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The genome of the radiation-resistant eubacterium
Deinococcus radiodurans contains an ortholog of an
RNA-binding protein known as the Ro 60-kD autoanti-
gen. This protein, which was previously identified only
in higher eukaryotes, is normally bound to small RNAs
known as Y RNAs. We show that the Ro protein ortholog
Rsr contributes to the resistance of D. radiodurans to
UV irradiation. Rsr binds several small RNAs, encoded
upstream of rsr, that accumulate following UV irradia-
tion. One of these RNAs resembles a Y RNA. These re-
sults suggest that Ro RNPs could similarly contribute to
the recovery of higher cells following UV irradiation.
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A major target of the immune response in patients suf-
fering from the systemic rheumatic diseases Sjogren’s
syndrome and systemic lupus erythematosus is a 60-kD
RNA-binding protein known as the Ro autoantigen (for
review, see von Muhlen and Tan 1995). In most higher
eukaryotic cells, the Ro 60 kDa protein is complexed
with one of several small cytoplasmic RNAs known as Y
RNAs. The number of distinct Y RNAs present in Ro
RNPs varies, ranging from four in humans and Xenopus
to one in Caenorhabditis elegans (Hendrick et al. 1981;
O’Brien et al. 1993; Van Horn et al. 1995). Although
there is little primary sequence conservation among dif-
ferent Y RNAs (both within and across species), all Y
RNAs can be folded into a structure containing a large
internal loop and a long stem formed by base-pairing the
58 and 38 ends (Van Horn et al. 1995). Experimental evi-
dence that the stem and loop exist has been provided by
chemical and enzymatic modification experiments (van
Gelder et al. 1994; Green et al. 1998) and by oligonucleo-
tide-directed RNase H cleavage (Matera et al. 1995).
Within the stem is a highly conserved bulged helix that
is the binding site for the Ro protein (Green et al. 1998).
As the level of the C. elegans Y RNA is drastically de-
creased in worms lacking the Ro protein, binding by Ro
may stabilize Y RNAs from degradation (Labbe et al. 1999).

Although Ro RNPs were first described nearly 20 years
ago, their function has remained mysterious. One of the
few clues has come from the finding that in Xenopus
laevis oocytes, the Ro protein is complexed with a large
class of variant 5S rRNA molecules (O’Brien and Wolin
1994). To synthesize the vast numbers of ribosomes re-
quired for early development, X. laevis contains ∼20,000
genes encoding the major oocyte 5S rRNA, many of
which contain sequence heterogeneities (Peterson et al.
1980). The 5S rRNA variants bound by the Ro protein
contain 8–10 additional nucleotides at their 38 ends and
are apparently generated by readthrough of the first ter-
mination signal for RNA polymerase III. In addition to
being longer than mature 5S rRNA, all of the 5S rRNA
variants bound by the Ro protein contain one or more
point mutations. These mutations disrupt the normal 5S
rRNA structure, causing the variant 5S rRNAs to mis-
fold into an alternative structure that is bound by the
60-kD Ro protein (Shi et al. 1996). Because the mis-
folded, variant 5S rRNAs are inefficiently processed to
5S rRNA and eventually degraded, the Ro protein was
proposed to function in a quality control pathway for
ribosome biogenesis (O’Brien and Wolin 1994). It is not
known what role the Y RNAs have in this process.

The recently sequenced genome of the eubacterium
Deinococcus radiodurans contains a potential ortholog
of the Ro 60-kD protein (White et al. 1999). This bacte-
rium is remarkable for its ability to tolerate exposure to
DNA-damaging agents, yet little is known of the mecha-
nisms involved (for review, see Battista 1997). Here we
show that the Rsr protein (Ro sixty related) contributes
to the resistance of D. radiodurans to UV irradiation. D.
radiodurans cells lacking rsr are more sensitive to UV
damage than are wild-type cells. During recovery from
UV irradiation, the levels of Rsr increase, consistent
with a role in repairing radiation damage. Rsr binds sev-
eral small RNAs, encoded upstream of rsr, that are major
transcripts during recovery from UV irradiation. Re-
markably, at least one of these small RNAs resembles
the Y RNAs bound by the Ro autoantigen in higher eu-
karyotes. The finding that Ro RNPs contribute to the
survival of D. radiodurans following UV irradiation sug-
gests that this mysterious class of RNPs could similarly
function in the recovery of higher eukaryotic cells fol-
lowing irradiation with UV light.

