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ABSTRACT. Synthesis of cysteinyl-tRN®= by cysteine-tRNA synthetase is required for decoding cysteine
codons in all known organisms. The genome of the archédethanococcus jannascHacks the gene

for a normal cysteine-tRNA synthetase. The activity of the enzyme, however, was identified recently,
and it allowed the purification of the enzyme and cloning of its gene. Sequence analysis of the gene
showed that it encodes proline-tRNA synthetase and, thus, raised the possibility of dual activities in a
single aminoacyl-tRNA synthetase. Assays of aminoacyl-adenylate synthesis confirmed the ability of the
enzyme to activate proline and cysteine and showed that both activities were independent of tRNA. Assays
of tRNA aminoacylation established the specific attachment of proline to fRIMAd cysteine to tRNAS,
However, in contrast to a recent report of comparable activities with cysteine and proline, results here
indicate that the adenylate synthesis and aminoacylation activities with cysteine are significantly lower
than the respective activity with proline. In addition, there is evidence of overlapping amino acid-binding
sites and tRNA-binding sites. These considerations, among others, raised the distinct possibility that the
M. jannaschiiproline-tRNA synthetase may recruit additional protein or RNA factors to facilitate the
synthesis of cysteinyl-tRNAS,

The decoding of genetic information requires aminoacyl-  While many organisms, including humans, require a set
tRNAs that provide each triplet codon with a correct amino of 20 synthetases and use these enzymes specifically, many
acid. Synthesis of aminoacyl-tRNAs is accomplished by others have an unusual arrangement to synthesize aminoacyl-
aminoacyl-tRNA synthetases (AARSS). There are 20 families tRNAs. For example, some Gram-positive eubacteria and
of synthetases, one for each amino acid. Members of thearchaea lack glutaminyl-tRNA synthetase (GInRS) or aspar-
same amino acid family catalyze activation of the amino acid aginyl-tRNA synthetase (AsnRS3B,(4). The genomes of
with ATP to form an aminoacyl-adenylate (AA-AMP) and these organisms do not encode the gene for GINRS or AsnRS,
then transfer the activated aminoacyl-adenylate to their and cell lysate of these organisms lacks the respective
cognate tRNAs to form the aminoacyl-tRNAs. The conserva- enzyme activities. Instead, synthesis of GIn-tRNAis
tion of the genetic code demands that the synthesis ofachieved by glutamate-tRNA synthetase (GIuRS), and the
aminoacyl-tRNAs be precise. As expected, synthetases ofsynthesis of Asn-tRNA" is achieved by aspartate-tRNA
the same amino acid family share strong conserved sequenceynthetase (AspRSB). The precursors Glu-tRNA" and

motifs for activation of amino acid and for aminoacylation Asp-tRNAA" are then converted to the correct forms by a
of their tRNAs. These sequence motifs are easily identified transamidase4(6).

in databases of all three domains of life, the eubacteria, the Th f1h hasgeth . hii
eukarya, and the aryrchaed).(In addition, synthetases € genomes of the archa anococcus jannaschi

specific to 10 amino acids also share a conserved catalyticandMeth"’mObalCterIum thermoautotrophicimave additional

fold for amino acid activation, while synthetases specific to unusual features/( 8). In addition to the lack of genes for

10 others share another conserved catalytic fbJd®). The GInRS and AS”RS' they do not er)che the LysRS of the
two types of catalytic fold, known as the class I fold and same catalytic fold as that of the majority of LysRS enzymes
the class Il fold, display different structures and stereochem- (9) Further, these genomes do not encode a normal CysRS
istries of aminoacylation. that can be identified by searches of homology. While the
unusual LysRS oM. jannaschiiand M. thermoautotrophi-
cumis also found in many other methanogens and even in
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fulgidusandPyrococcus horikoshiencode in each a normal
CysRS (2—14).

