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The large subunit rRNA in eukaryotes contains an unusually
denseclusterof8–10pseudouridine (�)modifications located ina
three-helix structure (H37–H39) implicated in several functions.
Thisregionisdominatedbya longflexiblehelix (H38)knownasthe
“A-site finger” (ASF). The ASF protrudes from the large subunit
just above theA-site of tRNAbinding, interactswith 5 S rRNAand
tRNA,andthroughthe terminal loop, formsabridge (B1a)with the
small subunit. In yeast, the three-helix domain contains 10�s and
6 are concentrated in theASFhelix (3 of theASF�s are conserved
among eukaryotes). Here, we show by genetic depletion analysis
that the�s intheASFhelixandadjoininghelicesarenotcrucial for
cell viability; however, their presence notably enhances ribosome
fitness. Depleting different combinations of �s suggest that the
modificationpattern is importantandrevealedthat lossofmultiple
�s negatively influences ribosome performance. The effects
observed include slower cell growth (reduced rates up to 23% at
30 °C and 40–50% at 37 °C and 11 °C), reduced level of the large
subunit (up to 17%), impaired polysome formation (appearance of
half-mers), reducedtranslationactivity (upto20%at30 °Cand25%
at 11 °C), and increased sensitivity to ribosome-based drugs. The
results indicate that the �s in the three-helix region improve fit-
ness of a eukaryotic ribosome.

A common feature of ribosomal RNAs is the presence of
several types of modified nucleotides that are formed at the
precursor level, perhaps before transcription is completed.
Three general classes of modification occur: isomerization of
uridine to pseudouridine (�),3 methylation of ribose groups

(Nm), and methylation of different positions in base moieties
(mN). The � nucleotides constitute the largest single subset of
modification, and these and the othermodifications are heavily
concentrated in regions of the ribosome known or predicted to
be functionally important (1, 2). The conserved nature of the
distribution patterns argues that themodifications have impor-
tant roles in ribosome structure and function. Consistent with
this view, it has been shown that blocking the formation of� or
Nm at the global level in yeast rRNA creates a nearly lethal
growth phenotype (3, 4).
Most such modifications in eukaryotes are formed by small

nucleolar ribonucleoprotein complexes (snoRNPs), and syn-
thesis was disrupted in these latter experiments by point muta-
tions in the snoRNP protein that catalyzes the modification
reaction (3, 4). In general, loss of single rRNA modifications
from yeast or Escherichia coli has had only minor or no detect-
able affect on growth, indicating thatmost individual modifica-
tions provide beneficial effects that are not essential (1, 5, 6).
The bases of these benefits are all but unknown, because only a
few studies have been extended beyond examining effects on
growth. In one such case, depleting different combinations of
1–6 �s from the peptidyl transferase center region in yeast
revealed both negative, synergistic effects on growth rate for
multiple depletions and a substantial reduction (20%) in trans-
lation rate with loss of a particular modification implicated in
tRNA binding at the A-site (7). Another study has shown that
depleting modifications from an intersubunit bridge region in
the large subunit (helix H69) impairs ribosome accumulation
(8).
The present study is of this new generation of modification

depletion analyses, in whichmodifications are blocked in a sys-
tematic, combinatorial fashion from a selected rRNA region
and effects are examined at the levels of ribosome synthesis and
function. Region-specific depletions of this type became possi-
ble and practical with the advent of high resolution crystal
structures of the ribosome, and the discoveries thatmost� and
Nm modifications in eukaryotes (and archaea) are formed by
snoRNPs. The snoRNP complexes contain site-specific guide
snoRNAs, and genetic depletion of the snoRNA blocks forma-
tion of the corresponding snoRNP (9–13). Here, we character-
ize the importance of a remarkable cluster of � modifications
in the large subunit (LSU) rRNA of Saccharomyces cerevisiae.
Indeed, the region of interest is the richest in�s in rRNA and is
also known to be functionally important.
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The target region is located in domain II of yeast 25 S rRNA
and consists of consecutive helices H37, H38, and H39 (E. coli
numbering). The three helices are organized into a highly
folded, compact structure in mature ribosomes and likely have
interrelated functions (Fig. 1 and see below). On this basis we
reasoned the three helices should be examined as one structural
unit. Helices H37 andH39 are relatively short, whereas H38 is a
long hinged helix. The hinge in H38 is a kink-turn, and the
portion from the hinge to the distal loop (�100 Å) is best
knownas theA-site finger (ASF), because it lies above theA-site
of tRNA binding in the large subunit (14, 15). The terminal 30%
portion of the ASF protrudes from the central protuberance
and participates in formation of an intersubunit bridge (B1a)
(Fig. 1A) (16). This bridge was proposed to be an essential path
for signal transmission between functional centers in the small
and large subunits (17, 18). The distal part of the ASF helix also
contacts the elbow of tRNA (D loop) in the A-site (19–21).
Notably, this portion is often disordered in three-dimensional
structure models, reflecting its dynamic nature (Fig. 1D) (22,
23).
The location of the ASF above the A-site and its contact with

tRNA at this site suggests that itmay have a role in tRNAmove-
ment in the ribosome, in addition to subunit joining. Consistent
with this activity, point mutations in the ASF of yeast altered
ribosome affinity for aminoacyl-tRNA and decoding fidelity
(18). Interestingly, eubacterial ribosomes lacking the terminal
portion of the ASF exhibited increases in translation activity
and tRNA translocation (from the A- to P-site) in vitro (24).
Support for the prediction that the three-helix cluster H37–

