddn2 (open
squares).

Table 2: Translational Error Frequencies (EF) in Vitro of

Konstantinidis et al.

40 to 309 misincorporated leucines per 10000 translated
codons. In contrastdnl1T ribosomes improved the transla-
tional fidelity levels, as shown by the reduction of the error
frequency from 0.0040 to 0.0027. Finallsdn2 ribosomes
increased translational fidelity, to such a degree that the error
frequency was nearly zero; i.e., no leucine misincorporation
was observed in our in vitro system. On the strength of these
in vitro results, mutatiorrdn2 is the most hyperaccurate
mutation identified to date.

Ribosomal RNA is a target for several antibioti&3)
Aminoglycoside antibiotics bind to the decoding center of
yeast ribosomes, making the protein-synthesizing machine
more susceptible to errors during translatiag)( Paromo-
mycin is such an antibiotic; it binds in the interior of helix
44 (7) and causes misreading by inducing increased binding
of near-cognate aminoacyl-tRNA to the A-site of the
ribosome 24). In agreement with this, paromomycin at 50
uM caused a general increase of the error frequencies in all

Wild-Type and Mutant Ribosomes in the Absence or Presence of 50 Strains, confirming its character as an error-inducing agent.

uM Paromomycin (PM)

EF+ SE
strain —PM +50uM PM
rdnwt 0.0040+ 0.0008 0.0893t 0.0093
rdnlA 0.0309+ 0.0017 0.3711+ 0.022%
rdnlT 0.0027+ 0.0007 0.0136: 0.001%
rdn2 ~0? 0.0052+ 0.0008

a Statistically different (one-way analysis of variance, F-Schife,
p < 0.05) from the wild type in the absence of PNGtatistically
different (one-way analysis of variance, F-Scheéfst,p < 0.05) from
the wild type in the presence of M PM.

Polyphenylalanine Synthesis Capacity of rdnwt and rdn
Mutant RibosomesThe protein synthesis activity of wild-

The error frequency of the wild type itself was raised
substantially by 853 additional misincorporations per 10000
translated codons (Table 2). However, the increase was
highest forrdn1A ribosomes in which the error frequency
was raised by 3432 additional misincorporations per 10000
translated codons. Interestingly, straide1Tand, especially,
rdn2 confirmed their own error-restrictive character since
in the presence of paromomycin their error frequencies were
slightly raised but remained below wild-type levels of
increase; i.e., they were raised by only 109 and 52 misin-
corporations per 10000 translated codons, respectively.
The results reported here were obtained with 11 mMMg
in the in vitro translation assays. Similar results were
subsequently obtained at conditions closer to the in vivo

type and mutant yeast ribosomes was measured in vitro fromsituation, i.e., at 2.5 mM Mg and 3 mM spermidine.

the rate and extent of polyphenylalanine synthesis in a poly-

(U)-dependent translation system.
In this system, the rate of protein synthesis of thelA

Paromomycin Sensility and Suppression Associated with
18S rRNA MutationsThe loss of translational accuracy
caused by paromomycin has often been linked to hypersen-

ribosomes was twice as high as the wild-type and the othersitivity of the mutant strains toward this antibiotic. Figure
strains under study, indicated by the steeper slope of the4A shows that the growth of thein1Astrain was inhibited

curve (Figure 3). Apparentlydn1Aribosomes recognize the

codon triplet (UUU) in a more efficient and rapid way than
the other strains. All other strains, including the wild type,
exhibited similar initial rates of polyphenylalanine synthesis.
As expected, thedn1Aribosomes reached maximal pheny-

lalanine incorporation earlier than the other strains, i.e., after

8 min compared to at least 32 min for the other strains.

by 50% at 16«M paromomycin compared to 4 for the
rdnwt strain. Conversely, 50% inhibition of cell growth was
increased slightly to 5M paromomycin for the slightly
hyperaccuraterdnlT strain and to as much as 508V
paromomycin for the highly hyperaccurat@n? strain.

These findings were further supported with the antibiotic
disk assay, the results of which are depicted in Figure 4B.

