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Abstract Site-directed mutagenesis were done in Hal-
oarcula marismortui using the strategy that Khorana and
coworkers devised for deleting the bacteriorhodopsin
gene from Halobacterium halobium [Krebs et al. Proc
Natl Acad Sci USA 90:1987-1991 (1993)]. Strains have
been prepared from H. marsimortui, which normally has
three TRNA operons, that are missing either its rrnB
operon or both its rrnB and rrnC operons. In rich media,
both strains grow at about the same rate as wild type.
The G2099 in the 23S rRNA gene of the single operon
strain was changed to A, and a three amino acid deletion
was introduced into the gene for ribosomal protein 122
of the wild-type organism. The structural consequences
of these and other such mutations can be determined
with unusual accuracy because crystals of the large
ribosomal subunit of H. marismortui diffract to atomic
resolution.

Keywords Haloarcula marismortui - Gene
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Introduction

The crystals that have been obtained of the 50S ribo-
somal subunits of the halophilic archaecon Haloarcula
marismortui diffract to a higher resolution (2.2 A) than
any other ribosome or ribosomal subunit crystals so far
reported. Thus, H. marismortui would be an attractive
species in which to study the structural consequences of
mutations in the large ribosomal subunit if site-directed
mutagenesis of its rRNA and ribosomal protein genes
could be done in that organism.

When the work reported here began, there were no
reports of genetic manipulations done on H. marismortui
of which we were aware. However, polyethylene-glycol-
mediated transformation is very efficient in bacteria and
yeast (Chang and Cohen 1979; Klebe et al. 1983), and
Cline and Doolittle had shown its efficacy in halophilic
archaea like Halobacterium halobium (Cline and Doo-
little 1987), Haloferax volcanii (Charlebois et al. 1987),
Haloarcula hispanica and Haloarcula vallimortis (Cline
and Doolittle 1992). Futhermore, detailed protocols for
transformating many halophilic archea are available on
the web (Dyall-Smith 2003). Thus it seemed very likely
that we would be able to obtain the strains of H. maris-
mortui we needed in this way, and so it proved.

It is difficult to obtain homogeneous populations of
ribosomes with mutated rRNAs from most prokaryotes,
because their genomes contain several rRNA operons,
and H. marismortui is typical in this respect. In 1989,
Dennis and coworkers concluded that the genome of
H. marismortui contains two rRNA operons: rrnA and
rrmB (Mevarech et al. 1989; Dennis et al. 1998). While
this manuscript was being prepared, the complete gen-
ome sequence of H. marismortui was published (Baliga
et al. 2004). It shows that H. marismortui contains a
third TfRNA operon (rrnC), confirming what we had
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already learned from the gene knockout experiments
described below. In order to simplify the generation of
ribosomes with mutant rRNAs, our first objective was to
obtain a strain of H. marismortui that has a single rRNA
operon.

A strain of H. marismortui containing a single rRNA
operon was produced by deleting its rrnB and rrnC
operons. Surprisingly, even though all three of
these TRNA operons are expressed in the wild-type
H. marismortui, the single rRNA operon strain obtained
(rrmA, ArrnB, ArrnC) grows on rich media at about the
wild-type rate. A point mutation G2099A has been
introduced into the 23S rRNA gene of the single rRNA
operon strain, and another strain created carrying a
three-amino-acid deletion in its L22 ribosomal protein
gene. Crystallographic studies done on large ribosomal
subunits from H. marismortui that contain these non-
lethal mutations confirm the utility of constructs of this
kind (Tu et al. 2005).

Materials and methods
Strains and culture conditions

The H. marismortui strains used in this work are de-
scribed in Table 1. The H. marismortui cells were grown
in a slightly modified version of a medium described
previously (Ban et al. 1998) that contains (per liter):
214 g of NaCl, 17 g of MgSO47H,0, 3 g of trisodium
citrate:2 H,0, 1.7 g of KCl, 0.23 g of CaCl,2H,0, 4.3 g
of yeast extract (Difco), 8.5 g of bacteriological peptone
(Oxoid), 3.4 g of glucose, and 5.2 g of Tris, pH 7.2.
After autoclaving and cooling, 1.7 ml/L was added of a
mixture of trace elements (0.0218 g of MnCl,-4H,O and
0.486 g of FeCls:6H,O per 100 ml) that had been ster-
ilized by filtration. Cells were routinely grown at 42°C.
When needed, solid and liquid media contained

mevinolin that had been treated with NaOH to hydro-
lyze its lactone ring (Kita et al. 1980) at 4 and 1 pg/ml,
respectively.