Results and Discussion

An ortholog of the Ro 60-kD protein in D. radiodurans

The genome sequence of D. radiodurans (White et al.
1999) predicts the existence of a protein, encoded on
chromosome I, that is highly related in sequence to all
previously identified Ro proteins (Fig. 1). This was un-
expected, as Ro proteins have not been identified in ei-
ther budding yeast (Goffeau et al. 1996) or other micro-
bial genomes. As one explanation for the presence of a
Ro protein in D. radiodurans would be the lateral trans-
fer of the gene from a eukaryote, we used several se-
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quence analysis methods to examine this possibility.
Codon usage for nine of the most frequent amino acids
present in Rsr was consistent with the codon usage of 50
housekeeping genes located on D. radiodurans chromo-
some I (data not shown). A phylogenetic tree constructed
from the nucleotide sequences of the Ro protein coding
regions from humans, X. laevis, C. elegans, and D. ra-
diodurans placed Rsr in a clade separate from the C.
elegans and vertebrate clades (not shown). Although
alignment of the amino acid sequences reveals Rsr to be
about as related to the vertebrate Ro proteins as the
worm Ro ortholog, the C. elegans protein contains sev-
eral inserts that are not present in Rsr or the vertebrate

sequences (Fig. 1). These results, coupled with the loca-
tion of Ro on the deinococcal chromosome rather than
on the deinococcal plasmids [which may have been
transferred from another species (White et al. 1999)], im-
ply that if there was a transfer from a vertebrate species,
it was not a recent one.

Rsr contributes to the resistance of D. radiodurans
to UV irradiation

To determine the phenotype of cells lacking rsr, we con-
structed an allele of this gene in which most of the cod-
ing sequence was replaced by the Escherichia coli cat
gene fused to a deinococcal promoter (Gutman et al.
1993). Introduction of this allele into a wild-type strain
and selection on medium containing chloramphenicol
resulted in isolates in which 1 or more of the 4–10 inde-
pendently segregating copies of chromosome I were re-
placed with Drsr chromosomes. Southern blotting con-
firmed that, at least for some isolates, all of the wild-type
chromosomes were replaced by chromosomes carrying
the mutant allele (Fig. 2A, lane 3). We verified that Rsr
was undetectable in these strains by subjecting extracts
from wild-type and Drsr strains to protein immunoblot-
ting using an antibody against Rsr (Fig. 2B, lane 2). The
growth of Drsr strains on agar plates was indistinguish-
able from that of wild-type strains.

To determine whether Rsr contributes to the resis-
tance of D. radiodurans to irradiation, we subjected the
wild-type and Drsr strains to UV irradiation. For the
wild-type strain, the survival rate as a function of UV
dose (Fig. 2C, squares) was similar to published data for
D. radiodurans (e.g., Battista 1997). At levels of irradia-
tion >490 J/m2, strains lacking Rsr were significantly
less resistant to UV than wild-type strains. This de-
creased resistance ranged from 3.5-fold at 490 J/m2 to
∼100-fold at 912 J/m2 and above (Fig. 2C). However,
these cells were still more resistant to UV irradiation
than E. coli, which have a survival rate of <0.1% upon
exposure to 200 J/m2 of irradiation (Battista 1997).