H39 might function in some connected fashion comes from
crystal structures of the ribosome showing the helices are
organized into a compact unit, with apparent couplings
between helices. A more centrally located portion of the
ASF, as well as the loop of H39, interacts with 5 S rRNA
(21–23, 25). Both the ASF and H39 make contact with H81.
Additionally, H81 interacts with the P-loop, which interacts
directly with the CCA end of P-site bound tRNA. However,
the loop of H37 makes contact with the stem of H80 (P-loop)
(22, 26). The three-dimensional structures make clear that
the ASF and adjoining helices have a close relationship to the
peptidyl transferase center and tRNAs in the A- and P-bind-
ing sites (Fig. 1B, and see instruction for three-dimensional
visualization in the supplemental materials). This informa-
tion adds strong support for suggestions made earlier that
the ASF may have overlapping roles in inter-subunit com-
munication and tRNA accommodation and movement.
In S. cerevisiae, helices H37–H39 contain a total of 10 �

modifications,making it the richest region of�s in yeast rRNA.
High frequencies of � occur in the corresponding regions of
other rRNAs as well, in particular other eukaryotes (27, 28).
Indeed, 6 of the 10 �s in the yeast 3-helix region are conserved
in higher eukaryotes (Fig. 1C). In yeast the�s are distributed as
follows: six occur in the middle and lower portions of the ASF
helix (the distal�30% is free ofmodifications). One� occurs at
the base of H38 (H39 side). H37 contains two �s, and H39 has
one � (Fig. 1C). The fact that the �s in the ASF occur only in
the lower (proximal) two-thirds of the helix suggests that these
modifications are most beneficial in this portion. The �s in

H37, H39, and the segment of H38 below the kink-turn can be
expected to affect the structures of these helices too and per-
haps alter their interactions. Interestingly, the nucleotides in
H37 and H39 that interact with the stem of H80 (P-loop) and
H81, correspond to the �s conserved in eukaryotes (Fig. 1C)
(22).
We tested the functional importance of the yeast modifi-

cations by blocking the formation of specific �s individually
and in combinations and searched for effects on ribosome
synthesis and activity. Modification reactions were blocked
by genetically disrupting expression (or activity) of the
snoRNAs that guide the modifications of interest. The
results demonstrate that the �s in the ASF region are indeed
important for ribosome function. The most substantial
effects occurred with loss of multiple �s and the specific
distribution patterns are important.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, andOligonucleotides—The initial set
of 13 test strains (supplemental Fig. S1) was constructed by
sequential disruption of snoRNA coding sequences for snR5,
snR8, snR33, snR44, and snR81, using PCR products (29). Con-
struction of the improved strains (Table 1) involved two types
ofmanipulations: 1) complementing disrupted snoRNA coding
units with plasmids that express the same snoRNA, but with �
guide elements for the ASF region specifically inactivated, and
2) restoring a protein (Rps22B) lost on disruption of a snoRNA
coding unit embedded in an intron of the same mRNA, as well
as a � in U2 snRNA targeted by a different snoRNA (supple-
mental Fig. S2). In this last situation, complementation was
achievedwith a plasmid-borne variant of this locus inwhich the
snoRNAcoding segment (snR44)was replacedwith an artificial
variant that restores two �s that are not part of the study. One
� (located in 18 S rRNA) is normally specified by snR44, the
other (in U2 snRNA) is specified by a guide motif in snR81 that
was moved into snR44, to replace a guide motif that targets a �
to the region of interest (supplemental Fig. S2D). Because
genetic markers were limiting in our strategy, complementa-
tions were achieved with one or two plasmids bearing two or
three expression cassettes for snoRNA genes (supplemental
Figs. S2, B and D). Descriptions of the plasmid constructions
and genotypes of the initial set of strains and improved strains
are in the supplemental material.
General Procedures—Media and culturing methods have

been described (29), as have methods for preparing yeast total
RNA (30) and Northern blot analysis of snoRNAs (31). The
intensity of ethidium bromide staining of RNA was quantified
withMulti Gauge software using the Kodak EDAS 290 imaging
system. The presence of � was detected by primer extension
screening of total RNA pretreated with 1-cyclohexyl-3-(mor-
pholinoethyl)carbodiimide metho-p-sulfonate (32).
Growth Studies—Growth rate measurements were carried

out in triplicate in SD medium without adenine and uracil and
supplemented with 60 mg/liter each of tryptophan, histidine,
and leucine. Synthetic medium SD is 0.67% yeast nitrogen base
(without amino acids) and 2% glucose; supplemented here with
adenine, uracil, and a complete mixture of amino acids at con-
centrations described elsewhere (29).
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Growth Competition Assays—Competition growth studies
were done with selective liquid medium, i.e. SD without ade-
nine, uracil, and supplemented with 60 mg/liter each of trypto-
phan, histidine, and leucine was used. All steps were performed
as reported elsewhere (7), with cell counting done after plating
samples of the co-culture onto SD without adenine, uracil and
SD without adenine, uracil, and leucine.
Antibiotic Sensitivity Test—Sensitivity to anisomycin, spar-

somycin, and paromomycin was analyzed by a disk diffusion
assay (13). Here, 20 �l of the drug (1 mg/ml anisomycin, 0.5
mg/ml sparsomycin, and 250 mg/ml paromomycin) was dis-
pensed onto a sterile 0.25-inch paper filter disk (Whatman) on
solid medium that had been seeded with the strain to be ana-
lyzed (0.3 ml of cells at A600 of 0.4 per plate, well spread). The
plates were incubated at 30 °C.
In Vivo [35S]Methionine Incorporation—For analysis of