Transformation procedure

H. marismortui cells were transformed as previously
described for H. volcanii (Cline et al. 1989) except for the
following changes: cells were grown to an ODssy of 0.9—
1.0; the spheroplasting solution contained 1 M NaCl;
EDTA treatment to induce spheroplast formation was
done at 37°C for 15 min; spheroplasts were mixed with
PEG solution in 1.5-ml microcentrifuge tubes by 34 s
of vigorous manual shaking; PEG treated cells were
recovered by diluting them into 15 ml of H. marismortui
medium, supplemented with 15% sucrose, and incu-
bating at 37°C for 60 h before plating.

Genomic DNA and plasmid preparation
from H. marismortui

H. marismortui genomic DNA was prepared with
DNeasy Tissue Kit (Qiagen) as recommended by the
manufacturer. Plasmid minipreps of H. marismortui cells
were performed using the Wizard Plus Miniprep DNA
purification System (Promega) according to manufac-
turer’s instructions.

Plasmid construction

The plasmids used in this work are listed in Table 1, and
the sequences of the PCR primers used are given in
Table 2. Plasmids were subcloned and maintained in
Escherichia coli using Efficiency DHS5a cells (Invitrogen)
and XL10-Gold Ultracompetent cells (Stratagene).

Table 1 H. marismortui strains

and plasmids used in this study ~ Strain or Relevant Source or
plasmid properties reference
Strains
Wild type rrnA rrnB rrnC ATCC43049
DT29 Wild type/ArrnB This study
DT38 DT29/Containing the G2099A This study
mutation in rrnAd
DT4l DT38/ArrnC This study
DT50 Wild type/A9bp in codons 122-124 of L22 gene This study
Plasmids
pWL102 Shuttle vector containing halobacterial Lam and Doolittle (1989)
mevinolin resistance gene
pHCS rrnA Subclone Mevarech et al. (1989)
pHHI10 rrnB Subclone Mevarech et al. (1989)
pDT2 pWL102 Containing flanking This study
sequences of rrnB
pDT3 pWL102 Containing rrnd with This study
G2099A mutation
pDT4 pWL102 Containing S10-spc with A9bp in This study
codons 122-124 of L22 gene
pDTS5 pWL102 Containing flanking sequences of rrnC This study




Table 2 Primers used in this work
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Primer Sequence (5-3")* Location

100G2A GGCTTGCATGAATGGATTAACCA 2000-2022, 23S rRNA; fp®

2099RR CACGGGCAGGATGGAGGG 2547-2564, 23S TRNA; rp°

BLA GAATTCCAGACGATTATTGGCGAGTTTGGC 1 kb up-stream to rrnB; fp

BLB GACGTCCGCGATTCAGAGGTGAGAATAATC 5" end of rrnB; rp

BRA GCGGCCGCATTCATACCTTTCATAGCCCACTC 3" end of rruB; fp

BRB AAGCTTTGGCGGGGTTCATTGCGACTG 1 kb down-stream to rrnB; rp

DUTOP CTC ATCGATTG AGATCTGC Synthetic linker; plus strand

DUBOTM GGCCGC AGATCTCA ATCGATGAGACGT Synthetic linker; minus strand
HMASI0L GAATTCCACAGTCTAGTGGCGCGACGTG 35nt up-stream to orfl in S10-spc; fp
HMASI10R AAGCTTGTCGACAGGTCGAACGCGAACG 75nt up-stream to S17; rp