The lack of a normal CysRS frofdl. jannaschiiand M.
thermoautotrophicurdoes not mean the absence of cysteine
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to 0.5 M NaCl. Active fractions were passed through a
hydoxyapatite column (in 10 mM NBO,, pH 6.8, 10 mM
p-Me, 1 mM EDTA, 4 mM MgC}, and 10% glycerol) and
eluted with a gradient of ©0.5 M NaPO, buffer, pH 6.0.

from their protein synthesis. Indeed, many of their enzymes Active fractions were passed through a blue Sepharose CL-

use cysteine in ironsulfur complexes that are important for

6B column (in 20 mM Tris-HCI, pH 7.0, 10 mM NaiR O,

electron transport (such as ferredoxins) in the pathway of 10 mM -Me, 1 mM EDTA, 4 mM MgC}, and 10%
methanogenesis. For example, the key enzymes for producdlycerol) and eluted with a gradient of-1.0 M NaCl. The
tion of methane, such as methyl transferase and methyl-CoMfinal active fraction (in 20 mM Tris-HCI, pH 7.5, 50 mM

reductase, contain multiple F& complexes, where the iron
is bonded to the sulfur of cysteine and to inorganic sulfide.
Clearly, the presence of cysteine is essentialMfojannaschii
and M. thermoautotrophicumand the elucidation of the
mechanism for introducing cysteine into their proteins is of
central importance.

We recently showed that the cell lysateMf jannaschii
contained the aminoacylation activity of CysRE5), This
activity is specific with cysteine, is dependent on ATP and
Mg?*, and catalyzes the attachment of cysteine dwito
jannaschiitRNA®Ys, The only unusual feature of this activity
is that it requires tRNA modifications for aminoacylation,
whereas all other characterized CysRS enzymes ddlapt (
We report here purification of this activity from the cell lysate
of M. jannaschiiand cloning of the gene that encodes this
activity. Analysis of the gene and biochemical studies show
that this activity is carried out by the enzyme ProRS that is
responsible for synthesis of Pro-tRRIA A recent report also
identified ProRS as the enzyme for synthesis of Cys-tRRA
(16). However, in contrast to that report, we showed that
the activity ofM. jannaschiiProRS to synthesize cysteinyl-
AMP is independent of tRNA and that the activity of
aminoacylation with cysteine is significantly lower than with
proline. The lower levels of aminoacylation with cysteine,
together with the lack of apparent domaingvnjannaschii
ProRS that may specify the CysRS activity, raise the
possibility of the recruitment of other protein or RNA factors
to assistM. jannaschiiProRS with its synthesis of Cys-
tRNA®Ys, These considerations further highlight the unusual
arrangement of thél. jannaschiigenome to organize its
machinery of protein synthesis.

MATERIALS AND METHODS

Cell Strain and Growth. M. jannaschditrain JAL-1 was
obtained from the Oregon Collection of Methanogens (OCM
168= DSM 2661). Media were prepared anaerobically with
the addition of a stock of N&(H.O)e (2.5% wi/v) after
sterilization (7). Inoculating cells were pressurized and
cultures were grown at 83 with a H—CO, (80:20) flow
rate of 0.2 vwvm at 1.% 1P Pa. Cells from a 250 L fermentor
were harvested and stored in liquid nitrogen.

Enzyme Purification and Sequence AnalyBigtification
of the enzyme responsible for synthesis of Cys-tRKAvas
based on the aminoacylation activity &f. jannaschii
tRNASYs (15). S100 [in 10 mM Tris-HCI, pH 7.4, 20 mM
B-Me (B-mercaptoethanol), 1 mM EDTA, 4 mM Mggland

NaCl, 1 mM DTT, and 50% glycerol) contained two major
proteins. Both proteins were removed from an SIPAGE

gel and subjected to sequence analysis, and the identified
sequences were searched againsMh@annaschiigenome

by the Harvard Microchemistry Facility (Cambridge, MA).

Preparation of M. jannaschii Total tRNATotal M.
jannaschiitRNA was isolated from frozen cells by modifica-
tion of a previous methodl1@). Frozen cells (5 g) were
suspended in 10 mL of 50 mM sodium acetate and 10 mM
magnesium acetate and were extracted with phenol. The
released tRNA was ethanol-precipitated, and rRNA was
removed by precipitationni1 M NaCl, while DNA was
removed by precipitation with 35% isopropy! alcohol. The
tRNA was then precipitated in 50% isopropyl alcohol and
loaded on a 10% denaturing PAGE. The tRNA in the gel
was identified by UV, eluted and precipitated, and assayed
by aminoacylation to determine the fractions of tRN#and
tRNAP™, Both tRNAs were 2% of the total tRNA.
Separation of tRNAYS or tRNAP™ by periodate inactivation
of all other tRNAs was performed as describ&@)(

Aminoacylation AssaysThe activity of aminoacylation
with cysteine was measured by the acid-precipitable counts
of 35S-cysteinyl-tRNAYs at 65°C as describedl§). TheM.
jannaschiitotal tRNA was used as the tRNA substrate. The
activity of aminoacylation with proline was measured by the
acid-precipitable counts ¢H-prolyl-tRNAP™ as described
(20), except at 65°C. The T7 transcript oM. jannaschii
tRNAP™ was used as the tRNA substrate.