Nevertheless, the extent of the reaction, corresponding toThis method determines levels of suppression as well as

the total amount of polyphenylalanine formed, was similar
for all strains.

Effect of 18S rRNA Mutations on Translational Fidelity
in Vitro. It has been previously shown in yeast that mutation

paromomycin sensitivity. The white color of thén1Acells
on YPD medium indicates strong suppression ofatel—
14 (UGA) marker while the light red color of theln1T cells
indicates antisuppression and the dark red colodo? cells

rdnlAcaused suppression and increased readthrough at stophdicates even stronger antisuppression of #uel-14

codons whereas mutationdn1T andrdn2 caused antisup-

(UGA) marker.

pression and reduced readthrough at stop codons. To examine A further finding of this assay was the determination of
whether these mutations affect the accuracy of decoding atparomomycin sensitivity associated with the three mutants
sense codons as well, we measured the misincorporation ofunder study. By comparing antibiotic-induced zones of
the near-cognate amino acid leucine relative to the cognategrowth inhibition (Figure 4B), we observed thanlAcells
amino acid phenylalanine using a poly(U)-dependent cell- are more sensitive to paromomycin thaimwt cells, since
free translation system. in a 9 cmdiameter YPD plate thedn1A cells had an area
As shown in Table 2xdn1Aribosomes exhibited decreased of growth inhibition (clear circles), in which the distance of
translational fidelity by a factor of 8; the error frequency the cells from the disk soaked with 8. of 1000 mg/mL
was raised from 0.0040 for the wild type to 0.0309, i.e., from paromomycin was 14 mm compared with 6 mm for the
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Ficure 4: Inhibition of cell growth in the presence of paromomycin. (A) Cells were grown in YPD &#C30ntil the culture without
antibiotic reached afgg 0f 0.9, which was taken as 100%. Concentrations of paromomycin are as indicated. The curves correspond to the
following strains: rdnwt (open triangles)rdn1A (solid squares),dnlT (solid triangles), anddn2 (open squares)B) Antibiotic activity

disk assay. Cells~10") from rdnwt or mutant strains were spread on YPD plates and grown &C3@0Paromomycin at the indicated
concentrations (300 and 1000 mg/mL) or water as contraL{5wvas pipetted onto filter paper disks. Clear circles around the disks indicate

the killing effect of the antibiotic. Red or white colonies indicate phenotypic antisuppression or suppression, respectively, of the genetic
markeradel-14(UGA). From left to right: rdnwt strain,rdn1A strain, rdn1T strain, andrdn2 strain.

Table 3: Effect ofrdn Mutations on the Binding of Phe-tRNA and been observed for other error-prone mutatidi¥ (5). The

Ac-Phe-tRNA to A- and P-Sites and on the Peptidyltransferase other two strainsrdnlT and rdn2, displayed a slightly
Activity of Yeast Ribosomes decreased A-site binding of cognate aminoacyl-tRNA. Such
% of control ks K. KoKe decrfaa_sed stabi_lity has also been found for other error-
strain  Asite  Psite  (min?)  (mM) (mintmM-Y) restrictive mutations26).
Wit 100° 100 1461004 085 172 Our res_ults on P-site binding (Tab_le 3) show that none of
rdnlA 175+ 14 1054+ 5 0.82+ 0.0F 0.79 1.04 the mutations under study affected significantly the AdH
rdnlT 87+8 97+9 1.324+0.08 0.80 1.65 Phe-tRNA binding, an indication that none of the two
rdn2  86+7 99+7 1.2540.06 0.75 1.67 nucleotides, C1054 or G517, is placed close enough to the

2100% represents 0.162 molecule &#H[Phe-tRNA bound to the  ribosomal P-site.
A-site per molecule of ribosome%100% represents 0.106 molecule Effect of rdn Mutations on Peptide Bond Formation.