BMF AGATCTACGAGGATGTCGACGTCGAGG 334 nt up-stream to 3’ end of S3; fp
BMR ACGCGTGAGCTGCTCGATGTCC 75 nt up-stream to L32e; rp

MHF ACGCGTATCAACGACAAGGACGTGC 75 nt up-stream to L32e; fp

MHR AAGCTTCGGTAGGAAATCCAGCCCTGCAA 232 nt down-stream to 3’ end of SecY; rp
CLA GAATTCATTACGTTAACCAGTATTGAGTGATAATTGACACG 1.3 kb up-stream to rrnC; fp

CLB GACGTCGTCCAGAAGACGGGGGAACATATAA 5" end of rruC; rp

CRA GCGGCCGCATTCATACCTTTCATAGCCCACTCAGGAGAGG 3" end of rrnC; fp

CRB AAGCTTGGCTCGACCGCGACGATGTC 1.3 kb down-stream to rrnC; rp

ACLI ATGCCAGCTGGTGGATTGCT 11-30, 23S rRNA; forward primer
ACRI1 CTCGCGTCTCGGTCATTCGT 562-581, 23S rRNA; reverse primer
HBKOLF TACCGTCAGCATGAACTCAATCTCGATATTGC 1540 nt up-stream to 16S RNA/ rruB; fp
HBSLRI1 GAAATCAACAGTGAGGTGTTGCAAGTCGG 1142 nt up-stream to 16S RNA/ rrnB; rp
EXT23S4 TTTTCGAGCGCGTACCGCCC 2284-2303, 23S rRNA; rp

# Nucleotides underlined are adaptor restriction sites
’fp forward primer, rp reverse primer

pDT2

A 1 kb DNA fragment from H. marismortui genomic
DNA that lies upstream of the rrnB transcription start site
PB1 (Dennis et al. 1998) was amplified by PCR using
primers BLA and BLB, which contain EcoRI and Aatll
restriction sites, respectively. A 1 kb DNA fragment
downstream of rrnB 55 gene was similarly PCR amplified
using primers BRA and BRB, which contain No¢I and
HindllII sites, respectively. A short synthetic linker was
made by annealing the primers DUTOP (19mer) and
DUBOTM (27mer) to produce a duplex DNA that carries
an Aatll site at one end and a NotI site on the other end.
pDT2 was created (Fig. 1) by ligating the following four
DNA fragments: plasmid pWL102 that had been digested
with EcoRI and HindlIII to remove its pHV2 portion, the
two PCR fragments flanking rrnB described above that
had been digested with EcoRI/ Aatll and Notl/ HindIIl,
respectively, and the synthetic duplex linker. The se-
quence information used for designing the DNA primers
was obtained by sequencing the entire plasmid pHH10
(Mevarech et al. 1989), which includes the rrnB operon.

pDT3

The G at position 2099 of the rrnA 23S rRNA gene of
plasmid pHCS (Mevarech et al. 1989) was mutagenized
to A using a QuickChange XL Site-Directed Mutagen-
esis Kit (Stratagene). The mutagenized rrnAd fragment
that resulted was cut out of the pHC8 DNA using
Hindlll and Clal, and ligated into pWL102 from which
the pHV2 segment had been removed using the same
restriction enzymes.