translation rate, cells were grown in selective medium SD
(without adenine, uracil, andmethionine) at 30 °C to anA600 of
0.8. Amino acid incorporation assays were done essentially as
reported elsewhere (13). Formeasurement of translation rate at
a lower temperature, cells were cultured at 30 °C to A600 of 0.8,
and then transferred for 1 h to 11 °C. Triplicate samples were
analyzed for each strain at each time point, and average values
for each point are shown. The analysis was repeated three
times.
Sucrose Gradient Analysis—Polysome and ribosomal sub-

units patterns were examined as reported previously (13).
When analyzing polysome patterns, cell lysates were normally
prepared from cells cultured at 30 °C to A600 of 0.8. For lower
(and higher) temperatures, cells were grown to A600 of 0.8 at
30 °C and then shifted to 11 °C for 1 h, or toA600 of 0.7, and then
shifted to 37 °C for 45 min. Lysates were prepared in 10 mM
Tris-HCl (pH 7.4), 100 mM NaCl, 30 mM MgCl2, 100 �g/ml
cycloheximide, and 200 �g/ml heparin. Ribosome patterns
were examined on linear 7–47% sucrose gradients with centrif-
ugation at 39,000 rpm for 2.5 h in a Beckman SW41-Ti rotor
(4 °C). To analyze the relative amounts of subunits, cell lysates
were prepared in 50 mM Tris-HCl (pH 7.4), 50 mM NaCl, and 1
mM dithiothreitol, and the subunits were fractioned on linear
7–47% sucrose gradients with centrifugation at 41,000 rpm for
3 h in a Beckman SW41Ti rotor (4 °C). The polysome, mono-
some, and subunit patterns were determined by monitoring
absorbance at 254 nm with a UV-5 detector (ISCO).
Computational Analysis of Ribosome Structure—The crystal

structure of the 70 S Thermus thermophilus (PDB: 1GIY and
1GIX (21)) and 50 S subunit of the Haloarcula marismortui
ribosome (PDB: 1FFK (22)) were visualized and analyzed with
bioinformatics tools available from the Fournier laboratory
through the University of Massachusetts-Amherst website
(12), in conjunction with Protein Explorer (33). The two-di-
mensional and three-dimensionalmodificationmaps of human
28 S rRNA can be found at a complementary website described
elsewhere (28).

RESULTS

Depletion of�s in the ASFRegion: a Two-stage Strategy—The
ten �s in helices H37, H38, and H39 are guided by eight differ-
ent snoRNAs. Among these, four also guide�s to other regions

of the ribosome, one guides a � to U2 snRNA, and one is
encoded in an intron of a gene for a ribosomal protein (Rps22B).
This complexity requires more tedious depletion approaches
with re-engineering of coding regions for several snoRNAs.
Because of these complications our depletion analysis was car-
ried out in two stages.
In the first stage, we sequentially disrupted coding sequences

of five snoRNAs, which together target the formation of 7 of the
10 �s in the H37–H39 region (supplemental Fig. S1). In a sec-
ond stage of analysis we created an improved strain collection
that only lacked pseudouridines in the region of interest.
Construction of new strains included restoring the missing
ribosomal protein and the �s located outside of the test
region, in both cases using expression plasmids. The mul-
tiguide snoRNAs were engineered to contain only the
desired guide elements (supplemental Fig. S2).
Subsequent analyses focused on strains with different� con-

tents and patterns in the ASF alone or in combination with �
depletions fromH37 andH39. Rather than attempting to exam-
ine all combinations of depletions, we sought to discover mod-
ification effects that would be informative within the confines
of a practical study. Our goal was to determine if the �s in the
greater ASF region are, in fact, important, and if so, to obtain
good insights into the importance of the content and pattern of
�s. Fuller descriptions would be a matter for the future, when
results from sensitive functional assays can be correlated with
changes in ribosome structure that accompany�modification.

Most of the functional results that follow were derived from
eight principal test strains. Where indicated, results are
included for six other strains developed in the course of the
study for further refinement. The depletion patterns for the
eight primary strains are shown schematically in Table 1A, and
those used in the refinement analyses are depicted in Table 1B.
Both the Number and Pattern of �s Influence Cell Growth

and Ribosome Level—We focused initially on H38, because the
ASF segment is already known to be functionally important.
The six �s in the lower two-thirds of the ASF portion are dis-
tributed somewhat evenly (Fig. 1, C and D). As noted above no
modifications are present in the distal stem-loop portion.
Three of the modifications, in the mid-portion of the ASF, are
positionally conserved in several other organisms, including
humans (�1004, �1042, and �1052, Fig. 1C). Because of their
implied importance, we evaluated the �s in this segment first.
Two test strains were examined, one lacking the three con-
served �s in the mid-portion of the ASF, and the other lacking
these and two additional �s in the base-portion; the strains are
designated (�)3�a and (�)5�a, respectively (Table 1A).
In growth rate analyses in selective liquid medium at 30 °C,

which is normally optimal temperature, the strain lacking the
three conserved �s grew slower than control cells (doubling
times of �170 min versus �130 min in the exponential phase)
(Fig. 2A, left panel). When two of the �s were restored to this
strain (�1004 and�1052, but not�1042), a growth curve sim-
ilar to the control cells (Ys602 with empty marker plasmids)
was obtained, i.e. strain (�)1� (data not shown). Interestingly,
the strain lacking 5�s was less impaired for growth (generation
time of �145 min versus �170 min), despite that fact that the
three conserved �s are also missing from this strain. In a com-
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petition growth experiment, the (�)3�a strain was out-com-
peted by the (�)5�a strain in a mixed culture (Fig. 2B, left
panel). Because the growth of the (�)5�a cells is less impaired,
the results suggest the slower growth of the (�)3�a cells is due
to a combination of loss of the conserved �s and the pattern of
remaining �s. We note that strains (�)3�a and (�)5�a were
created from two different parental strains, and these unex-
pected results could occur as an indirect consequence of con-
structing multiply deleted strains.
To gain additional insight we also analyzed strains with other