ATP-PP, Exchange AssaysAssays for the ATP-PR
exchange activity were conducted at 85 using®P—PR
(NEN; 1 cpmjumol) as described2(). The concentration
of the amino acid (either cysteine or proline) was 0.5 mM
and that of the enzyme was 0.126.26 uM. Inhibition by
prolinamide (Sigma) was performed with the addition of the
inhibitor at desired concentrations to an assay mixture.

RESULTS

Purification of the Enzyme Responsible for the Synthesis
of Cys-tRNAYS We used the aminoacylation assay to identify
and purify the enzyme responsible for the synthesis of Cys-
tRNA®YS, The assay contain€diS-cysteine, and the amino-
acylation activity was previously detected &%S-Cys-
tRNA®s in the S100 cell lysate ofM. jannaschiiby gel
analysis 15). It was also detected as acid-precipitable counts
of 3°S-Cys-tRNAYS in the fraction that was retained by
DEAE sepharose. Because the activity was detected only

15% glycerol] was passed through a DEAE Sepharose with tRNA®Ys from total M. jannaschiitRNA, but not with
column with the same buffer as that of S100 and was elutedthe unmodified transcript of tRN®&s, we concluded that it

with a gradient of 8-0.5 M NaCl. Active fractions were
passed through a MonoQ FPLC column (in 20 mM Bis-
Tris, pH 6.0, 50 mM NacCl, 20 mMs-Me, 1 mM EDTA, 4
mM MgCl,, and 10% glycerol) and eluted with a gradient

required modifications in tRN&s (15). We therefore used
total M. jannaschii tRNA as the substrate throughout
purification of the enzyme. After sequential elutions from
DEAE Sepharose, MonoQ, hydroxyapatite, and blue Sepharose
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1 23 456 7 8 (Figure 2b). Control experiments indicated that RNase A was
07 active under the conditions tested. Incubation of RNase A
e 66 with 20 ug of tRNA eliminated essentially all of the tRNA.
= = - 45 These experiments confirmed that the detected syntheses of
- both Cys-AMP and Pro-AMP were independent of RNA.
WA a1 Comparison of the activity for synthesis of Pro-AMP and

that for Cys-AMP, however, showed a difference (Figure
Foure 1 SDS-PAGE el analvsis of purification &fl. iannaschii 2a). While synthesis of Pro-AMP was achieved with an initial
CysRS. Lane 1, S100 gxtractgf. janngschii(ZOﬂg); Ijanes 25, rate of 132.3.pmol/s/_pmol .e.”.zyme’ the synthesis of Cys-
active eluates (1Qug each) from DEAE Sepharose, MonoQ, AMP was qch|eved with an |r.1|t'|a.1I rate of 0.132 pmql/s/pmol
hydroxyapatite, and blue Sepharose CL-6B, respectively; lan@s 6  enzyme (Figure 2a,b). The initial rate of synthesis of Pro-
cloned and expressed recombindht jannaschiiHiss-ProRS (7 AMP was measured under conditions that led to the plateau
#9) and M;j1338-Hig (5 ug), respectively; lane 8, molecular weight  f the reaction (Figure 2b), and as such, it is an approxima-
Q%Fﬁ%ﬁgﬁ;‘gﬁg'gﬁ%@e(lg"r’]% ng)ajor species in the active fraction yjo of | The value of 132.3°¢ askea is comparable to
' that of ke Of 142 st of E. coli HisRS, for exampleZ?2).