To verify that the decreased resistance in Drsr strains
was due to loss of Rsr, we examined the UV sensitivity of
a Drsr strain carrying a plasmid in which rsr was ex-
pressed under the control of a heterologous deinococcal
promoter. Expression of rsr increased the resistance of
Drsr cells to UV irradiation [Drsr/pMD66(rsr+) cells, Fig.
2C], confirming that the heightened sensitivity of Drsr
cells was at least partially due to loss of Rsr. At lower
levels of irradiation (770 J/m2 or less), Drsr/pMD66(rsr+)
cells behaved similarly to wild-type cells. However, at
higher doses, the survival of these cells was intermediate
between Drsr and wild-type cells.

Because expression of rsr on the plasmid did not fully
restore the radiation resistance of Drsr cells, we exam-
ined the levels of Rsr in the various strains following
exposure to UV light. The levels of Rsr in wild-type cells
increased fourfold within 30 min of exposure to 490 J/m2

of UV light (Fig. 2D, cf. lanes 1 and 2). However, al-
though the levels of Rsr were slightly higher in the Drsr/
pMD66(rsr+) cells in the absence of irradiation, the pro-

Figure 1. Comparison of human and worm Ro proteins with D.
radiodurans Rsr. Rsr (D.r.) is aligned with the human (H.s.;
Deutscher et al. 1988) and C. elegans (C.e.; Van Horn et al. 1995)
Ro 60-kD proteins. The alignment was created with MegAlign
(Lasergene) using the PAM250 similarity matrix. Similar resi-
dues were defined as D = E, H = K = R, A = G, I = L = V,
F = W = Y, S = T. The RNA recognition motif (Birney et al.
1993) is boxed. Two conserved sequences within the motif,
RNP1 and RNP2, are indicated by overlines. The human and D.
radiodurans sequences are 31.8% identical and 45% similar,
whereas the C. elegans and D. radiodurans proteins are 29.8%
identical and 50% similar.
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tein did not increase following exposure to UV light
(lanes 7–9). Thus, the fact that rsr on the plasmid does
not fully restore the radiation resistance of Drsr cells
may be due to a failure of the heterologous promoter to
be up-regulated following UV irradiation.

Several small RNAs accumulate in rsr+ cells following
UV irradiation

To determine the consequences of UV irradiation on
RNA metabolism, we subjected wild-type and Drsr
strains to irradiation with 490 J/m2 and examined the
RNA profiles during recovery. Several small RNAs accu-
mulated following UV irradiation (Fig. 3A). Immediately
after irradiation, a band appeared in both wild-type and
Drsr strains that was slightly smaller than mature 5S
rRNA (designated 5S* in Fig. 3A). Using direct RNA se-
quencing and Northern hybridization, we identified this
band as a form of the D. radiodurans 5S rRNA. As this
faster-migrating form of 5S rRNA appeared immediately
upon exposure to UV irradiation, it may represent 5S
rRNA containing an RNA:RNA cross-link similar to the
5S rRNA cross-link that occurs in eukaryotic cells fol-
lowing UV irradiation (Branch et al. 1985).

During recovery from irradiation, at least four small
RNAs accumulated in wild-type cells (Fig. 3A, a–d).
These RNAs ranged in size from 146 (RNA a) to 96
nucleotides (RNA d). Interestingly, two of these RNAs
appeared less prominent in Drsr cells (Fig. 3A, a,d),
whereas the remaining two RNAs were undetectable

(b,c). The identities of the RNAs were determined by
synthesizing and sequencing cDNAs complementary to
the RNAs. This revealed that all four RNAs were en-
coded upstream of rsr (Fig. 3B). One of these RNAs over-
laps the coding sequence of an ORF encoded upstream of
rsr. Although this ORF, DR1263, is homologous to a pre-
dicted ORF in the eubacterium Streptomyces coelicolor,
its function is unknown.

Rsr binds a small RNA that resembles a Y RNA

To examine whether Rsr bound any deinococcal RNAs,
we performed immunoprecipitations with anti-Rsr anti-
bodies. In unirradiated cells, no RNAs were detected
(Fig. 4A, lanes 1–4). However, when wild-type cells were
irradiated and then allowed to recover for 2 hr, several
RNAs were present in the immunoprecipitate (Fig. 4A,
lane 6). The most intense bands corresponded to two
small RNAs that accumulate in rsr+ cells following irra-
diation (b and c). In addition, RNAs a and d were present,
although in far lower amounts.