combinations of depletions. In addition to strain (�)1�, which
lacks only �1042, we created strain (�)2�a lacking two �s
(�1042 and �1052) in the mid-portion of the ASF, two strains
(�)3�b and (�)3�cmissing three�s in the ASF, but in differ-
ent combinations than strain (�)3�a. Additionally, we also
created two strains (�)6� and (�)7� lacking 6 and 7 �s from
the three helices (described in Table 1A and see below). These

new strains contain one or two plasmids expressing wild-type
or mutant snoRNAs to create particular patterns of � deple-
tions. We note that (�)1� and (�)2�a are strains in which �s
have been restored by complementationwith plasmid-encoded
guide snoRNAs (see “Experimental Procedures” and supple-
mental material).
No effect on growth ratewas seen for theASFmutant lacking

two conserved �s, i.e. (�)2�a (data not shown). However,
slightly slower growth rates were observed for two strains lack-
ing three �s from the ASF, in combinations that differ from
the strain that lacks only the conserved �s, i.e. the (�)3�a
strain. These variants lack two conserved �s: �1004 and
�1052 in (�)3�b, and �1004 and �1042 in (�)3�c, and
one, �986, from the base portion of the ASF. Unlike mutant
(�)3�a these mutants have growth rate profiles similar to
that of the (�)5�a strain (Fig. 2A, right panel). In competi-
tion growth experiments with the (�)5�a strain both strains

TABLE 1
Modification patterns of �-depletion strains examined
The structure of the H37–H39 region is shown in two- and three-dimensional formats, with the locations of the � modification highlighted. The ASF has been dissected
into three portions, corresponding to base- and mid-portions that contain �s and a (dynamic) distal portion that lacks modifications. Modification maps are shown for a
preliminary set of eight depletion strains used in these studies (A) and six additional strains used to refine and analysis (see text) (B).
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FIGURE 1. Helix H38 and flanking helices H37 and H39 form a compact structure that contains 10 �s. A, the helices and �s (red dots) are highlighted
in the context of the 70 S ribosome of T. thermophilus. Left, view from the E-site of the ribosome; right, view from the top of the ribosome (most of the
LSU is hidden). B1a is an intersubunit bridge involving the ASF; A, P, and E identify tRNAs at the corresponding binding sites. B, alternate perspectives
of the H37–H39 region, without the remaining rRNA backbone. Left, relationship to the decoding center (DC) region of the small subunit (SSU) and the
peptidyl transferase center (PTC) region of the LSU; right, 90° rotation. The color code: ASF (black); H37 (green); H39 (orange); peptidyl transferase center
(brown); A-loop (red); P-loop (navy blue); H89 (yellow); tRNA in the A-site (pink); tRNA in the P-site (white); tRNA in the E-site (cyan). C, distribution of the
10�s. Six are highly conserved and occur in the same positions in human, mouse, and D. melanogaster (H, M, and D). The highlighted segment of H38
(gray box) corresponds to the ASF, which is defined by the tip of H38 and an internal kink-turn. An expansion segment, ES12 (sequence in gray) (50), does
not exist in H. marismortui and eubacterial ribosomes. Positions of predicted interactions for the three-helix region are indicated according to data from
ribosome crystal structures for E. coli and H. marismortui (22, 23). These include contacts with: the SSU (B1a bridge), the elbow of tRNA, 5 S rRNA, H81,
and the stem of H80 (P-loop). D, the deduced three-dimensional arrangement of the 10 �s in the yeast H37–H39 region as derived from the crystal
structure of the H. marismortui LSU. The color scheme is the same as in panel C. The dynamic distal portion of the ASF is not visualized in the crystal
structure and is depicted here as a broken red line. Information about the three-dimensional visualization of the ASF and helices H37 and H39 is provided
in the supplemental material.
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comprised about half of the mixed culture after six cycles
(Fig. 2B, middle and right panels).
Interestingly, increasing the number of depletions in the

three-helix region to a total of six and seven �s resulted in
slower growth (doubling time of �160 min), but to a similar
extent seen for the strain missing the three conserved �s, i.e.
mutant (�)3�a. The depletions in the (�)6� and (�)7� cells
include depletions of four and five�s in theASF, and additional
depletions in the flanking helices (Fig. 2A, right panel). Thus,
extending the depletion series to the single �s in the neighbor-
ing helices H37 and H39 did not increase growth impairment
significantly nor exceed the effect seen for the slowest growing
(�)3�a strain. Taken together, the results suggest that the �s
in the three-helix region are not crucial for yeast cell growth;
however, certain combinations of depletions can notably
reduce the growth rate. Although not all combinations of
depletions have been examined, the �s in the ASF are impor-

tant, including the conserved modi-
fications, and the magnitude of the
effects depends on the patterns of the
depleted and residual modifications.
Because of the RNA stabilizing