pDT4

A 14.9 kb fragment of the S10-spc operon lacking a
promoter was obtained by PCR-amplifying three shorter
consecutive fragments, each carrying restriction sites on
both ends, from H. marismortui genomic DNA, and
ligating them together into plasmid pUC19. The three
fragments were amplified wusing primers pairs
HMASIOL/HMASI0R (5.8 kb product), BMF/BMR
(4.2 kb product), and MHF/MHR (5.1 kb product),
respectively, using PfuTurbo DNA polymerase (Strata-
gene). These three PCR fragments were digested using
the restriction enzymes EcoRI/ Bg/ll, Bg/ll/ MIul, and
Mlul] HindIlIl, respectively, and then ligated into plas-
mid pUC19 that had been digested with EcoRI and
HindIll. Sequence information for designing primers
was taken from literature (Arndt 1990, 1992; Arndt et al.
1990; Arndt and Weigel 1990; Scholzen et al. 1991). In
order to construct pDT4, a DNA fragment containing
the L22 gene from H. marismortui genomic DNA was
PCR amplified wusing primers HMASIOL and
HMASIOR, and cloned into a pUCI9 plasmid that had
been digested with EcoRI and HindIIl to produce a
smaller clone that was more suited for site-directed
mutagenesis. This smaller construct was mutagenized to
delete the nine bp of interest from the L22 gene
(QuickChange Site-Directed Mutagenesis kit, Strata-
gene), and digested with EcoRI/ Bg/ll to release a
fragment containing the mutagenized L22 gene. The
resulting mutant fragment was exchanged into the sub-
clone of the full S10-spc operon described above. Fi-
nally, the mutagenized 14.9 kb S10-spc operon was cut
out of the pUC19 plasmid using EcoRI and HindIII, and
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Fig. 1 Construction of
plasmids pDT2, pDT3, and
pDT4. The pHV2 portion of
pWL102 was removed either by
digestion with EcoRI and
HindlIII for pDT2 and pDT4,
or by digestion with Clal and
HindIII for pDT3. In its place,

a fragment containing a 1 kb Hincd|g| pH\_/2
left flanking sequence of the EcoRI portion
rrnB operon connected by a

synthetic linker to a 1 kb right Pstl ApR

flanking sequence of the rrnB S i pWL1 02
operon was inserted to create 11.1 kbp
pDT2. pDT3 was made the i

same way using a fragment 2\ pAT1.53
containing the entire rrnd portion

operon with G2099A mutation
in its 23S rRNA gene, which
was cut out of pHCS. The
asterisk indicates the relative
position of G2099A mutation in
rrmA. pDT4 was constructed
similarly using a fragment
containing the entire S10-spc
operon without promoters and
with a 9-bp deletion in its 122
gene (codons 122-124)
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ligated into pWL102 that had been digested with the
same restriction enzymes to remove the pHV2 portion,
and to form pDT4.

pDT5

pDTS5 was constructed the same way as pDT2. A 1.3 kb
fragment that flanks the left side up-stream of the rrnC
promoters, which was identified by its similarity to the
rrmB promoters, and a 1.3 kb fragment that flanks the
down-stream right side of the rrnC 35S gene were PCR-
amplified from H. marismortui genomic DNA using the
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primer pairs CLA/CLB, and CRA/CRB, respectively. A
synthetic duplex DNA linker was used to ligate these
two fragments into pWL102 that had been digested to
remove its pHV2 portion. Sequence information for
designing primers was obtained from (http://zdna2.um-
bi.umd.edu, version 2).

Southern blot analysis

Genomic DNAs from H. marismortui strains were
digested using restriction enzymes and transferred
to GeneScreen Hybridization Transfer Membranes



(Perkin-Elmer) using the manufacturer’s protocol.
Radioactive probes were made using a Random Primed
DNA Labeling Kit (Roche) and gel-purified (MinElute
Gel Extraction Kit, Qiagen) PCR fragments as tem-
plates. The knockout of the rrnB operon was confirmed
initially using a 400 bp template DNA that had been
generated by PCR from a sequence 1.5 kb upstream of
the rrmB 16S rRNA gene using the primer pair
HBKOLF/HBSLRI1. Later the rrnB and rrnC deletions
were confirmed using a probe that covers a 565 bp se-
quence inside the 23S rRNA gene extending from 2000
to 2564. The probe was based on a PCR fragment
generated using the primer pair 100G2A/2099RR.
Hybridization and washing were done according to the
transfer membrane manufacturer’s protocol except that
washing was done at 65 °C. Membranes were exposed to
Fuji phosphor imaging plates that were scanned using a
Fuji BAS-2000 scanner, and digital images were ana-
lyzed with Image Gauge (Version 4.1; Science Lab).