of Ac_—[3_|—|]Phe-'_[RNA bound to the P-site per molecule of ribosomes. Ternary complex C, prepared as described in Materials and
‘ siagsggzayy d'f{ﬁre”t.léotne'way analysis of variance, F-Schefta, Methods, contained 27% of the input Ac-Phe-tRNA (B:&

p = 0.05) from the wild type. units or 42 pmol of Ac-Phe-tRNA/0.2 mL of binding

) . . mixture), since only 27% of the input of the radioactivity
isogenicrdnwtcells. In contrastidn1Tcells are slightly more  \yas adsorbed on the cellulose nitrate filter disk. Thus,
resistant to paromomycin thadnwt cells, whilerdn2 cells complex C contained 11.3 pmol of Ac-Phe-tRNA. Assuming
are a lot more resistant thasgnwtcells. Under the conditions 4 1:1 combination, this complex C also engages 10.6% of
described above, the relative distances were 5 and 0 MM he ribosomes added (6/0 Units or 107.3 pmol). Hence,
respectively. It should be noted that the white circles around g 106 molecule of Ac-Phe-tRNA is bound per molecule of
the disks are indicative of a level of suppression caused by poly(U)-programmed ribosomes.

paromomycin in analogy to the increased error frequencies  The peptidyltransferase activity of ribosomes was assessed

caused by paromomycin in vitro. by the puromycin reaction carried out at 3C in the
These results indicate that in the case ofrth&l andrdn2 presence of 9 mM M{J. Under these conditions, the reaction

mutations the misreading and killing effects of paromomycin between complex C and excess puromycin (S) follows

operate in concert. This is not always the case; e.gdrib, pseudo-first-order kinetics to produce Ac-Phe-puromycin (P):

a mutation of 25S rRNA recently studieil4; 25), the two

effects were separate. C+ S‘L—S ng C+p @

Effect of rdn Mutations on the Binding oiH]Phe-tRNA
and Ac-PH]Phe-tRNA to Ribosomal A- and P-Sites, Respec- At each concentration of puromycin, the apparent first-order
tively. Table 3 shows the A-site binding capacities of the rate constarity,scan be calculated from semilogarithmic time
rdn mutant strains for the cognate aminoacyl-tRNA expressed plots, represented by the relationship
as percent of the radioactivity contained in the Phe-tRNA
80Spoly(U) complex. Of the thregdn mutants under Kops = Ks[SI/(Kg + [S]) (2)
consideration, onlydn1Ashowed a substantial increase, i.e.,
75%, in its ability to bind Phe-tRNA compared to wild type. where ks is the catalytic rate constant ands is the
Such increased stability of aminoacyl-tRNA binding has also dissociation constant of the encounter complex CS.
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Ficure 6: Nonprotein disulfide levels, expressed in micromoles
of NPSSR per gram of protein, fodnwt andrdn mutant strains in

-sygee

pmoles NPSSR / g protein

-2 2 6 10 14 the absence (white panels) or in the presence (gray panels) of 150
uM paromomycin. The sequence of the paromomycin-treated strains
10°/ [Puromycin] M is the same as when no paromomycin was used. Each value

represents the meait SE of triplicate measurements of two
independent experiments. Footnotes: a, statistically different (one-
way analysis of variance, F-Schetfest,p < 0.05) from the wild
type in the absence of PM; b, statistically different (one-way
analysis of variance, F-Scheftest,p < 0.05) from the wild type

in the presence of 150M PM.

Ficure 5: Peptidyltransferase activity of thén mutant ribosomes.
From the double reciprocal plots K4sversus 1/[puromycin]), the
values ofk; and Ks for all strains were determined. The plots
representdnwt (open trianglesydnl1A(solid squaresydnlT (solid
triangles), anddn2 (open squares).