effects of � we also examined the
growth properties of the 8 second-
stage test strains (Table 1A) at more
extreme temperatures, specifically
37 °C and 11 °C; normal culturing
temperature for laboratory strains
of S. cerevisiae is 30 °C. No signifi-
cant differences in growth rate were
seen at either temperature for the
(�)1� and (�)2�a strains (data not
shown). However, strains missing
three and more �s exhibited slower
growth at both temperatures rela-
tive to control cells (Fig. 2C). The
latter reductions in growth rate
ranged from slight to �40–50% for
both 37 °C and 11 °C, with the great-
est effect seen for the (�)6� and
(�)7� cells, which have � deple-
tions in all three helices. Interest-
ingly, at the lower temperature the
strain missing five of the six modifi-
cations from the ASF, i.e. the
(�)5�a strain, exhibits smaller
growth impairment (�10%). We
note that the (�)5�a and (�)7�
strains were derived from a com-
mon parental strain and differ only
in the content of plasmid-encoded
snoRNA genes needed to achieve
the desired modification patterns.
To assess whether the differences

in growth rates between strains
(�)5�a and (�)7�may result from
reduced levels of ribosomal sub-
units, we examined the steady-state

content of 18 S and 25 S rRNAs in these strains, as well as for
mutant (�)3�a, lacking only the conserved �s. Comparisons
were made by gel electrophoresis using total RNA prepared
from approximately equal numbers of cells cultured at 11 °C to
A600 � �0.8.No significant difference fromcontrol cells was evi-
dent for the (�)3�a and (�)5�a cells. However, for the (�)7�
cells, the steady-state levels of both 18 S and 25 S rRNAs were
substantially reduced by �30 and �50%, respectively, com-
paredwith control cells at the same temperature (supplemental
Fig. S3A).
Analysis of the rates of rRNA processing by pulse-chase

labeling with [3H]methionine did not reveal differences for the
(�)3�a, (�)5�a, and (�)7� strains relative to control cells
(supplemental Fig. S3B). Thus, the reduced amount of 18 S
rRNA for the (�)7� mutant could reflect a decrease in small
subunit production caused by the deficiency in large subunits
needed to form active ribosomes. The greater deficiency in 25 S

FIGURE 2. Growth is impaired in cells lacking multiple �s in the ASF and H37 and H39. A, growth rates of
mutants at 30 °C in liquid medium. Left, cells missing three and five �s in the ASF; right, cells missing other
combinations of �s, as follows: two other mutants lacking three �s from the ASF, and two mutants lacking
either four or five �s from the ASF plus one � each from H37 and H39. B, competitive growth analysis of ASF
mutant (�)5�a mixed with ASF mutants (�)3�a, (�)3�b, and (�)3�c. C, exponential growth rates for differ-
ent mutants at 37 °C and 11 °C in liquid medium.
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rRNA could stem from defects in large subunit production and
increased turnover. Defects in either or both processes could
arise from �-loss, because of impaired folding, assembly, or
activity of the LSU. In subsequent studies we also investigated
the translation activity of mutated ribosomes in lower temper-
ature, and, indeed, this activity was reduced (see below). The
reductionmay result from a decrease in ribosome level revealed
in polyribosome profile analysis (see below).
Taken together, the results of the growth analysis show that

the cluster of�s in the three-helixASF region protects the large
subunit at lower temperature and presumably at higher tem-
perature as well. Here too, both the content and pattern of �s
are important. Loss or abnormal distributions of �s could
influence subunit stability and function.Defects could beminor
in optimal temperature conditions, but greater at lower and
higher temperatures.
Cell Sensitivity to Ribosome-based Drugs Increases with �

Loss—Screening for changes in drug sensitivity was further
examined with the refined strain collection (Table 1A), for
paromomycin, anisomycin, and sparsomycin. The three antibi-
otics bind and act in different ways; paromomycin binds to the
SSU, and anisomycin and sparsomycin bind to the LSU. None
of the drugs is known to interact directly with the ASF region;
however, changes in this region could have indirect effects
on drug interference. In these tests, a filter paper disk con-
taining drug was placed on medium seeded with a test strain,
and interference was reflected as a zone of growth inhibition
around the disk. The size of the zone indicates the degree of
drug sensitivity.

No significant difference in
growth was seen for any strain
tested with anisomycin (data not
shown). However, small increases in
sensitivity were apparent with spar-
somycin (LSU) and paromomycin
(SSU) for all strains missing three
and more �s (Fig. 3). Normal sensi-
tivity was observed when all but one

or two �s were restored with complementing plasmids (Fig. 3,
see strains (�)1� and (�)2�a). In liquid medium the concen-
tration of sparsomycin, that inhibited growth by �50%, was
�30 �M for all strains missing three and more �s, �35 �M for
(�)2�a, and�40 �M for (�)1� and control cells. For paromo-
mycin, the inhibitory concentrations were�3.2mM for (�)6�,
�4 mM for (�)3�a–c and (�)7� cells, �4.9 mM for (�)5�,
�5.7mM for (�)1� and (�)2�a, and�6.5mM for control cells.

Paromomycin interacts with the decoding center in the SSU
and induces translational misreading, whereas sparsomycin
binds to the peptidyl transferase center, where it induces con-
formational changes and triggers tRNA translocation (34–36).
The increased sensitivities to these drugs provide additional
evidence that the mutant ribosomes are altered in both struc-
ture and activity and further imply that the function of the ASF
region is tightly coupled to other (but not all) events related to
the decoding process and translation (and see “Discussion”).
Translation Activity Is Altered in Cells Deficient in �s from

