The only difference between our gene-
silenced transgenic plants that were resistant
to high temperature and the respective wild-
type plants was that the chloroplasts of the
transgenic plants contained a reduced level of
trienoic fatty acids and an elevated level of
dienoic fatty acids, which is controlled by
chloroplast w-3 fatty acid desaturase. Of the
six different higher plant desaturases whose
genes have been cloned, only the expression
of the chloroplast FAD8 -3 fatty acid de-
saturase gene changes in response to a change
in ambient temperature (22).

The ®-3 fatty acid desaturase enzyme,
which is expressed in nearly all plant species,
may be widely useful in engineering temper-
ature tolerance in plants.
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One Polypeptide with Two
Aminoacyl-tRNA Synthetase
Activities
Constantinos Stathopoulos, Tong Li,’ Randy Longman,’

Ute C. Vothknecht,” Hubert D. Becker,? Michael Ibba,*
Dieter Soll1-23*

The genome sequences of certain archaea do not contain recognizable
cysteinyl-transfer RNA (tRNA) synthetases, which are essential for mes-
senger RNA—-encoded protein synthesis. However, a single cysteinyl-tRNA
synthetase activity was detected and purified from one such organism,
Methanococcus jannaschii. The amino-terminal sequence of this protein
corresponded to the predicted sequence of prolyl-tRNA synthetase. Bio-
chemical and genetic analyses indicated that this archaeal form of prolyl-
tRNA synthetase can synthesize both cysteinyl-tRNA®YS and prolyl-tRNAP™,
The ability of one enzyme to provide two aminoacyl-tRNAs for protein
synthesis raises questions about concepts of substrate specificity in protein
synthesis and may provide insights into the evolutionary origins of this

process.

The insertion of cysteine into nascent pep-
tides during protein synthesis is dependent on
the interaction of cysteine codons with cys-
teinyl-tRNA (Cys-tRNA) in the ribosomal A
site. Cys-tRNA is synthesized from cysteine
and tRNASYS in an adenosine 5’-triphosphate
(ATP)-dependent reaction catalyzed by cys-
teinyl-tRNA synthetase (CysRS). Genes en-
coding CysRS, cysS, have been detected in
over 40 organisms encompassing all the liv-
ing kingdoms (/). The only known excep-
tions are the thermophilic methanogens
Methanococcus jannaschii and Methanobac-
terium thermoautotrophicum, the complete
genome sequences of which contain no open
reading frames encoding cysS homologs (2),
raising the question of how these archaea
synthesize Cys-tRNA for protein synthesis. It
was initially suggested that Cys-tRNACYS
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might be synthesized by a pathway involving
modification of a mischarged tRNA such as
Ser-tRNASYs, using a mechanism reminiscent
of those previously described for the synthe-
sis of asparaginyl-tRNA (Asn-tRNA), glu-
taminyl-tRNA (GIn-tRNA) and, more specif-
ically, selenocysteinyl-tRNA (Sec-tRNA)
(3). Biochemical analyses revealed no evi-
dence for such a pathway (4) but instead
showed that Cys-tRNA is synthesized direct-
ly from cysteine and tRNA in an ATP-depen-
dent reaction (5). The identity of the enzyme
responsible for Cys-tRNA synthesis in M.
Jjannaschii and M. thermoautotrophicum is
unknown. The recent finding that some ami-
noacyl-tRNA synthetase (AARS)-encoding
genes may be dispensable for cell viability
also raised the possibility that cysS genes
might be absent altogether from the genomes
of M. jannaschii and M. thermoautotrophi-
cum (6).

To investigate how Cys-tRNA is synthe-
sized in M. jannaschii, we attempted to purify
from cell-free extracts a protein with CysRS
activity. Conventional chromatographic pro-
cedures (7) led to the isolation of a single
protein with normal CysRS activity (Fig. 1, A
and B). Protein analysis revealed an 18-
amino acid peptide sequence matching the
predicted NH,-terminal sequence of M. jan-
naschii prolyl-tRNA synthetase (ProRS)
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(Fig. 1C). A test of this protein with CysRS
activity confirmed that it also possessed ProRS
activity. This suggested that the determined se-
quence might arise from a contaminating pro-
tein rather than from the bona fide CysRS. To
address this question, we cloned the gene en-
coding M. jannaschii ProRS (proS) and used it
for heterologous expression in Escherichia coli
and subsequent purification of ProRS (8). In
vitro aminoacylation assays showed that M.
Jjannaschii ProRS could synthesize both Cys-
tRNA and Pro-tRNA at comparable rates (Fig.
1, D and E), suggesting dual amino acid spec-
ificity for this enzyme during protein synthesis.
Prolonged aminoacylation showed that the M.
Jjannaschii enzyme could generate 68 pmol of
Cys-tRNA per 4,4, (absorbance at 260 nm)
unit of unfractionated homologous tRNA ( pure
tRNA species accept ~1600 pmol per A4,
unit), a much higher level (4.3%) than observed
before (5) and consistent with the tRNA“
content in the tRNA of other organisms. Simi-
larly, the enzyme was efficient in proline charg-
ing (78 pmol per 4, unit).