Table 4: Proportion of Ribosomal Particles Isolated from

Wild-Type or Mutant Cells following Sucrose Gradient Analysis and ribosomal subunit profile atin2, the third mutation

under study, was similar to that efinwt

strain S . . .
) ) Oxidative Stress Studiedt is known that translational
ribosomal species rdnwt _rdnlA rdniT rdn2  figelity and the oxidative balance are two among several
polysomeS_an% 80S monosomes (%) 86.7 86.2 864 86.6 parameters altered, as cells grow oR¥)( To examine if
28§ :SEEE:E E"ﬁg g'g 1%; g'; 2-3 these translational fidelity mutations affect the oxidative
60S/40S 26 56 25 2o balance of the cell, we grew all rRNA mutant strains until

the late log phase where cell divisions are minimized, and
Equation 2 predicts that a plot of the reciprocal of the We determined the Igvel_s of four '0>'<idative stress marke(s,
experimentalkyss versus the reciprocal of the puromycin  -€- the nonprotein d!sulfl_des, the lipid peroxides, the protein
concentration (double reciprocal plot) should be linear. The thiols, and protein disulfides.
values ofkypsobtained for the wild-type strain were fitted in Nonprotein disulfides consist of molecules that carry sulfur
eq 2 from which the double reciprocal plot gake= 1.46 atoms, which are joined together via disulfide bonds. As
min~! andKs = 0.85 mM (Table 3 and Figure 5). shown in Figure 6 (white panels), the error-prone mutation
The reaction of complex C from thein mutant strains  rdnl1Aexhibited the least pronounced oxidative modifications
with puromycin followed also pseudo-first-order kinetics, and Since the number of disulfide bonds formed between non-

the semilogarithmic time plots were also linear. Double Protein thiol molecules was significantly decreased compared
reciprocal plots were linear, too (Figure 5). From these plots t0 rdnwtand the other strains. In contrast, the error-restrictive

the first-order Cata|ytic rate Constanﬂ%)(for the rdnlA mutationrdn2 formed more disulfide bonds between non-

rdn1T, andrdn2ribosomes were estimated at 0.82, 1.32, and Protein thiol molecules, an indication of a higher level of
1.25 min?, respectively (Table 3). The dissociation constant oxidative modifications than wild type. The other error-
K remained essentially the same for all mutants. Thus, ratio restrictive mutation under studydnlT, displayed no sig-
ki/Ks, a second-order rate constant, which is an accuratenificant difference compared tanwt
measure of peptidyltransferase activity, was estimated at 1.04, A similar pattern was obtained when malondialdehyde
1.65, and 1.67 mint mM~1, respectively, compared to 1.72 (MDA) levels were determined. MDA is the product of lipid
min~t mM~1 for rdnwt In conclusion, mutation C1054A  peroxidation and serves as a specific oxidative stress marker.
(rdn1A) lowered peptidyltransferase activity to about half The strongly error-prone mutatiawin1A and the strongly
its normal value, whereas mutations C1054U and G517A error-restrictive mutationdn2 caused a pronounced decrease
caused no significant effect on the catalytic properties of the and increase in MDA production, respectively (Figure 7,
yeast ribosome. white panels). MutatiorrdnlT, the second and less pro-
Mutation rdnlA Causes an Imbalance in Ribosomal nounced error-restrictive mutation, failed to show any
Subunits From the polysome profiles of mutant and wild- ~ significant change in the amount of MDA produced.
type strains, a significant decrease in the proportion of 40S  Two further redox state markers were determined in the
subunits in the error-prone strain carrying mutatrdn1A present study, the reduced protein thiols (PSH) carrying
was observed (Table 4). This was accompanied by ansulfhydryl groups and the oxidized protein thiols (PSSP)
increase in the proportion of 60S subunits. The ratio of 60S: carrying disulfide bridges. High levels of PSH and low levels
40S was raised to 5.6 compared to 2.6 for the wild-type of PSSP are two indicators of lower oxidative stress.
strain. This subunit imbalance may be responsible for the Mutationrdn1Acaused a 2-fold increase in the levels of PSH,
poor growth phenotype displayed bgnlA In contrast, whereas mutationsin1Tandrdn2 caused a decrease in PSH
mutationrdnlT, carrying uracil instead of adenine in position levels to almost zero (Table 5). Moreover, the levels of PSSP
1054, did not affect the amount of 40S or 60S subunits, and were lowered inrdn1A and, conversely, increased in both
the ratio remained the same as for wild type, i.e., 60S:40S error-restrictive mutations, withrdn2, the more error-
equal to 2.5. Mutatiomdnl1T did not influence the amount  restrictive of the two, showing the highest increase. Ratio
of 80S ribosomes or polysomes either. Equally, the polysome PSH/PSSP is, therefore, a reliable index of the redox state
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helix 34 and G517 in helix 18 of 18S rRNA are in fact crucial
for the control of general translational fidelity.