theASFRegion—Protein synthesis activity ofmutant ribosomes
was examined by [35S]methionine incorporation into total pro-
tein, at 30 °C and 11 °C.Among the eight test strains (Table 1A),
the (�)3�a mutant showed a significant reduction of �20% in
the rate of incorporation at 30 °C; several other mutants exhib-
ited smaller decreases of �2–10% at this temperature (Fig. 4).
When test strains were shifted from 30 °C to 11 °C for 1 h, the
rate of translation was found to be reduced relative to control
cells by�25% for the (�)3�a, (�)6�, and (�)7�mutants, and
by�13% for the (�)5�a cells. Because the cells were incubated
at 11 °C for only 1 h, it seemed likely that the content of riboso-
mal subunits did not change significantly, and that the reduced
incorporation rates indicate impairment in ribosome activity.
Indeed total RNA isolated from cells cultured at 30 °C and cells
incubated for 1 h at 11 °C did not reveal differences in the level
of 18 S and 25 S (data not shown). Re-introducing all but one �
(strain (�)1�) restored full activity at 11 °C; similarly, restoring
all but two �s (strain (�)2�a) yielded �94% activity (Fig. 4).
Although the effects were not fully dissected in our study, the

results indicate that the conserved �s and others in the greater
ASF region affect ribosome activity, especially at the lower
temperature condition. Because the ASF is involved in form-
ing the intersubunit bridge B1a, the decreased incorporation
rates could reflect defects in subunit joining during ribo-
some formation.
Polysome Patterns and Ribosomal Subunit Ratios Are Altered

with Loss of �s—Polyribosome profiles were analyzed in
sucrose gradients to assess the ability of the �-deficient large
subunits to form active ribosomes at 30 °C, 11 °C, and 37 °C
(Fig. 5). Small decreases in polysome content and the presence
of half-mer signals were observed at the optimal temperature

FIGURE 3. Growth inhibition by paromomycin and sparsomycin increases with loss of multiple �s from
the ASF or ASF plus H37 and H39. C, control cells.

FIGURE 4. Loss of �s in the ASF impairs translation. Activity was measured
by incorporation of [35S]methionine into total protein. Results are shown only
for ASF mutants (�)3�a and (�)5�a at 30 °C (left), and strains (�)5�a and
(�)7� at 11 °C (right). Results for all mutants examined are summarized in the
table below. NC, no change; downward arrow, decrease in translation rate (%);
nd, not determined.
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condition (30 °C) for various strains lacking 3–5 �s from the
ASF alone (Fig. 5, A and B), and strains lacking 6–7 �s distrib-
uted over the larger three-helix region (data not shown).When
cells were incubated at 37 °C for 45 min the half-mer effect was
even more pronounced. However, no half-mers were evident
when strains were cultured for 1 h at 11 °C, although some
strains showed a reduction in the 80 S signal (Fig. 5C).

A half-mer polyribosome consists of an mRNA bound to a
single 40 S small subunit, followed downstream by one or more

80 S ribosomes. Accumulation of this intermediate reflects a
defect in subunit joining during translation initiation (37). This
behavior can reflect impaired interaction of the subunits, but it
can also occur when the level of 60 S subunits is limiting (38–
40). Indeed, we observed some deficiencies in the relative abun-
dance of large subunits (reduced 15–17%) on examining cell
extract on sucrose gradients in the absence of magnesium. Our
analysis focused on the appearance of half-mers and reduction
in LSU content, because these effects aremore readily apparent
than changes in polysome levels; the latter are less obvious and
difficult to quantify.
The half-mer effect was observed for several mutant strains

and encouraged us to extend our analysis to six additional
mutant strains with new combinations of � depletions (sum-
marized inTable 1B). Half-mer polysomeswere seen altogether
in five strains at 30 °C, as follows: one of four strains lacking
three�s in different combinations, i.e. strain (�)3�a that lacks
only the conserved �s, two strains lacking 4 and 5 �s in the
ASF, i.e. (�)4�a and (�)5�a, and strains lacking 6 and 7 �s
distributed among all three helices, i.e. (�)6� and (�)7� (Fig.
5, A and B); results are shown for strains (�)3�a–c and
(�)5�a.
Notably, patterns were similar to that of the control strain

when �s were partially restored to generate complementation
strains (�)1� and (�)2�a that are lacking one (�1042) and
two (�1042 and �1052) of the three conserved �s in the ASF,
respectively (supplemental Fig. S4). These data are consistent
with our results showing that lack of the three conserved �s in
mutant (�)3�a causes impaired growth and translational
activity, and an increase in sensitivity to ribosome based drugs.
However, lack of one or twoof the conserved�s caused no such
effect for mutants (�)1� and (�)2�a, respectively. No half-
mer effect was seen for two strains, (�)2�b and (�)2�c, lack-
ing two of the conserved �s in different combinations from
strain (�)2�a (data not shown). This situation implies that at
least one of the conserved �s is needed for normal polysome
formation. Taken together, polysome profiles without half-mer
effects were observed in nine cases, for mutants (�)1�,
(�)2�a–c, (�)3�b–d, (�)4�b, and (�)5�b. In all these
strains one or two�s in themid-portion of theASF are present,
suggesting that at least one conserved� is necessary in this part
of the helix for polysome formation to proceed normally.
We also analyzed the polysome profiles at higher and lower

temperature for four strains with half-mer signals at 30 °C, i.e.
(�)3�a, (�)5�a, (�)6�, and (�)7�. The cells were grown at
30 °C and exposed to 37 °C and 11 °C for a short period of time,
i.e. 45min and 60min, respectively. Interestingly, stronger half-
mer signals were observed at 37 °C, however, this effect was not
evident at 11 °C (Fig. 5C; not shown formutant (�)6�). Profiles
similar to control cells were observed at both 11 °C and 37 °C
for partially restored �s, i.e. strains (�)1� and (�)2�a (sup-
plemental Fig. S4).
The half-mer polysome profiles showed an imbalance

between free 40 S and free 60 S subunits for all three tempera-
tures, with ratios of 40 S:60 S �2:1 at 30 °C and 37 °C, and �4:1
at 11 °C. A high signal in the 40 S region could represent a
mixture of free 40 S subunits and 48 S initiation complexes
(small subunit-mRNA complexes with no full ribosomes pres-