The possibility that the observed CysRS-
like' activity results from the mischarging of
tRNAP with Cys to yield Cys-tRNAF™ was
investigated. A transcript of the M. jannaschii
tRNAP™ gene was synthesized in vitro and
then purified. Attempts to aminoacylate this
tRNA transcript with M. jannaschii ProRS
showed that it can readily be charged with Pro
but not with Cys (9). Additionally, unfraction-

Fig. 1. Purification and
NH_-terminal sequencing
of a protein with CysRS ac-
tivity from M. jannaschii.
Protein purification was

~monitored by SDS-PAGE A B
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ated M. jannaschii tRNA was charged with Pro
and subsequently treated with sodium metape-
riodate which oxidized, and thus inactivated, all
uncharged tRNAs (10). After deacylating the
Pro-tRNA, we attempted to recharge the tRNA
preparation; although Pro charging activity was
still detectable, Cys charging had now been
abolished, indicating ‘that Pro was exclusively
attached to tRNAF™ in the initial reaction (/7).
Methanococcus jannaschii total tRNA was also
partially fractionated into its various isoac-
ceptors by reversed-phase liquid chromatog-
raphy, and these fractions were subsequently
tested for their ability to be charged with Cys
and Pro by M. jannaschii ProRS (12). A
single fraction solely chargeable with Cys
and two discrete fractions solely chargeable
with Pro were detected, in agreement with the
prediction from the genome sequence that M.
Jjannaschii contains one tRNASYS and two
tRNAPr isoacceptors. These data indicate
that M. jannaschii ProRS is able to synthesize
both Cys-tRNASYs and Pro-tRNAP™, but not
Cys-tRNAP™ or Pro-tRNAY®,

To examine the ability of M. jannaschii
ProRS to synthesize Cys-tRNA in vivo, we
attempted to rescue growth at a restrictive
temperature of an E. coli cysS temperature-
sensitive mutant strain using the archaeal
proS gene (13). Coexpression of the genes
encoding M. jannaschii tRNACY® and various
methanogen ProRS proteins restored growth
of E. coli UQ818 at 42°C, indicating that
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part of the gel with Coo-

66—

45—

31-

kDa

o
Pro-tRNA (pmol)

0 -

10 20 30
Time (min) E

4+

Cys-tRNA (pmoi) / \

2..

massie Blue, then were ex-
cised from the gels. After
overnight elution in reac-
tion buffer, CysRS activity

|
MEFSEWYSDILEKAEIYD o g

10 20 30
Time (min)

was tested. The boxed band corresponds to the only sample that contained CysRS activity. (C) The
active band from (B) was further analyzed by SDS-PAGE, blotted onto polyvinylidene difluoride
membrane, and subjected to NH,-terminal sequencing. The 18—amino acid sequence derived (shown)
corresponds to ProRS from M. jannaschii. This enzyme was then heterologously produced in E. coli and
purified and tested for both CysRS and ProRS activities. M. jannaschii ProRS was found to catalyze the
direct attachment of both cysteine (D) and proline (E) to a fraction of M. jannaschii total tRNA.
Aminoacylation reactions (20-j.l samples) were performed as described in the presence of the following
amino acids: (D) 20 uM [?H]proline (®); 20 wM [*H]proline and 800 1M nonradiolabeled cysteine (A);
and 20 uM [*H]proline and 800 1M nonradiolabeled proline (O). (E) Same as (D), but with 20 pM
[35S]cysteine instead of 20 wM [3H]proline. Abbreviations for the amino acid residues are as follows: A,
Ala; D, Asp; E, Glu; F, Phe; |, lle; K, Lys; L, Leu; M, Met; S, Ser; W, Trp; and Y, Tyr.

ProRS can synthesize Cys-tRNASYS.in vivo
(Fig. 2). The slow growth of the rescued
transformants was attributed to the high num-
ber of rare codons (with respect to normal E.
coli usage; e.g., for arginine) in the archaeal
genes, and perhaps also to an unfavorable
cellular Cys:Pro ratio. In addition, the appar-
ent need for modification of tRNASY® to ren-
der it active (evidenced by the inactivity of a
gene transcript) suggests that the tRNA sub-
strate may be less than optimal when ex-
pressed in E. coli. In vivo complementation
was strictly dependent on the presence of the
M. jannaschii tRNASYs gene, indicating the
archaeal proS gene products could not charge
E. coli tRNA® sufficiently to sustain
growth, The ability of M. jannaschii ProRS to
synthesize Cys-tRNA both in vitro and in
vivo, together with the lack of a c¢ysS gene in
the genome of M. jannaschii, indicates that
this enzyme can specify two amino acids
during protein synthesis.