; ; ; Thus, while the rate of synthesis of Pro-AMP is normal for
CL-6B, we obtained an active fraction that showed only two o> ” ,
major bands on an SDSPAGE (Figure 1). One band M.JannaS(]:chll:;Daqu]?S, that of Cys-AMP is 1Q00-foldﬁlor\:ver.h
corresponded to a molecular weight of 53 kDa, while the 1n€ 1000-fold difference in rates was consistent whether the

other corresponded to a molecular weight of 38 kDa. We €NZyme was used alone or was incubated with the recom-

isolated both bands from the SDEAGE and subjected ~ Pinant Mj1338 or with RNase A.
them to sequence analysis. We tested if the addition of an RNA, such as a tRNA, to

. the adenylate synthesis reaction would stimulate the activity
The results of the sequence analysis were used 10 searcly,. v steine or for proline. For synthesis of Cys-AMP, we
for gene sequences in the genomeMfjannaschii The  ghqed that none of the tRNAs tested at 1.0 mg/mL

sequence of the 53 kDa protein matched the predicted gjimjated the activity. These tRNAs included the total tRNA
sequence of anothé¥l. jannaschiisynthetase, which was  jsqjated fromM. jannaschii the transcript oM. jannaschii
ProRS. The sequence of the 38 kDa protein matched thetRNACVS, the transcript oM. jannaschiitRNALS, and the

predicted sequence of Mj1338 ORF, which encodes a prOtei”transcript ofM. jannaschiitRNAP™ (not shown). Likewise,
related to members of the family of methylene-tetrahy- \ o s no effect on the synthesis of Pro-AMP by the total
dromethanopterin dehydrogenases. Analysis of each step ot A isolated fromM. jannaschiior by the transcript of.
the purifipatipn (Table 1) indicated apprpximately a 500- jannaschiitRNAP™ (at 1.0 mg/mL) (not shown). As a control,
fold purification of the end products. This suggested that \;o showed that thé&. coli CysRS enzyme also did not
each of the end products accounted for 0.2% of the total respond to the addition of the transcript®f coli tRNASYs
cellular proteins. For an aminoacyl-tRNA synthetase, such ¢,; the synthesis of Cys-AMP. Thus, in all cases, the
as ProRS, the cellular fraction of 0.2% was reasonable. Weadenylate synthesis for Cys-AMP or for Pro-AMP was not
thus obtained the gene for ProRS from Dr. K. Shiba gimylated by tRNA. The lack of an effect of tRNA on
(unpublished) and the gene for Mj1338 by using PCR 10 4qenylate synthesis was reasonable, given that the rate of
amplify from the genome oM. jannaschii ProRS was  4qenylate synthesis was much faster than that for tRNA
expressed as a recombinant enzyme with an N-terminal H'saminoacylation. For example, thil. jannaschii ProRS
tag, whereas Mj1338 was expressed with a C-terminal His enzyme ‘synthesized Cys-AMP at a rate of 0.132 pmol/s/
tag. We purified both recombinant proteins frd coli pmol enzyme (see above), while it synthesized Cys-tRRIA
through a metal chelate column. at a rate of 0.0055 pmol/s/pmol enzyme (see below). Because
Activation of CysteineWe assayedl. jannaschiiProRS the rate of tRNA aminoacylation was much slower, we
and Mj1338 for their ability to activate cysteine. Only ProRS expected that the addition of tRNA to the adenylate synthesis
showed the activity (Figure 2a), and this activity was similar reaction would have little effect.
to that of the purified enzyme isolated after the blue  We investigated the binding site for cysteine and for
Sepharose step (Figure 1, lane 5). Thus, the recombinanfroline (Figure 2c). We tested to see if the proline analogue
ProRS recapitulated the activity of the native enzyme. prolinamide was an inhibitor for both adenylate synthesis
Addition of Mj1338 to the recombinant ProRS did not activities. The analogue prolinamide retains the proline side
enhance the activity further. This suggests that ProRS waschain but replaces the carboxylate group of proline with an
solely responsible for activation of cysteine with ATP to amide group. It was used to probe the binding site for the
synthesize Cys-adenylate (Cys-AMP). The ProRS enzymeproline side chain. If the proline-binding site completely or
was also active with the synthesis of Pro-AMP, as expected. partially overlapped with the cysteine-binding site, we
This provided evidence of two adenylate synthesis activities expected that the prolinamide analogue would inhibit both
in one synthetase. Both activities were detected in the absencectivities. Incubation of prolinamide over a range of con-
of tRNA. To ensure that the detected activities, particularly centrations in the activation assay showed inhibition of both
the cysteine activity, were not dependent on a trace amountactivities (Figure 2c). Specifically, prolinamide at concentra-
of RNA that might have copurified with the recombinant tions of 15 mM or higher almost eliminated the activity for
enzyme, we treated the enzyme with RNase A atG7or synthesis of Pro-AMP, except for the-8% residual activity.
15 min to remove any residual RNA. We then tested the Prolinamide at the same concentrations eliminated @86
RNase A-treated ProRS again for its ability to synthesize of the activity for synthesis of Cys-AMP. Because the
Cys-AMP and Pro-AMP. Both activities were fully retained effective inhibitory concentrations of prolinamide were the
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Table 1: Purification Scheme ®fl. jannaschiiCysRS