FIGURE 5. Loss of �s from the ASF region can impair polysome formation
and accumulation of large subunits. The effects depend on the depletion
pattern, as evident for different ASF mutants lacking 3 �s (A and B). Polysome
defects are reflected by the appearance of half-mer polysomes and by a
decrease in the level of 60 S subunits. A, normal polysome patterns at 30 °C
are shown for control cells and two strains missing three �s in the ASF, i.e.
(�)3�b and (�)3�c. Similar profiles were obtained for several other test
strains (identified in-frame, right side), including: (�)1� and (�)2�a (see sup-
plemental Fig. S4), and (�)2�b, (�)2�c, (�)3�d, (�)4�b, and (�)5�b (not
shown). B, half-mer polysome patterns at 30 °C. The half-mer species are iden-
tified with stars and correspond to polysomes with 80 S ribosomes plus one
small subunit lacking a large subunit. Results are shown only for ASF mutants
(�)3�a and (�)5�a. Other strains exhibiting this effect are (�)4�a, (�)6�,
and (�)7� (identified in-frame, right side; data not shown). Elevated signals in
the small subunit region are presumed to be a mixture of free small subunits
(40 S) and initiation complexes (48 S). C, polysome profiles for mutants cul-
tured at 11 °C for 1 h and at 37 °C for 45 min. The half-mer signals disappear
when cells are shifted from 30 °C to the lower temperature, but increase when
shifted to 37 °C. D, effects of � loss on the relative abundance of subunits.
Subunit ratios (60 S/40 S) were determined for cells at 30 °C. Results are shown
for three mutants and summarized for six others. The relative content of 60 S
subunits is compared with control cells (C, 100%).
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ent) (41). The imbalance may also result from a deficiency in
large subunits. No decrease in 25 S rRNAwas apparent on aga-
rose gel analysis for strains (�)3�a, (�)5�a, and (�)7� exam-
ined at 30 °C (data not shown). However, deficiencies in the
relative abundance of large subunits were evident when cell
extracts were fractionated on sucrose gradients in the absence
of Mg2�, a condition that causes subunits to be dissociated.

Comparing the patterns to those for a control strain and nor-
malizing to an equivalent number of cells, the data show the
level of 60 S subunits was reduced by �15–17% in several
mutants, i.e. (�)3�a, (�)5�a, (�)6�, and (�)7� (Fig. 5D).
The ratio of 60 S/40 S dropped from 1.9 in control cells to �1.6
(Fig. 5D).However,when all but one or two�swere restored, in
strains (�)1� and (�)2�a, the level of 60 S subunits increased
and normal polysome profiles were observed (supplemental
Fig. S4). The profiles that did not reveal half-mer signals
showed no change in large subunit content, i.e.mutants (�)1�
and (�)3�d or only a small decrease of �3–8%, i.e. (�)2�a,
(�)3�b, and (�)3�c (Fig. 5D). Imbalances in subunit contents
were observed at the same level as in 30 °C when strains
(�)3�a, (�)5�a, (�)6�, and (�)7� were exposed for short
periods of time to 37 °C (45 min) and 11 °C (60 min) (data not
shown).
Taken together, the half-mer effect may result from an

imbalance of subunits due to a shortage of 60 S subunits (15–
17%). However, this defect may also reflect a delay in subunit
joining during formation of full ribosomes. This latter possibil-
ity is supported by our observation that half-mer signals
increase when cells are exposed to higher temperature but dis-
appear at lower temperature, whereas no change in subunit
content was observed. These differences might result from
altered rates of subunit association and dissociation in lower
and higher temperature. A delay in ribosome formation could
be suppressed at lower temperature due to a decrease in trans-
lation activity and lower demand for ribosome formation. In
addition, reduced levels of 80 S signals (�30%) seen at 11 °C for
mutants (�)3�a, (�)6�, and (�)7�, indicate that ribosome
formation is impaired, but this effect was not seen for (�)5�a
cells (Fig. 5C, not shown for (�)6�). This effect is consistent
with other results, where mutants (�)3�a, (�)6�, and (�)7�
grew slower and exhibited a greater decrease in translational
activity at 11 °C,whereas the (�)5�a strainwas less impaired in
this temperature condition.

DISCUSSION

The results of the depletions for 7 of the 10�s in helicesH37,
H38, and H39 show that this unusual cluster substantially
improves both stability of the large subunit and normal ribo-
some performance. The greatest effects were observed with
depletions of three modifications located in the mid-portion of
theASF (�s 1004, 1042, and 1052). Thesemodifications appear
to be highly conserved in evolution and occur in the same posi-
tions in human and mouse 28 S rRNA. We found that at least
one of these three �s is needed, because blocking any two did
not have a significant effect. Analysis of different depletion pat-
terns revealed that � distribution is important and that the
modifications benefit both stability and function of the LSU.
One interesting question that lingers from our study is the pos-

sibility that imbalances in the normal or optimal � pattern
might be more deleterious than the loss of �s in this region.
This was not examined as our system of genetic disruption
relies on convenient marker genes and the number available is
limiting.We also note that, while richness in�s is a hallmark of
the ASF region, the corresponding structures in eubacteria T.
thermophilus do not possess any � modifications, whereas
E. coli has only one �, in H39 (28).
The observed decreases in growth rate and translation activ-