The observation that M. jannaschii ProRS
can recognize both Cys and Pro raised the
question of how such recognition is achieved
in the context of a single protein. Synthesis
of [3*S]Cys-tRNA and [*H]Pro-tRNA were
both inhibited by the addition of excess un-
labeled Cys or Pro (Fig. 3, A and B) and by
the ProRS inhibitor thiaproline (I4) (Fig.
3C). Thus, either the active center of ProRS
contains both Cys and Pro binding sites in
close proximity, or the protein contains two
functionally linked active sites. Another pos-

E. coli cysS

No insert
M. jannaschii M. maripaludis
proS proS
M. thermoautotrophicum proS
B
E. coli cysS
No insert
M. jannaschii M. maripaludis
proS proS

M. thermoautotrophicum proS

Fig. 2. Complementation of a temperature-sensi-
tive cysS mutation in E. coli strain UQ818 with
proS genes of M. maripaludis, M. jannaschii, M.
thermoautotrophicum, and a cysS gene from E.
coli. The experiment was performed as described
(77). An additional plasmid (pTech-M;j-tRNA®Ys)
containing the M. jannaschii tRNAYS gene was
necessary in strain UQ818 (see text). The plates
were incubated for 4 days at the permissive tem-
perature (30°C) (A) or at the nonpermissive tem-
perature (42°C) (B).
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sible explanation is that ProRS displays a
broad range of amino acid specificity under
the in vitro experimental conditions used, as
recently described for E. coli lysyl-tRNA
synthetase (15). However, the inability of
any of the other 18 canonical amino acids
to inhibit aminoacylation by ProRS (Fig. 4,
A and B) indicates that binding is specific
for Cys and Pro. In addition, Cys (but not
Pro) activation was found to require the
presence of tRNA (Fig. 4C), indicating that
in vivo there are effectively two separate
entities, a free ProRS that recognizes pro-
line and a ProRS:tRNA®”* complex that
recognizes cysteine.

The finding that M. jannaschii ProRS also
functions as a CysRS is unexpected. Normally,
individual aminoacyl-tRNAs are synthesized
by a particular AARS specific for the appropri-
ate amino acid and tRNA, with errors in sub-
strate recognition being corrected by proofread-

ing (16). The only known exceptions are Asn-
tRNA, GIn-tRNA, and Sec-tRNA, which can
be synthesized by reaction schemes dependent
on the initial recognition of apparently noncog-
nate tRNAs by AARSs, although amino acid
recognition by the appropriate enzyme remains
specific (3). The CysRS activity of M. jan-
naschii ProRS differs in that it is dependent on
the enzyme using both Cys and tRNAYS as
cognate substrates.

The amino acid sequences of the M. jan-
naschii and M. thermoautotrophicum ProRSs
show a high degree of similarity to the se-
quences of other ProRS proteins (/7), indi-
cating that any differences associated with
their CysRS function cannot be detected by
phylogenetic methods alone (/8). Further-
more, CysRS activity may exist in ProRS
enzymes from organisms with a conventional
cysS gene, in which case the M. jannaschii
and M. thermoautotrophicum ProRSs would
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Fig. 3. Aminoacylation of M. jannaschii tRNA by purified M. jannaschii His¢-ProRS. Aminoacylation
reactions (20-pl samples) were performed as described in the presence of the following amino
acids: (A) 20 pM [35S]cysteine (®); 20 uM [3°S]cysteine and 800 wM nonradiolabeled cysteine (A)
and 20 M [35S]cysteine and 800 M nonradiolabeled proline (O). (B) Same as (A), but with 20 uM
[®H]proline. (C) Inactivation of the formation of Cys-tRNA~Y* (@) and Pro-tRNA®™ () by 800 pM
thiaproline (open squares and open circles, respectively).
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Fig. 4. Specific activation of Cys and Pro by M. jannaschii His¢-ProRS. Reactions were performed as
described (A) in the presence of 20 pM [3*S]cysteine (@), 20 pM [35S]cysteine and the 18
nonradiolabeled amino acids (800 wM), with the exception of cysteine and proline (O), and 20 nM
[3°S]cysteine and 800 wM nonradiolabeled cysteine (A) or proline (O). (B) The same as in (A) but
with 20 uM [3H]proline instead of 20 uM [35S]cysteine. (C) Cysteine-dependent pyrophosphate
exchange. Activation of cysteine by M. jannaschii ProRS was observed only in the presence of total
M. jannaschii tRNA (1 ng/ul) (@). In the conditions used for the reaction {2 mM cysteine, 1 mM
[32P]PP, (NEN DuPont, 4.6 Ci/mmol)}, no amino acid activation was observed in the presence of in
vitro—transcribed tRNAP™® (V¥), in vitro-transcribed tRNA®Y® (O), with fractionated M. jannaschii
tRNA lacking tRNA®YS (A), or in the presence of the enzyme alone (CJ).