activity protein concn total protein total activity specific activity fold
(pmol/min) (mg/mL) (mg) (pmol/min) (pmol/min/mg) purification
S100 2.15 40.033 1281.06 17179 13.41 1.0
DEAE pool 1.50 2.720 125.12 17224 137.66 10.3
MonoQ pool 4.58 2.276 64.87 32627 503.00 375
hydroxyapatite pool 1.19 0.189 14.18 22234 1568.53 117.0
blue Sepharose pool 18.92 0.697 2.44 16558 6787.46 506.1
(a) (a
0201 - 2.0 _ 50+ .
S 0.15- Pro-AMP by ProRS | 1.5 3 g 401 ProRS
g ? $ w0
= <
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FIGURE 2: PR—ATP exchange assay for synthesis of Cys-AMP FIGURE 3: (a) Aminoacylation oM. jannaschiitRNA®Ys (2.0uM)
and Pro-AMP: (a) byM. jannaschiiHise-ProRS (0.126:M) and for synthesis of Cys-tRN&s by M. jannaschiiHiss-ProRS and
Mj1338-Hiss (1.264M) and (b) byM. jannaschiiHise-ProRS (1.26 Mj1338-Hiss (3.8 uM each). (b) Comparison of the rate of
uM) with or without RNase A (1.26:M). (c) Inhibition of the aminoacylation oM. jannaschiinative tRNA™ with proline and
ability of M. jannaschiiHise-ProRS (1.26«M) to synthesize Cys- that of M. jannaschiinative tRNAYSwith cysteine byM. jannaschii
AMP and Pro-AMP by prolinamide. The concentration of proline Hiss-ProRS (0.126uM), using totalM. jannaschiitRNA as the
and cysteine was 0.5 mM each, while the concentrations of substrate. (c) Aminoacylation &f. jannaschiitRNAP™ (57 nM in

prolinamide were 0, 15, 50, 100, and 200 mM, respectively. the total tRNA) by M. jannaschii His¢-ProRS (1 nM). This
aminoacylation was prevented by a 20-fold excedgl gannaschii

native tRNAYS isolated by periodate inactivation of all other non-

same for both activities, this suggested that the two binding cysteine-tRNAS

sites overlapped. The complete inhibition of Pro-AMP
synthesis versus 70% inhibition of Cys-AMP synthesis o cysteine and proline concentrations. As such, we could
suggested an overlap of 70% of the two sites in function. 4t conclude if the two binding sites were competitive,
Control experiments confirmed that the inhibition of syn- noncompetitive, or uncompetitive.
thesis of Cys-AMP by _prolina_mide was due tp_ the ability of Aminoacylation with Cystein&Ve assayed. jannaschii
the analogue to speuﬂcgl_ly.bmd M..Jannascth.roRS bUt. ProRS and Mj1338 protein for their ability to catalyze tRNA
was not (_jue to n(_)nspecmc Interaction. Incubation of proll_n- aminoacylation with cysteine. Using ti jannaschiitotal
amide withE. coli CysRS_had little effe_ct on the synthesis {RNA as the substrate, we showed that the recombinant
of Cys-AMP by theE. coli enzyme. This was done at the  p,pg a5 active, whereas Mj1338 was inactive (Figure 3a).
_corycgntratlo_n of pro!!namlde (200 mM) that completely  aqgition of Mj1338 to ProRS increased the activity some-
inhibited M. jannaschiiProRs. what, but this enhancement was minor and was less than
The inhibition by prolinamide was detected at cysteine 5% (not shown). Thus, the single ProRS was largely or
and proline concentrations of 0.5 mM, respectively. We have completely responsible for the aminoacylation activity with
not determined the inhibition by prolinamide over a range cysteine. We also confirmed the aminoacylation activity with
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proline for ProRS. We observed similar activities using and an overlapping site for tRN/R and tRNAYS, While the
tRNAP™ in either M. jannaschiitotal tRNA or that which specificity of aminoacylation is maintained for each tRNA,
was made by in vitro transcription (not shown). This suggests the mechanism that underlies this specificity while using
that, in contrast to aminoacylation with cysteine, the ami- overlapping sites remains to be explained. Insights from
noacylation activity with proline does not require tRNA studies of the mechanism should illuminate novel features
modifications. We primarily used the native tRRAIn M. of the design principle oM. jannaschiiProRS.
jannaschiitRNA for aminoacylation in this study. A recent report also identified ProRS as the enzyme for