ity are caused by a reduced level of active ribosomes in the cell.
This condition reflects a combination of a small decrease in the
level of large subunits (�15%) and a reduced ability of the
mutated LSU to form 80 S ribosomes during initiation of trans-
lation. Increased sensitivity of the cells to ribosome-based
drugs is also a strong indication of potentially deleterious
changes in ribosome structure that accompany � depletion.
The negative effects presumably result from rRNA structure
changes that deviate from an “improved” or more optimal state
created by a subset or all of the modifications. Those changes,
which are predicted to beminor, could be amplified at the levels
of subunit stability and function, and when cells are exposed to
stress such as higher or lower temperatures and the presence of
antibiotics.
Where reductions in large subunit content occurred we did

not observe any correlation with the number of modifications
depleted, indicating that here too the effects are tied to the
distribution of depleted and residual �s. In addition to loss of
beneficial modifications altered distributions could be deleteri-
ous, for example, by impeding proper folding and assembly of
the mutant LSU and consequently reducing its stability or
activity. Results fromapulse-chase analysis of rRNAprocessing
at 30 °C for mutants (�)3�a, (�)5�a, and (�)7� showed no
differences in the rate of rRNA processing (data not shown).
Thus, the reduced level of 60 S subunits seems most likely to
result from defects in the subunit itself. Faster turnover could
stem from quality control processes related to ribosome syn-
thesis or translation activity. Interestingly, it has been shown
that point mutations in themid-portion of the prokaryotic ASF
caused a lethal phenotype, and this was presumed to be caused
by impaired assembly of the large subunit (42).
The importance and role of theASF in ribosome function has

been examined in several studies. The helix is localized within
the central protuberance, a very dynamic region of the large
subunit that is associated with tRNA movement through the
ribosome. The ASF itself seems to move up and down inde-
pendently through the flexibility of the kink-turn in the base of
this helix (15, 43). Such motion has been proposed to harmo-
nize its dynamic relationship with the neighboring B1b bridge,
above the P-site, which is connected with the ASF through 5 S
rRNA (15). The clearest function of the ASF is formation of this
particular intersubunit bridge with the small subunit, above the
A-site for tRNAs entering the ribosome. Cryoelectron micros-
copy showed that, during the ratchet-like motion associated
with tRNA translocation, bridge B1a moves up and down (43,
44).
It has been proposed that theASF is involved in translocation

of tRNA from the A-site to the P-site and may act as an atten-
uator during this process (15, 23, 24, 45). Consistent with this
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possibility E. coli ribosomes lacking the dynamic end of the
ASF exhibit increases in translation and tRNA translocation
rates in vitro, with a slight decrease in translation fidelity (17,
24). Also revealing are results from in vivo studies in yeast
with mutations in the distal region of the ASF. The muta-
tions were at sites involved in B1a bridge formation and
interaction with the elbow of tRNA bound to the A-site.
Effects included increased stop codon read-through and
increased ribosomal affinity to aminoacyl-tRNA (18). The
intersubunit bridge does not seem to be required for subunit
association, but it has been suggested that it could partici-
pate in signal transmission that is important for ribosome
function (17, 18, 46). In this context, interactions of the ASF
with 5 S rRNA andH81 could be important couplings in such
a communication system (17, 42).
The richness and density of �s in eukaryotic H37, H38, and

H39 could be related to the dynamic nature of the central pro-
tuberance of the ribosome during its association with tRNA,
because the latter moves through the ribosome. In particular,
the cluster of �s could optimize the interactions of the various
components. The �s present in helices H37 (�960) and H39
(�1124) could be directly involved in interactions with the
stem of H80 (P loop) and loop of H81, as disclosed for the
corresponding unmodified uridines in H. marismortui 50 S
(22). Studies of modification effects on small model RNAs have
shown that � has a stabilizing effect on helical segments (47–
49), and� has been proposed to function as “molecular glue” to
reduce conformational flexibility (1). We suggest this could be
themain effect for�s in theASF, especially those present in the
mid-portion. Interestingly, the ASF in human and mouse pos-
sess an additional � in this region, which corresponds to
unmodified U1039 in yeast, located at the border with the
dynamic end-region of the ASF (27, 28).
The location and pattern of the �s in the ASF suggest a

possible role in modulating the motion of the ASF, where it
protrudes from the LSU. Although the independent motion of
the tip could be important forASF function, its intrinsicmotion
in unmodified RNAmight have a deleterious effect on the other
parts ofH38. Thus,modifications in themid-portion of theASF
could protect this region from inefficient, possibly disruptive
motion. Depleting three �s within the ASF had little or no
effect provided at least one of the three conserved �s was still
present. Loss of the conserved �s, and perhaps in combination
with others might have a negative effect on ASF function, such
as interaction with 5 S rRNA or H81. The less deleterious effect
of removing five �s, in the (�)5�a mutant, might allow more
productive motion of the ASF.
Although the ASF is involved in forming the intersubunit

bridge, loss of the B1a bridge interaction in prokaryotic and
yeast cells had only a minor influence on subunit joining, pre-
sumably because of the cooperative nature of this process (17,
18, 46). In the present study we interpret the appearance of
half-mer polysomes in �-deficient cells to reflect a possible
delay in association of mutant large subunits with the
SSU-mRNA initiation complex. Such a delay could result from
altered dynamics of the central protuberance region and
reduced ability of this region to interact with the head of the
small subunit.

Finally, the three-helix unit could be part of a communication
system between the decoding center in the small subunit and the
peptidyl transferase center and P-sites in the large subunit. Signal
transmission could involve the B1a bridge and play a key role in
controlling tRNA movement through the ribosome, before and
after peptide bond formation and translocation. In this context,
the �s in the three-helix structure could be important for inter-
subunit signal transmission in eukaryotic ribosomes.
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