Primer extension analysis

Sucrose gradient-purified large ribosomal subunits from
wild-type H. marismortui (Ban et al. 1998) were phenol-
chloroform extracted. The rRNA was ethanol precipi-
tated and dissolved in DEPC-treated water. Primer
extension was performed as described (Stern et al. 1988)
with primer EXT23S4. The anode chamber buffer for
electrophoresis included 1 M NaAc, pH 8.3, in addition
to TBE. Dried gels were exposed to a phosphor imager
plate overnight (Fuji imaging plate). The imager plates
were scanned with Fuji BAS-2000 and the digital images
were analyzed with Image Gauge (Version 4.1; Science
Lab).

RT-PCR analysis

The RNA was isolated from H. marismortui strains with
an RNeasy Mini kit (Qiagen) following the manufac-
turer’s protocol with some minor modifications. Lyso-
zyme was not necessary for cell lysis, but RNase-free
DNase (DNase set, Qiagen) was used at the recommended
point in the RNA isolation. The RT-PCR was performed
with OneStep RT-PCR kit (Qiagen) using primers pair
ACLI1/ACR1 or 100G2A/2099RR (Table 2).

Results
Transformation of H. marismortui

All the plasmids used to transform H. marismortui are
derivatives of pWL102, which was kindly provided by
Ford Doolittle (Lam and Doolittle 1989). Both H. val-
lismortis and H. hispanica can be transformed using
pWL102 DNA that has been passaged through E. coli
(Cline and Doolittle 1992), but the transformation
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efficiency is very different for the two species, 500
transformants/ug have been reported for H. vallismortis,
whereas 4 x 10° transformants/ug were obtained for H.
hispanica. This difference reflects the presence of
restriction enzymes in H. vallismortis that are absent
from H. hispanica. The H. marismortui strain we used
resembles H. vallismortis in this regard. Typically we
obtained 100 transformants/pg of DNA using pWL102
DNA from E. coli, but the transformation efficiency
increased to 1x10° transformants/ug after the plasmid
has been passaged through H. marismortui. Passage of
the plasmid through E. coli SCS110 (dam-, dem-) did not
improve transformation efficiency.

Construction of a rruB deletion strain

The strategy used to obtain gene knockouts and
replacements, which is outlined in Fig. 2, is based on the
two-step procedure devised by Krebs et al. (1993) to
delete the bacteriorhodopsin gene from H. halobium. To
knock out the rrnB operon, a suicide vector named
pDT2 (Fig. 1; Materials and methods) was transformed
into H. marismortui, and the transformants were plated
onto plates containing mevinolin (mev), which is toxic to
halophilic archaea. The plasmid from which pDT2 was
derived, pWL102, replicates in wild type H. marismortui,
but pDT2 does not because it has no origin of replica-
tion that is active in halophiles, and its 3.5 kb Mev' lo-
cus, which was isolated from H. volcanii, has no
significant homology with the H. marismortui genome.
Thus all the mev-resistant colonies that emerged should
have had pDT2 DNA integrated into their genomes as a
result of homologous recombinations involving the
flanking regions of the rruB operon (Fig. 2). Only three
mev-resistant colonies were obtained this way, which
corresponds to only 1 transformant/pg of pDT2 DNA,
but all were shown to have pDT2 DNA integrated into
their genomes by colony PCR, and the absence of free
plasmid DNA from the transformed strains was con-
firmed by miniprep experiments (data not shown).

Cells with pDT2 integrated into their genome were
subcultured three times in media lacking mevinolin to
allow a second recombination to occur, and then grown
on plates that lacked mevinolin. Twenty-five of the
resulting colonies were picked, streaked onto mev-free
plates, and then checked for the presence of the Mev"
gene by colony PCR. Five of the 25 lacked a Mev' gene,
indicating that a second recombinational event had ta-
ken place (Fig. 2), and Southern blot experiments
showed that all of them were rrnB knockouts (data not
shown). One of the strains obtained, DT29, was used for
all subsequent experiments.

Mutation of G2099 in a ArrnB strain

Like all archaea, H. marismortui has a G at position
2099 in its 23S rRNA (2058 in E. coli), while in most
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eubacteria the base at that position is an A. In eubac-
teria, A2058G (E. coli) mutations render cells resistant
to MLSjy class antibiotics like erythromycin (Weisblum
1995), and not surprisingly, erythromycin binds so
weakly to wild-type H. marismortui 50S ribosomal su-
bunits that its interaction cannot be observed crystallo-
graphically (J.L. Hansen, P.B. Moore and T.A. Steitz,
unpublished results).