not be expected to be distinctive in amino
acid sequence. This is supported by the ob-
servation that Methanococcus maripaludis
contains both a ProRS with CysRS activity
(Fig. 2) and a CysRS (/). It raises the ques-
tion of whether the CysRS synthetic activity
is an ancestral feature or has been more re-
cently acquired by ProRS to compensate for
the loss of a conventional cysS gene. The
detection of vestigial thiol-binding sites in
other class II aminoacyltRNA synthetases
(19) suggests that Cys-tRNA synthetic activ-
ity could have evolved in such enzymes. A
sampling of other ProRS proteins to delineate
the distribution of CysRS activity is now
needed to address the evolutionary timing of
such an event and how it might relate to the
distribution of cysS genes.

The existence of AARSs able to catalyze
the synthesis of more than one aminoacyl-
tRNA is assumed to have been an important
step in the evolution of these enzymes (20).
This is at odds with the narrow substrate
ranges seen in contemporary AARSs, a char-
acteristic critical for their role in translation.
However, the ability of ProRS to synthesize
two aminoacyl-tRNAs suggests that the
AARSs could have evolved via ancestors
characterized by wide substrate specificities.
The fact that most organisms now contain
separate AARSs for the synthesis of each
aminoacyl-tRNA, rather than a limited num-
ber of enzymes with multiple activities, sug-
gests that functional isolation of these path-
ways offers a selective advantage. Such an
advantage may be related to the known abil-
ity of individual aminoacyl-tRNA and AARS
levels to fine tune the expression of AARS-
encoding genes, thus providing a means to
more precisely regulate individual compo-
nents of the translational machinery (21).

Numerous schemes have been proposed for
the evolution of translation (22), many of which
suggest that early protein synthesis was a rela-
tively unspecific process giving rise to mixed
populations of polypeptides [e.g., (23)]. Within
such schemes, amino acid activation is assumed
to have been achieved by ancestral AARS-like
enzymes able to recognize a broad range of
amino acids (24). The evolution of the extant
AARS proteins from such precursors would
require intermediates with multiple substrate
specificities, an activity now shown to exist also
in a contemporary AARS, M. jannaschii
prolyl4RNA synthetase.
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A H"-Gated Urea Channel: The
Link Between Helicobacter
pylori Urease and Gastric

Colonization

David L. Weeks, Sepehr Eskandari, David R. Scott, George Sachs*

Acidic media trigger cytoplasmic urease activity of the unique human gastric
pathogen Helicobacter pylori. Deletion of urel prevents this activation of cy-
toplasmic urease that is essential for bacterial acid resistance. Urel is an inner
membrane protein with six transmembrane segments as shown by in vitro
transcription/translation and membrane separation. Expression of Urel in
Xenopus oocytes results in acid-stimulated urea uptake, with a pH profile
similar to activation of cytoplasmic urease. Mutation of periplasmic histidine
123 abolishes stimulation. Urel-mediated transport is urea specific, passive,
nonsaturable, nonelectrogenic, and temperature independent. Urel functions as
a H*-gated urea channel regulating cytoplasmic urease that is essential for

gastric survival and colonization.

The Gram-negative pathogen H. pylori is
unique in its ability to colonize the human
stomach. H. pylori infection is acquired during
childhood, persists lifelong if not eradicated,
and is associated with chronic gastritis and an
increased risk of peptic ulcer disease and gastric
cancer (/). An acid-tolerant neutralophile, H.
pylori expresses a neutral pH—optimum urease
to maintain proton motive force (PMF) and to
enable gastric colonization (2).

Most urease is found in the bacterial cyto-
plasm, although up to 10% appears on the sur-
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face, owing to cell lysis during culture (3). Sur-
face or free urease has a pH optimum between
pH 7.5 and 8.0 but is irreversibly inactivated
below pH 4.0 (4, 5). The activity of cytoplasmic
urease is low at neutral pH but increases 10- to
20-fold as the external pH falls between 6.5 and
5.5, and its activity remains high down to pH
~2.5 (5). Thus, cytoplasmic, not surface, urease
is required for acid resistance. The unmodified
urea permeability of the inner membrane is in-
sufficient to supply enough urea to intrabacterial
urease for urease activity to buffer the bacterial
periplasm in the face of gastric acidity (the
median diurnal acidity of the human stomach is
pH 1.4). The data here show that H pylori
expresses a urea transport protein with unique
acid-dependent properties that activates the rate
of urea entry into the cytoplasm.
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