Remarkably, the major RNA in the immunoprecipi-
tate, c, can be folded to resemble a Y RNA, the RNAs
bound by Ro proteins in higher eukaryotes (Fig. 4B). Spe-
cifically, this RNA can be drawn as a structure contain-
ing a large internal loop and a long stem formed by base-
pairing the 58 and 38 ends. A defining feature of Y RNAs,
a conserved bulged helix that is the binding site of the X.
laevis Ro protein on the Xenopus Y3 RNA (Green et al.
1998), is largely present in the D. radiodurans RNA (Fig.

Figure 2. Rsr contributes to the survival of D. radiodurans following UV irradiation. (A) Genomic DNA was isolated from wild-type
cells (lane 1) and cells that were converted to Drsr as described in Materials and methods (lanes 2,3). Following digestion with StuI and
BsrGI, the DNA was subjected to Southern blotting and probed with a random-primed HindIII–NruI fragment containing 226 bp of 38

coding sequence of rsr and 341 bp of 38 flanking sequence. In wild-type cells, the probe detects a 2.8-kb StuI–BsrGI fragment that
contains most of the rsr coding region and 38 flanking sequences. In Drsr cells, this fragment is 4.7 kb, due to replacement of rsr with
the cat gene. The increased intensity of the Drsr band, relative to the wild-type band, is most likely due to gene amplification that
occurs during the drug selection step (Agostini et al. 1996). (B) Extracts from wild-type cells (lane 1), Drsr cells (lane 2), and Drsr/
pMD66(rsr+) cells (lane 3) were subjected to Western blot analysis. (C) Wild-type cells (j), Drsr cells (l), and Drsr/pMD66(rsr+) cells
(s) were subjected to irradiation with the indicated doses of UV light. After irradiation, aliquots were removed, plated on TGY agar,
and counted to determine the fraction of surviving cells. Shown are the means for three separate experiments. For each radiation dose,
the t-test was used to evaluate the statistical significance of the data. By comparing the ratio of the survival of the wild-type vs. the
Drsr strains, the differences in survival rates were significant at 490 J/m2 and higher doses (P < 0.007, using the Bernoulli correction
for multiple comparisons). Furthermore, the differences between the survival rates of the wild-type and Drsr/pMD66(rsr+) cells were
not significant at any of the depicted doses, although the survival rate of Drsr/pMD66(rsr+) was always less than wild-type cells at 912
J/m2 and higher doses. (D) Wild-type cells (lanes 1–3), Drsr cells (lanes 4–6), and Drsr/pMD66(rsr+) cells were irradiated with 490 J/m2

of UV light. Following irradiation, cells were allowed to recover in TGY broth for either 30 min (lanes 2,5,8) or 2 hr (lanes 3,6,9). Cell
extracts were prepared and subjected to immunoblotting using anti-Rsr antibodies. Extracts from unirradiated cells were loaded in
lanes 1, 4, and 7. Because antibodies to other deinococcal proteins have not been described, the blot was standardized by loading equal
amounts of protein as judged by Coomassie blue staining.
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4B, box). The only difference is that one of the conserved
basepairs in the helix, U-A, has been changed to G ? U.
Furthermore, all Y RNAs contain either a 3- to 4-nucleo-
tide bulge or a small internal loop adjacent to the helix.
In Xenopus Y3 RNA, this bulge is required for binding by
the Ro protein, most likely because it widens the major
groove of the helix, making it accessible to protein side
chains (Green et al. 1998). Similarly, a small internal
loop is present adjacent to the conserved helix in the D.
radiodurans RNA (Fig. 4B, arrow). Finally, as was ob-