Comparison of aminoacylation activities with proline and CysRS inM. jannaschii(16). Results of our study differ from
cysteine showed that the activity with proline was signifi- those of that study primarily in two respects. First, in contrast
cantly higher than that with cysteine. Using the total tRNA to the reported tRNA-dependent activation of cysteine by
as the substrate, we showed that the initial rate for amino- M. jannaschiiProRS, we showed that this activation was
acylation with proline was 0.20 pmol/s/pmol enzyme while tRNA-independent. We detected the activity of the synthesis
that with cysteine was 0.0055 pmol/s/pmol enzyme (Figure Of Cys-AMP without adding tRNA, and we showed that this
3b). As aminoacylation with proline reached the plateau of activity remained intact even after the synthetase was treated
the reaction, the initial rate was an approximationkgf with RNase A. In addition, we showed that this activity was
The ke of 0.2 52 for aminoacylation with proline is in the ~ not stimulated by tRNA, regardless if a tRNA was isolated
range ofk.,of 1.0 s for synthetases in general. Thus, while With natural modifications or was prepared by T7 transcrip-
the rate for aminoacylation with proline was normal, that tion. The ability to activate cysteine independent of tRNA

with cysteine was not. The initial rate of aminoacylation with 1S common to all other known CysRS enzymes in the
cysteine was 40-fold below the rate with proline. database26). Second, in contrast to the reported levels of

; ; P ; ble activities, we showed that the activity for
We investigated the binding sites for tRRIRand tRNAYs ~ compara ’ .
on ProRS. Aminoacylation d¥l. jannaschiitotal tRNA with synthesis of Cys-AMP was below the activity of Pro-AMP

proline protected the native tRNR from periodate oxida- by 1000-fold and that the activity of aminoacylation with
tion. The protected tRNA, after deacylation, could be cysteine was below the activity with proline by 40-fold. This
reaminoacylated with proline but not with cysteine (Figure comparison raises the possibility that, because the synthesis
3c). The same principle was used to sepaktgannaschii of Cys-tRNA®YS is slow relative to that of other aminoacyl-
tRNASYs from all other tRNAs and to demonstrate that this t.RNAS' the decoding .Of cysteine C.OdO'?S might be rate-
{RNA was specific to cysteine. These observations showed!IMiting and as such might severely impair the synthesis of
the specificity of each native tRNA. The periodate inactiva- enzK.rIneS required fqr .the. cerp}tral ﬁmetat;olkl‘sml\mfjﬁnr}-.

tion of tRNAs that were not aminoacylated with proline or 2Schil One way to minimize the effect of the rate-limiting

cysteine also provided a means to generate the native?RNA SteP for the synthesis of Cys-tRNA would be to have an
or tRNASYs with natural modifications. This allowed deter- extremely high cellular concentration of cysteine. However,

mination of the relationship of the two tRNA-binding sites. in eubacterial organisms where cellular amino acids have

The use of the native tRNA was necessary, as recent studie@egnbmfasufd' Te Ielyel %f ci%/stfeilrée is normally at the low
showed that the transcript of tRN% does not bind tdv. end, below that of proline by-23-fold.

jannaschiiProRS (unpublished results). Here, the addition 10 compensate for the slower rate of aminoacylation with
of the native tRN/A (purified through periodate inactivation ~ CYSt€ineM. jannaschiiProRS may recruit additional protein

of non-cysteine-specific tRNA) to the native tRRinhib- or RNA factors to enhance its CysRS activity. There are three
ited aminoacylation of tRNACwith proline (Figure 3c). The additional reasons that suggest the involvement of outside
amount of tRNAYswas in 20-fold excess to that of tRN& factors. First, because of the overlapping substrate-binding

this was to partially compensate for the 40-fold lower activity SIS this raises the concern of specificity. Althoughihe
of aminoacylation of tRNAY. Thus, under the conditions jannaschiiProRS is shown as specific in vitro, the situation