Because of our interest in determining the structure of
erythromycin bound to the large subunit, the first point
mutation introduced into DT29, which at the time we
thought was a strain containing a single rRNA operon,
was a G2099A mutation in the 23S rRNA cistron of its
rrmA operon. To this end, a vector called pDT3 was
constructed from plasmid pWL102 that contains an
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Fig. 2 Schematic diagram describing the deletion of the rmnB
operon from H. marismortui genome. Plasmid pDT2 (described in
Fig. 1 and in “Materials and methods” section) was integrated into
the chromosome by homologous recombination between the
hatched region in the plasmid and corresponding sequences in
the chromosome, and mevinolin-resistant cells were selected.
Following growth without selection, a second recombination event
in the same region could lead either to loss of integrated plasmid in
its original form and return to a wild-type chromosome, or to loss
of the integrated plasmid carrying the rrnB operon, and deletion of
rrnB sequence from the chromosome through recombination in the
cross-hatched region

entire rrnA operon, including its promoters and termi-
nators and is G2099A in its 23S rRNA cistron (Fig. 1;
Materials and methods). The pDT3 was transformed
into DT29 using the strategy summarized in Fig. 2. The
number of transformants obtained, about 5 pg of E. coli
passaged pDT3 DNA, was five times higher than ob-
served for the rrmB knockout vector pDT2, which is
probably indicative of the difference in the length of the
homologous DNA sequences available for recombina-
tion between the two vectors. Colonies lacking the Mev"
locus were obtained without incident following the sec-
ond recombination step, and the 2099 region of the 23S
rRNA cistrons in these colonies was amplified by PCR,
and sequenced to determine the identity of residue 2099.
To our surprise, all such strains showed both G and A at
2099. The experiments done to pursue this anomaly,
which need not be described here, ultimately convinced
us that H. marismortui must contain a third rrn operon,
a result now confirmed by the genome sequence avail-
able for H. marismortui (Baliga et al. 2004). One of these
two-operon strains, DT38, was selected for further
study.

Deletion of the rrnC operon from a ArrnB strain

In the repository of partial H. marismortui genome se-
quences on the web (http://zdna2.umbi.umd.edu, Ver-
sion 2), we found the complete sequence of the rrnC
operon including its flanking region (within contig 146).
Using this information pDTS was constructed (Materi-
als and methods) so that the rnC operon could be de-
leted from DT38 in the usual way (Fig. 2). Several
colonies emerged that were (ArrnC, ArrnB) and the one
used for further study is designated DT41.

The success of the manipulations just described was
confirmed by a Southern blot experiment, the results of
which are shown in Fig. 3. Genomic DNA from wild-type
H. marismortui, which has 3 rRNA operons, DT29, which
has two (rrnA and rrnC), and DT41, which has only one
(rrnA), was digested using three different restriction
enzymes: Xhol, Rsrll, and Pvul. Gels of these restriction
digests were blotted and probed using a 565 bp, radio-
actively labeled, PCR fragment corresponding to bases
2000-2564 of 23SrRNA. As Fig. 3 shows, wild type DNA
yields three restriction fragments bands that hybridize to
the probe when digested with any one of the three
restriction enzymes tested, DT29 yields 2, and DT41, only
1. The sizes of these fragments are consistent with the
genomic DNA sequences available on the web (http://
zdna2.umbi.umd.edu, Version 2).