Figure 4. The major RNA bound by Rsr resembles a Y RNA.
(A) Wild-type (lanes 1,2,5,6,9,11) and Drsr (lanes 3,4,7,8,10,12)
cells were either not irradiated (lanes 1–4,9–10) or irradiated
with 490 J/m2 of UV light (lanes 5–8,11–12). Following recov-
ery, extracts were prepared and subjected to immunoprecipita-
tion with the indicated antibodies. RNAs within immunopre-
cipitates (lanes 1–8) and total RNA (lanes 9–12) were extracted
and labeled at the 38 end with [32P]pCp. RNAs a–d in lane 6 were
identified by sequencing cDNAs made from the RNAs. The two
bands migrating below d were subjected to cDNA synthesis and
found to be degradation products of c. (B) Potential secondary
structures of human, C. elegans, and D. radiodurans Y RNAs.
The human Y3 RNA structure was proposed by O’Brien et al.
(1993) and the CeY RNA structure was proposed by Van Horn et
al. (1995). The D. radiodurans structure was derived using
MFOLD (Mathews et al. 1999).

Figure 3. Small RNAs encoded upstream of rsr accumulate
during recovery from irradiation with UV light. (A) Wild-type
(lanes 1–8) and Drsr (lanes 9–16) cells were either not irradiated
(lanes 1,9) or irradiated with 490 J/m2 of UV light (lanes 2–8,10–
16). At the times indicated, cell aliquots were removed and total
RNA extracted and labeled at the 38 end. (pre-5S) 5S rRNA that
is mature at the 38 end and contains spacer sequences at the 58

end; (5S*) a form of mature 5S rRNA. Consistent with the pres-
ence of a UV cross-link, several attempts to synthesize cDNA
complementary to the 5S* RNA were unsuccessful. (B) Map of
the rsr locus, showing the positions of small RNAs a–d. The
tRNA gene between a and d encodes tRNATyr; tRNAAsp is en-
coded 58 of RNA c. (GenBank accession nos. are AF233654 (a),
AF233655 (b), AF233656 (c), and AF233657 (d).
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served for the C. elegans Y RNA (Labbe et al. 1999), this
RNA fails to accumulate in Drsr cells (Fig. 3A), consis-
tent with the idea that binding by the Ro protein stabi-
lizes Y RNAs. We designate RNA c as a D. radiodurans
Y RNA.

Functional implications

We do not yet know the precise roles of Rsr and its as-
sociated RNAs in assisting in the recovery of D. radio-
durans from UV irradiation. However, it is intriguing
that a protein that binds misfolded, defective 5S rRNA
precursors has been acquired by an organism capable of
surviving massive radiation damage. Interestingly, al-
though Drsr cells display decreased resistance to UV ir-
radiation, they are identical to wild-type cells in their
sensitivity to X-ray damage (J.R. Battista, pers. comm.).
Thus, the role of Rsr may be specialized for recovery
from UV-induced damage. UV irradiation has well-docu-
mented effects on both RNA molecules and RNA–pro-
tein complexes, such as the introduction of both RNA:
RNA and RNA–protein cross-links (Doudney 1968).
Thus, Rsr could have a role in a pathway by which de-
fective cross-linked RNAs are recognized and degraded.
Alternatively, Rsr and its associated RNAs may function
to repair DNA damage, such as pyrimidine dimers, or
other cellular damage that is unique to UV irradiation.
Whatever the mechanism, our results reveal that in ad-
dition to previously described DNA-repair proteins such
as DNA polymerase I and RecA (Gutman et al. 1993,
1994), RNA-binding proteins and their associated RNAs
contribute to the radiation resistance of this extraordi-
nary organism. Moreover, although the Rsr-associated
RNAs accumulate following UV irradiation, we can de-
tect RNA c in unirradiated cells by Northern blotting (X.
Chen and S. Wolin, unpubl.), suggesting that both Rsr
and Y RNA may function in normal cellular metabo-
lism.