We show that mutatiordn1Ain yeast (C1054A) increased
significantly the error rate (Table 2), and this was ac-
companied by higher sensitivity toward paromomycin (Figure
4). These results confirm earlier findings tmedh1A caused
translational suppression at stop codob®) @nd show that
rdnlA generates translational infidelity at sense codons as
well. In contrastydnlT (C1054U) decreased the error rate,

rdn mutant strains in the absence (white panels) or in the presenceand this was accompanied by a slightly increased resistance

(gray panels) of 15uM paromomycin. The sequence of the
paromomycin-treated strains is the same as when no paromomyci
was used. Each value represents the meaSE of triplicate
measurements of two independent experiments. Footnotes: a
statistically different (one-way analysis of variance, F-Schifé,

p < 0.05) from the wild type in the absence of PM; b, statistically
different (one-way analysis of variance, F-Sche#st,p < 0.05)
from the wild type in the presence of 15M PM.

Table 5: Levels of Protein Thiols (PSH) and Protein Disulfides
(PSSP) in Wild-Type and Mutant Yeast Cells

strain
redox marker rdnwt rdnlA rdnlT rdn2
PSH g«mol/g of protein) 12 26 4 ~0
PSSP gmol/g of protein) 107 71 164 199
PSH/PSSP 0.11 0.37 0.024 ~0

of a cell. A 3-fold increase signifies lower oxidative stress
for the error-prone mutantdnlA whereas a decrease to
0.024 and to 0 signifies higher oxidative stress fdn1T
and, especiallyrdn2, respectively.

Effect of an Error-Inducing Antibiotic on Oxidag Stress.

to paromomycin. Apparently, different substitutions at the

Nsame position (C1054) may cause opposite effects, i.e.,

suppression and general translational infidelity or antisup-
pression and enhanced fidelity. The significance of C1054
was also drawn from the sucrose gradient analysis of
polysomes of therdnlA and rdnlT strains. Indeed, the
polysome profile data suggest that the balance in ribosomal
subunits is compromised by the C1054A substitution, while
it remains intact by the C1054U substitution (Table 4). This
difference may explain the poor growth afn1A mutants
and the near normal growth ofin1T mutants.

Furthermore, we show that the third mutation under study,
rdn2 (G517A), decreased the error rate to nearly zero, making
it the most hyperaccurate mutation studied thus far. Such
hyperaccuracy is even more interesting as the possibility of
a mixed population of ribosomes cannot be entirely excluded.
However, error rates near zero were repeatedly obtained from
successive ribosomal preparations of this strain. A substan-
tially higher resistance to paromomycin accompanied this
hyperaccuracy.

Binding of cognate aminoacyl-tRNA to the A-site proceeds

If the hypothesis is true that an error-prone cell causes lessyapidly and efficiently with essentially no rejection. In

oxidative stress, then it is possible that an error-inducing

contrast, most of near-cognate aminoacyl-tRNA is rejected

antibiotic such as paromomycin also reduces oxidative stressqye to both low stability of aminoacyl-tRNA binding and
This hypothesis was tested in a similar series of experiments|gwer rate of accommodation ). The error-prone mutation

in which cells from the various strains were grown in the
presence of paromomycin.
At 150 uM paromomycin an almost 2-fold decrease in

rdnl1A showed increased stability of cognate aminoacyl-
tRNA binding while error-restrictive mutationsin1T and
rdn2 showed decreased stability. Since A-site binding is a

the growth rates of all strains was observed, presumably duenonequilibrium process driven by the irreversible forward

to impaired protein synthesis capacity. This error-inducing
antibiotic caused a reduction of nonprotein disulfides (Figure
6, gray panels) and lipid peroxides (Figure 7, gray panels)
in all strains, while retaining intact the character of each strain
as defined in Figures 6 and 7 (white panels). Thus, in the
presence of paromomycin, evanl1T, which is only slightly
hyperaccurate, showed a statistically significant increase in
the amount of MDA produced compared with wild type.
These results offer additional evidence that the loss of

reactions of GTP hydrolysis and peptide bond formati8), (
these differences in stability may be the result of conforma-
tional changes at the decoding center.