Physiology of the single rRNA operon strain

Deletion of the rrnB and rrnC operons from H. maris-
mortui has little effect on its growth rate. In our hands,
there is a lot of variability in both the doubling time and
the lag time of H. marismortui cultures grown under
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Fig. 3 Southern blot analysis of wild-type, the rrnB knockout, and
the rrnB/rrnC double knockout strains. Genomic DNA was
prepared from wild-type strain, the ArrnB strain, DT29, and the
ArrnB/ArrnC strain, DT41. After digestion with Xhol, Rsrll or
Pyul, respectively, the DNA was hybridized with a probe that
anneals to position 2000-2564 in 23S rRN A gene. The genotypes of
the strains are indicated above the slots. DNA size markers are
from a A DNA HindIII digest, and their sizes are indicated in kb

apparently identical conditions. The doubling times and
lag times of the two-rRNA operon strain DT29 (ArrnB)
and one-rRNA operon strain DT41 (ArrnB ArrnC) are
indistinguishable from wild-type H. marismortui when
grown on a rich medium (Fig. 4). One way this obser-
vation could be explained is if neither the rrnB nor the
rrmC operons were expressed under these conditions.
To find out whether all of the rRNA operons are
expressed in wild type H. marismortui, an RT-PCR
experiment was done on the total cellular RNA from the
wild-type strain, DT29 (ArrnB), and DT41 (ArrnB,
ArrnC). The result is shown in Fig. 5. In the region of
23S rRNA around nucleotide 300, the sequences of the
rrmC and rrmA operons differ at five positions, and the
rrmB sequence is a combination of the two. It is clear
that both the rrn4 and rrnC variants are expressed in the
wild-type organism, and that in the single rrn operon
strain, DT41, only the rrnAd version of the sequence is
seen, as anticipated. In the regions of nucleotide 2170,
rrnA and rrnC are identical, but rruB differs from both
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Fig. 4 Growth curve of wild-type, two operon (ArrnB) and single
operon (ArrnB/ArrnC) strain. Cells were grown at 42 °C, as a
400 ml culture in a 2 L baffled flask on an orbital shaker (220 rpm).
Generation time of WT is 5.4 h, DT29 (ArrnB) 6.3 h, and DT41
(ArrnB/ArrnC) 6.1 h

at four positions. Clearly the rrnB variant is expressed in
the wild type strain, but not in DT29, as expected. We
note in passing that the plots obtained when genomic
DNA is sequenced from these three strains are virtually
identical to those shown in Fig. 5 (data not shown).
However, DNase treated controls run in connection
with this RT-PCR experiment show unequivocally that
the sequence plots shown here derive from RNA not
DNA. To further confirm these results, some regions of
23S rRNA isolated from wild type cells were sequenced
by primer extension. At positions where the sequences of
the three rrn operons diverge, the contribution of the
divergent operon was clearly evident, and in many cases,
the majority band was about twice as dark as the
minority band (data not shown).

Gene replacement in the S10-spc operon

One of the ribosomal mutations known to cause resis-
tance to macrolides in E. coli is a three-amino-acid
deletion in ribosomal protein L22 (Chittum and
Champney 1994), and it would be interesting to know
what its structural consequences are because .22 is not a
component of the macrolide binding site (Hansen et al.
2002). In archaea, ribosomal protein genes are clustered
in operons just as they are in eubacteria (Ramirez et al.
1993), and in H. marismortui, the gene for L22 is a
component of the S10/spectinomycin operon, which
contains 25 open reading frames that encode 15 large
ribosomal subunit proteins, seven small ribosomal sub-
unit proteins, secY, and two unknown proteins (Arndt
1990, 1992; Arndt et al. 1990; Arndt and Weigel 1990;
Scholzen et al. 1991). The synthesis of r-proteins is
autogenously regulated at the level of translation in ar-
chaea, just as it is in eubacteria. When in excess, one of
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the r-proteins in an r-protein operon binds to a regula-
tory site in its own, polycistronic mRNA, and thereby
inhibits translation of all genes that mRNA encodes
(Ramirez et al. 1993; Kraft et al. 1999).