The finding that Ro RNPs contribute to the resistance
of D. radiodurans to UV irradiation suggests that these
RNPs could function similarly in the response to UV
light in higher eukaryotes. In preliminary experiments,
we did not detect an increase in the levels of the Ro
60-kD protein following irradiation of cultured mouse
cells with UV light (X. Chen and S. Wolin, unpubl.).
However, following UV irradiation-induced apoptosis of
keratinocytes, anti-Ro antibodies stain small blebs on
the cell surface that also contain ribosomes and ER
markers (Casciola-Rosen et al. 1994). Thus, the cellular
distribution of the Ro 60-kD protein may change as a
consequence of UV damage. In this regard, it is intrigu-
ing that the presence of anti-Ro antibodies in patients
suffering from rheumatic disease is highly correlated
with photosensitive dermatitis (von Muhlen and Tan
1995). Although it remains controversial whether auto-
antibodies enter cells in vivo (see McCauliffe 1996), it is
a tantalizing possibility that the observed photosensitiv-
ity may be due to loss of Ro RNP function. Further ex-
periments, in which higher eukaryotic cells and organ-
isms that lack the 60-kD Ro protein are assayed for their

response to UV irradiation, will be required to address
this question.

Materials and methods
Strains, plasmids, and media
D. radiodurans RI was purchased from the American Type Culture Col-
lection and grown at 30°C in TGY (0.8% tryptone, 0.1% glucose, 0.4%
yeast extract). Transformation was performed in liquid culture (Udupa et
al. 1994). Plasmids pI3 (Masters and Minton 1992) and pMD66 (Daly et al.
1994) were gifts of K. Minton and M. Daly.

Antisera
To prepare antibodies, the oligonucleotides 58-AATTGGATCCATGAA-
GAACTTGCTCCGTGCCATCAAC-38 and 58-AATTCTGCAGATCT-
CGCCCCGCGCAAAAGCCGTCATCAC-38 were used to amplify DNA
encoding amino acids 1–531 of Rsr. After digestion with BamHI and PstI,
the DNA was inserted into pTrcHisA (Invitrogen Corp., Carlsbad, CA).
The recombinant protein was solubilized in 6 M guanidine-HCl and pu-
rified from E. coli lysates under denaturing conditions using a ProBond
column (Invitrogen) as described by the manufacturer. Because the pro-
tein precipitated during dialysis, it was subjected to a denaturation and
renaturation procedure described previously (Van Horn et al. 1995), ex-
cept that heparin was added to 100 µg/ml in the renaturation and dialysis
buffers. Following dialysis against renaturation buffer containing 5 µg/
ml heparin, the protein was concentrated by dialysis against dry sucrose
and used to immunize rabbits.

Disruption of rsr+

Targeted disruption was performed as described (Gutman et al. 1993).
DNA containing 193 bp of 58 coding sequence of rsr and 1.8 kb of 58-
flanking sequence was amplified using 58-AATTTCTAGACGCTTGG-
TAATCTCTGTGTGCC-38, and 58-AATTTCGCGACCTGCACGGT-
GTGTTTCTGC-38 and digested with XbaI and NruI. DNA containing
226 bp of 38 coding sequence of rsr and 2.7 kb of 38-flanking region was
amplified with 58-AATTTCGCGATCGTCGTCTACACCGACACAAC-
38 and 58-AATTGGATCCACTTCGAGAAGATTCCGAAC-38 and di-
gested with BamHI and NruI. These fragments were cloned into the
XbaI–BamHI sites of pBluescriptSK (Stratagene) to generate pDRoR1. A
3.1-kb StuI–AviII fragment containing a promoterless cat gene fused to a
deinococcal-promoting region was excised from pI3 (Masters and Minton
1992) and inserted into pDRoR1 at the NruI site, generating pDRoR15.
This plasmid was introduced into D. radiodurans cells and recombinants
selected by plating on TGY containing 3 µg/ml chloramphenicol. Be-
cause pDRoR15 cannot replicate in D. radiodurans, transformation con-
ferred Cmr by recombination. After further selection on chloramphenicol
to encourage replacement of the multiple copies of the wild-type chro-
mosome by Drsr chromosomes, strains in which the Cmr marker had
correctly inserted into the rsr locus were identified by Southern analysis.