Further support for the importance of conformational
changes at the decoding center comes from kinetic studies
of the error-inducing effect of the antibiotic paromomycin
(29, 30) combined with the crystal structures of 30S subunits
with cognate or near-cognate substrates stabilized by the
antibiotic (7, 8). Paromomycin causes the same conforma-

accuracy is associated with a decrease of oxidative stressijgna| change at the decoding center even in the absence of

while hyperaccuracy is combined with an increase of
oxidative stress.

DISCUSSION

In the present work we carried out a detailed biochemical
analysis of the effect of yeast 18S rRNA mutatiodslA
rdnlT, andrdn2 (Figure 1) on several parameters of protein
synthesis and on specific functions of the cell. Genetic studies
had shown previously that these mutations interfere with
translational termination and with changes in the resistance
to paromomycin 16, 17, 28). We confirm that these
mutations behave as translational suppressors or antisup
pressors and provide in vitro evidence that yeast C1054 in

correct codor-anticodon interaction. Formation of the
complex stabilizes near-cognate aminoacyl-tRNA and in-
creases the rate of GTP hydrolysis in the near-cognate ternary
complex almost to the level of the cognate substra®. (

In E. coli, substitutions C1054A and G517A behaved as
translational suppressors and reduced translational fidelity,
whereas substitution C1054U did not cause either suppression
or antisuppressiorlg, 19, 31). Moreover, mutant ribosomes
from E. coli carrying a deletion in this position, C10A4
caused suppression of all three nonsense codons, pointing
to a possible effect of C1054 on translational termination
{32). Thus, it is quite interesting that, of the three translational
fidelity mutations under study, only onggn1A (C1054A),



3532 Biochemistry, Vol. 45, No. 11, 2006 Konstantinidis et al.

maintained the same direction in yeast agircoli. Mutation strongly decrease the rate of puromycin reaction, and this
rdnlT (C1054U) caused hyperaccuracy in yeast versus nomay be independent from the rate of polyphenylalanine
suppression or even antisuppressioR.coli, while mutation synthesis.
rdn2 (G517A) caused extreme hyperaccuracy in yeast versus - Fing|ly, another major conclusion with far-reaching im-
suppression ir. coli _ plications may be drawn from the present study. The changes
The rate of peptide bond formation was measured by the i, ransiational fidelity of the mutations under study affected
puromycin reaptlon, a pseudo—f_lrst—order reac_tlon. At saturat- the oxidative balance of the cell. Thus, the error-prone
ing concentrations of puromycin, the catalytic rate constant i tationrdn1Adecreased lipid peroxidation and nonprotein/
ks is independent of the puromycin concentration and of the rqtein disulfides, factors that are indicators of high oxidative

population of active ribosomes. Therefoke would be the

same regardless of whether the percentage of active ribo-

somes was higher or lower than the 10.6% reported here.
Mutationrdn1Areduced the rate of peptide bond formation
to half its normal value (Table 3 and Figure 5), not quite
sufficient to make it essential for peptide bond formation
but enough to make this region of 18S rRNA a contributory
factor for ribosome’s optimal catalytic activity, possibly via
allosteric interactions. The catalytic center of a ribosome may
be composed entirely from specific nucleotides of the large
ribosomal subunit rRNA 4), but the fine-tuning of this
activity involves in addition a number of elements of both
subunits. IrE. coli, ribosomal protein L2 of the 50S subunit
was shown to be involved in ribosomal association, in tRNA
binding to A- and P-sites, and in peptidyl transf8B8); In
yeast, these elements include ribosomal proteins 1329 (
and L41 B5) of the 60S subunit as well as a number of
nucleotides, such as C2658 of 25S rRN)(and, as shown
here, C1054 of 18S rRNA.