tested, the ability of tRNA to inhibit tRNAP for amino- under the dynam'i<.:s of a cQIIuIar environment may be
acylation with proline suggested at least a partial overlap of différent. The additional protein or RNA factors may bind
the two tRNA-binding sites. to the enzyme to form a better binding site for cysteine or
for tRNA®s and, thus, to improve specificity. Second, the
DISCUSSION amino acid sequence d¥l. jannaschii ProRS shares an

overall high degree of homology to sequences of other

The identification ofM. jannaschiiProRS as the enzyme  ProRSs in the database, including enzymes that are specific
that catalyzes the synthesis of Cys-tRN#suggests a novel  for proline 0). The high homology suggests that the
design of synthetase specificities and catalytic properties.sequence oM. jannaschiiProRS alone, both within and
Normally, each synthetase is specific to only one amino acid. outside of the catalytic site, cannot provide novel folds or
Although some synthetases occasionally activate an incorrectdomains that specify the CysRS activity. Other factors must
amino acid, they remove the incorrect amino acid and be recruited to act in trans. Thirl]. jannaschiiProRS is a
maintain the specificity of aminoacyl-tRNAs. For example, class Il synthetase, which normally approaches its tRNA from
while E. coli lleRS synthesizes the correct lle-AMP, it also the opposite direction than that of class | synthetag&s (
synthesizes the incorrect Val-AMP. This enzyme has an However,M. jannaschiitRNA®s shares common features
editing activity to hydrolyze Val-AMP at a site that is distinct with cysteine-specific tRNAs that are recognized by the
from the synthetic site2@). The separation of the editing normal CysRS, which is class P8, 29. These features
site from the synthetic site demonstrates the specificity of include the conserved U73 in the acceptor st@®, 30.
each site 24, 25. Herein, theM. jannaschiiProRS was Thus, the design of the class Il ProRS may not appropriately
shown to have an overlapping site for proline and cysteine match the design of tRNA elements in the acceptor stem,
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and this mismatch may require additional factors to transform
into the productive form for catalysis.

We have identified Mj1338 in the purification of ProRS.
Although Mj1338 did not enhance the CysRS activity, this
might be due to the loss of its cofactor. The cofactor of
Mj1338 is methanopterin, which was lost during protein
purification (unpublished) and was not present in the
preparation of the recombinant Mj1338 frdincoli. Whether
the native Mj1338, bound with its cofactor, plays a role in
the CysRS activity oM. jannaschiiProRS remains to be
determined. However, examples of synthetases to recruit
additional protein factors are known. For exam@@agccha-
romyces cergsiae MetRS and GIURS recruit the Arclp
protein to enhance their ability to interact with their tRNAs
to improve the efficiency of aminoacylatioX, 39. The
domains in Arclp that are responsible for interactions with
MetRS and GIuRS and with the two tRNAs have now been
identified 31). In higher eukarya, ranging from mammals
to insects, nine aminoacyl-tRNA synthetases form a complex
that also includes three protein factoB3). Interestingly,
ProRS is a member of the comple34f. The three protein
factors in the complex generally mediate the association of
the complex with other components of the protein synthesis
machinery 85).

Alternatively, RNAs may act as the cofactor. Most notably,
the binding of tRNA to GInRS, GIuRS, and ArgRS enables
these synthetases to activate their amino acids and to optimize
their specificity 86). Also, the presence of the correct tRNA
enhances the error-proof activity of 1leRS7}. Although
we showed here that tRNA does not enhance the adenylate
synthesis activity oM. jannaschiiProRS, other small RNAs
are possible. These RNAs may not be easily retained during
protein purification if the enzymecofactor interaction is
only transient.

The genome oM. thermoautotrophicurappears to have
a similar organization of aminoacyl-tRNA synthetass) (

It also encodes a ProRS that carries out the CysRS activity,
although the levels of Cys-tRN#& have not been character-
ized or compared. A distinct feature of the jannaschiior

M. thermoautotrophicur®roRS is that it is a synthetase with
two specificities. This is unlike the ProRS of higher eukarya,
where the sequence of ProRS is joined with the sequence of
GIuRS in a single polypeptide38). The multitude of
surprises oM. jannaschiiProRS was thus not expected, and
the molecular basis for using ProRS, but not other syn-
thetases, as the surrogate for CysRS is not understood. The
operation of the genome d¥l. jannaschiior that of M.
thermoautotrophicurthus contains previously unrecognized
networks of aminoacyl-tRNA synthetases, both among
themselves and possibly with other cofactors. The delineation
of these networks should shed light on the evolution of the
modern day decoding machinery.
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