To express rsr in the Drsr strain, the rsr coding sequence was amplified
using 58-ATGAAGAACTTGCTCCGTGCCATCAAC-38 and 58-AATT-
GGATCCTCAAACCTCGCCCCGCGCAAAAGCCGTC-38. The DNA
was digested with BamHI and ligated adjacent to the deinococcal-pro-
moting sequences in the kanamycin-resistant plasmid pMD66 (Daly et
al. 1994). For this construct, pMD66 was digested with EcoRI, modified
with Klenow to produce blunt ends, and digested further with BamHI.
Ligation of rsr resulted in plasmid pMDRRo1, in which Rsr was ex-
pressed under control of the deinococcal promoter. Plasmid pMDRRo1
was introduced into the Drsr strain and transformants selected on TGY
containing 8 µg/ml kanamycin.

Survival measurements
Survival measurements were performed as described (Gutman et al.
1993). Cells were grown to OD600 = 0.8, pelleted, and resuspended in PBS
(137 mM NaCl, 2.7 mM KCl, 5.3 mM Na2HPO4, 1.8 mM KH2PO4 at pH 7.4)
at an OD600 of 0.06. Cells were placed in plastic petri dishes (with the lids
off) and irradiated at room temperature with constant agitation using a
germicidal UV lamp (254 nm) at a dose rate of 1.0 J/m2/sec. At intervals,
aliquots were removed, diluted, plated on TGY agar, and incubated at
30°C for 3 days.

RNA extraction and analysis
Total RNA was extracted from D. radiodurans using the hot phenol
method described for Saccharomyces cerevisiae by Ausubel et al. (1998).
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Briefly, cells were pelleted, washed with water, and resuspended in 10
mM Tris-HCl (pH 7.5), 10 mM EDTA, and 0.5% SDS, and an equal volume
of acid phenol was added. After vortexing, the mixture was incubated for
30 min at 65°C with occasional vortexing. Following a second phenol
extraction and a chloroform extraction, RNA was precipitated with etha-
nol. RNAs were labeled with [32P]pCp and T4 RNA ligase (England et al.
1980) and fractionated in 5% polyacrylamide/8 M urea gels. Direct RNA
sequencing using base-specific ribonucleases was performed as described
(Donis-Keller et al. 1977). To prepare cDNA, a deoxyoligonucleotide was
ligated to the 38 end of the desired RNA and subjected to reverse tran-
scription and PCR amplification (O’Brien and Wolin 1994).

Immunoprecipitation and immunoblotting
For immunoprecipitations, D. radiodurans cells were grown to
OD600 = 0.8, washed with water and resuspended in 40 mM Tris-HCl (pH
7.4), 150 mM NaCl, 0.1% NP-40, 0.5 mM PMSF, 1 mM EGTA, 1 mM

MgCl2, 1 mM DTT, 200 U/ml RNasin, 10 mM vanadyl ribonucleoside
complexes, and 125 ng/ml each leupeptin, chymostatin, pepstatin, and
antipain. Cells were lysed using a Bead Beater (Biospec Products, Bartles-
ville, OK) in the presence of glass beads (0.1 mm, Biospec Products).
Following sedimentation at 10,000g for 10 min to remove debris, lysates
were cleared by centrifugation at 100,000g in a Beckman TL100.3 rotor
for 30 min at 4°C. The supernatants were incubated with antisera and
processed as described (Wolin and Steitz 1984). RNAs in immunoprecipi-
tates were labeled using [32P]pCp and T4 RNA ligase (England et al. 1980)
and fractionated in 5% polyacrylamide/8 M urea gels. For immunoblot-
ting, cells were resuspended in SDS-PAGE buffer (83 mM Tris base, 30%
glycerol, 6.8% SDS, 120 mM DTT), disrupted by vortexing with glass
beads, and heated to 95°C for 5 min. After fractionating the extracts in
SDS–polyacrylamide gels and transferring to nitrocellulose, the mem-
branes were blocked and incubated with antisera as described (Yoo and
Wolin 1994).
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