The fact that mutatiomdn1A transcends the confines of
the small ribosomal subunit and has an impact on the
catalytic activity of the ribosome, an activity associated with
the large ribosomal subunit, is one more indication that the
two ribosomal subunits are in constant intercommunication.
In agreement with this notion, the absence of ribosomal
protein L39 of the 60S subunit decreases the fidelity of
translation {5), and mutation C2658U of 25S rRNA, in
addition to its fine-tuning of ribosomal catalytic activity,
decreases also the fidelity of translatiotd), Interaction
between the distant decoding and catalytic sites can be
achieved either via transmission of conformational changes
within and between the subunits or via ribosome-associated
factors or substrates connecting the different sites. Both
principles operate during protein synthes3)(

The rate of polyphenylalanine synthesis was doubled in
rdn1Amutants compared to wild type (Figure 3). Since A-site
binding is the rate-limiting step of the elongation cycle of
protein synthesis37), a similar increase (75%) of A-site

stress (Figures 6 and 7, Table 5). Additionally, protein thiols,
an indicator of low oxidative stress, were increased. In the
case of the nonprotein disulfides, free radicals can attack
free thiols and convert them to thiol radicals, which in turn
combine to form disulfides. Moreover, protein thiols and
protein disulfides are important indicators of oxidative stress,
since they can result (a) from formation of interdisulfide
bridges between protein thiols (inter-PSSPs), leading to the
formation of protein aggregates, and (b) from formation of
intradisulfide bridges within proteins (intra-PSSPs) undergo-
ing oxidative tertiary structure modification. Intraprotein
disulfides are important thiol redox indicators as they are
formed during the activation/inactivation of receptors, in the
inactivation of enzymes, transporters, and transcriptional
factors under conditions of oxidative stress, whereas inter-
protein disulfides are formed in animal cells during patho-
logical processes associated with oxidative str@g. (n
contrast tadnlA error-restrictive mutationgln1Tandrdn2
increased oxidative stress, as indicated by the increased level
of lipid peroxides and nonprotein and protein disulfides.
Further comparison betweednlT andrdn2 revealed that
rdn2, the more error-restrictive of the two, was also the
mutation most susceptible to these oxidative modifications.
Additional support for the hypothesis that error-prone cells
exhibit less oxidative stress came from studies with paro-
momycin. This error-inducing antibiotic decreased both lipid
peroxidation and the nonprotein disulfides.

The task of pinpointing the causal factors behind the
increased oxidation modifications has proved to be difficult
(39). Thus, Ballesteros et al.2{) have reported that
carbonylation of proteins, another indicator of oxidative
stress, was drastically attenuated in mutants with hyperac-
curate ribosomes, whereas it was enhanced in mutants with
error-prone ribosomes. However, it is possible that protein
oxidation is the result of an increased rate of translation rather
than an increased rate of error frequen2g)(

A plausible explanation for our results is that the more

binding in rdn1A mutants may explain the increase in hyperaccurate the cell, the higher the amount of energy it
polyphenylalanine synthesis. Likewise, rates of polypheny- must spend, e.g. in the form of GTP, to achieve and maintain
lalanine synthesis for thein1T andrdn2 strains similar to  error-free protein synthesis to such a degree that it neglects
wild type reflect the lack of a sizable effect of these two other processes such as the elimination of free radicals. In

mutations on A-site binding.
The fact that the rate of peptide bond formatiorrai1A
mutants was reduced while the rate of polyphenylalanine

contrast, error-prone cells have more energy available with
which to combat free radicals. The present analysis is the
first attempt to correlate translational infidelity with decreased

synthesis was increased is explained by the assumption thapyidative stress in a eukaryotic microorganism.

these two processes have different rate-limiting steps. The
rate-limiting step of the elongation cycle is the occupation
of the A-site, and this is much slower than peptide bond
formation @7, 38). For the puromycin reaction, in contrast,
the rate-limiting step is the formation of peptide bond and
not the binding of puromycin to the A-sit83). As a result,

a significant reduction in peptidyltransferase activity may
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