In designing a gene replacement vector for L22, we
decided to omit the promoter of the S10/spc operon so
that problems caused by r-protein autoregulation would
be avoided. However, because the promoter was to be
omitted, the version of the S10/spc operon on the plas-
mid used for transformation had to be complete down-
stream of L22 because otherwise recombination between
the plasmid and the chromosome would generate
daughter chromosomes containing genes on the 3’ side
of the recombination site that could not be transcribed.
The amino acids deleted in L.22 were Gln-GIn-Gly cor-
responding to codons 122-124, positions that were
identified by multiple sequence alignment of H. maris-
mortui 122 protein with other bacterial and archaeal
L22 proteins, and confirmed by structural alignment of
the crystal structure of L22 from Thermus thermophilus
(Unge et al. 1998) and that of L22 from H. marismortui
as it exists in the structure of its large ribosomal subunit
(Ban et al. 2000).

The pDT4 (methods section) was used to produce the
mutation desired in wild-type H. marismortui using the
strategy outlined in Fig. 2. Of the 12 colonies recovered
after the second recombination step that had lost the
Mev" locus, only one had the desired 9 bp deletion in
the gene for L22 (data not shown). The low efficiency of
the second step probably reflects the relatively skewed

23S rANA # 2?? 3?2 2'I|68 21?8
A CAGCCGACCGTCTLJA GTCGTTACAGA
rmB CAGCCGACCGTCTCGA GACIAdTACACA
rmC CGICCGACCIITCTCGA GTCGTTACAGA
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Fig. 5 RT-PCR sequencing of the total cellular RNA of three
strains: wild type, DT29, and DT41. Total cellular RNA of wild-
type strain, the ArrnB strain, DT29, and the ArrnB/ArrnC/mutant
rrnA (G2099A) strain, DT41 was RT-PCR amplified in two regions
using the primers pair ACL1/ACR1 or 100G2A/2099RR (Table 2).
The PCR products were sequenced and the four-color sequencing
plots are shown for all three cellular RNAs around 23S rRNA
positions 300 and 2170

position of the 9 bp deletion, which is only about one-
third of the way down the 14.9 kb S10/spc operon.

Discussion

It is clear from the data reported above that transcripts
of all three rRNA operons are incorporated into 50S
ribosomal subunits of wild-type H. marismortui at
roughly equal levels. RT-PCR results showed that the
23S rRNA products of all three operons accumulate in
cells, and primer extension results indicate that these 23S
rRNAs are incorporated into ribosomes in a roughly
unbaised way.

At first glance, the finding that H. marismortui strains
carrying only one rRNA operon grow normally in rich
media is not surprising. Archaea typically possess one to
four rRNA operons, with 1.5 being the average (http://
rrndb.cme.msu.edu, rrndb: the Ribosomal RNA Operon
Copy Number Database, Version 2.5). Included among
the archaea that get along with a single rRNA operon is
H. halobium, a halophile closely related to H. maris-
mortui that grows at about the same rate. The result
becomes puzzling only when it is realized that in wild-
type H. marismortui, all rRNA operons are expressed at
roughly equal levels, as shown above. Why should an
organism that appears to need only one rRNA operon
retain three, and how does the regulatory system work
that enables the single operon in DT41 to produce as
much rRNA as three operons in the wild-type organism?

Whatever the explanation for this aspect of the
physiology of H. marismortui. It is clear that the trans-
formation system and the strains described above can be
used to create strains of that organism that contain
homogeneous populations of mutant ribosomes carrying
mutant rRNA, provided that the mutations are not le-
thal. Strains of this kind have already been used to
investigate issues related to antibiotic interactions (Tu
et al. 2005). Their potential utility for high-resolution
investigations of structure—function relationships is
indicated by Fig. 6, which compares the electron density

A2099

Fig. 6 Electron density for G2099 in the crystal structure of the 50S
ribosomal subunit from wild type H. marismortui compared to the
electron density for A2099 from the crystal structure of 50S
ribosomal subunits from the strain DT41. In both cases, 2F,-F,
electron density map were calculated using amplitudes obtained
from a crystal of the appropriate type, and model phases computed
with the residue at position 2099 omitted



for the base at position 2099 obtained from crystals of
the large ribosomal subunit prepared from DT41 (Fig. 6
right), and from wild-type H. marismortui (Fig. 6 left). It
is obvious that the base at 2099 is an A in DT41, and G
in the wild-type organism, as expected.
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