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ABSTRACT: The protein translation apparatusMé&thanococcus jannasclpbssesses the unusual enzyme
prolyl-cysteinyl-tRNA synthetase (ProCysRS), a single enzyme that attaches two different amino acids,
proline and cysteine, to their cognate tRNA species. Measurement of the-RRRxchange reaction
revealed that amino acid activation, the first reaction step, differs for the two amino acids. While Pro-
AMP can be formed in the absence of tRNA, Cys-AMP synthesis is tRNA-dependent. Studies with purified
tRNAs indicate that tRNAYS promotes cysteine activation. They values of wild-type ProCysRS for
tRNA prolylation (0.09 s?) and cysteinylation (0.0278) demonstrate that both aminoacyl-tRNAs are
synthesized with comparable rates, the cysteinyl-tRNA synthetase activity being only 4.5-fold lower than
prolyl-tRNA synthetase activity. Kinetic analysis of ProCysRS mutant enzymes, generated by site-directed
mutagenesis, shows glutamate at position 103 to be critical for proline binding, and proline at position
100 to be involved in cysteine binding. The proximity in ProCysRS of amino acid residues affecting
binding of either cysteine or proline strongly suggests that structural elements of the two amino acid
binding sites overlap.

Accurate aminoacylation of transfer RNA (tRNA) by dependent on the presence of tRNA. (However, a recent
aminoacyl-tRNA synthetases (AARSS$ a crucial step in publication on theM. jannaschiienzyme reports tRNA-
the faithful translation of messenger RNB) (The presence  independent Cys-AMP synthesis and implies, in addition to
of 20 AARS proteins, each one specific for a single amino ProCysRS, further cofactor(s) for the formation of Cys-tRNA
acid, provided a sound basis when one considered the(9). Here we present evidence for tRNA-dependent cysteine
exquisite specificity of amino acid and tRNA discrimination activation by M. jannaschiiwild-type ProCysRS and for
during aminoacyl-tRNA synthesis. This view was challenged overlapping amino acid binding sites on this enzyme.
by the discovery of an astonishing dual-specificity enzyme,
prolyl-cysteinyl-tRNA synthetase (ProCysRS), capable of and MATERIALS AND METHODS

required for supplying both Pro-tRNA and Cys-tRNA during Chemicals[*S]Cysteine (1075 Ci/mmol) andP]PR (15

protein synthesis in the archabtethanococcus jannaschii Ci/mmol) were from NEN, JH]proline (104 Ci/mmol) and
(2, 3) and Methanobacterium thermoautotrophicu@ 4). [C]proline (248 mCi/mmol) were from Amersham Phar-

Immediately this led to the question as to how this dual- oo Biotech. and NiNTA matrix was from Qiagen. GF/C
specificity enzyme is able to select 2 out of the 20 canonical o 5q¢ microfiber filters were from Whatman. Nitrocellulose
amino acids and to discriminate accurately between themgarg (0.45,m) were from Schieicher & Schuell. Centricon

when acylating tRNA® or tRNA®* (5). Like other prplyl- YM-10 was from Amicon. DNA high-fidelity T7 polymerase
tRNA synthetases6), ProCysRS forms Pro-AMP in the and inorganic pyrophosphatase (0.2 i)/ were from

presence of proline and ATP. As tRNA-mediated amino acid Boehringer Mannheim. The TOPO-TA cloning kit was from

recognition by AARSs is well-knowni7( 8), it was encour- | itragen. Epicurian coliBL21-CodonPlus competent cells
aging to see that Cys-AMP synthesis by ProCysRS was,yere purchased from Stratagene. Oligonucleotide synthesis

_ _ and DNA sequencing were performed by the Keck Founda-
"H.D.B. is an EMBO postdoctoral fellow. This work was supported oy Research Biotechnology Resource Laboratory at Yale
by grants from the National Institute of General Medical Sciences.
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Box 208114, 266 Whitney Ave., New Haven, CT 06520-8114. Tel: jannaschiicells (27 g) were suspended in 40 mL of extraction
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thetases (AARSS), the three-letter code is used, e.g., ProCysRS foragltatlon (20 min) and centrifugation at 4 0 min), the

prolyl-cysteinyl-tRNA synthetase; AA-tRNA, aminoacyl-tRNA; KF, ~ aqueéous phase was removed and saved. To the remaining
potassium fluoride; DTT, dithiothreitol. organic phase was added 40 mL of extraction buffer, and a
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second extraction was performed. The pooled aqueous phasedeacylation was achieved by incubation for 30 min at 37
were re-extracted with phenol, and the aqueous layer was°C. After ethanol precipitation, tRNA was recovered by

recovered. DNA was partially removed by precipitation with
20% (v/v) 2-propanol. After centrifugation for 15 min at

centrifugation, washed, dried, and suspended inL0of
sterile water. This procedure allowed recovery of ap-

450@, the supernatant was adjusted to 60% (v/v) 2-propanol proximately 20ug of pure tRNAYS and 10ug of pure

to precipitate tRNAs. The tRNAs were harvested by cen-
trifugation (20 min at 450§), washed, and briefly dried. The
pellet was suspended in 5 mL of 200 mM Tris-HCI (pH 8.0)
and incubated at 37C for 30 min to deacylate AA-tRNA.
Total tRNA was then recovered by ethanol precipitation.
After centrifugation, the pellet was washed, dried briefly,
and resuspended in 10 mL of water. The yield of tRNA was
75 mg.

Preparation of Periodate-Oxidized tRNAs from M. jann-
aschii. Total tRNA (1.2 mg) was aminoacylated as described
previously @) in a 1 mL reaction mixture at 70C in the
presence of eithet{C]proline or F°S]cysteine using 3@g

tRNAP with a yield of 50% and 12.5%, respectively.
Enzyme PreparationAll steps were performed at 4C,
and all buffers contained 10% (v/v) glycerol, 5 mM 2-mer-
captoethanol, and 1 mM benzamidine. The cell paste
resulting from 1.5 L of culture of the different ProCysRS-
overexpressing wild-type and mutant strains was suspended
in 5 mL of sonication buffer (50 mM Tris-HCI, pH 8.0,
containing 500 mM NacCl, 5 mM MgG| 0.1% Triton X-100,
and 10ug/mL lysozyme). The cells were disrupted by 10
cycles of 30 s sonication at 50 V, and the lysate was
centrifuged twice for 30 min at 14090and for 1 h at
10000@. The resulting S-100 extract was appliect2 mL

of ProCysRS. When the charging plateau was reached, 10%dNi-NTA —agarose column equilibrated with the sonication

(v/v) 3 M sodium acetate (pH 5.2) was added. AA-tRNAs
were then extracted with acid-buffered phenol (pH 4.6),
followed by a chloroform extraction and ethanol precipita-
tion. To protect thiolated bases from oxidation, the dried
pellets of AA-tRNAs were suspended in 10 mL of a 25 mM
sodium phosphate buffer (pH 6.8) containing 0.3 mM sodium
dinitrobenzoate 10). After a 20 min room-temperature

incubation, the AA-tRNAs were recovered by ethanol
precipitation, harvested, and dried. The AA-tRNAs were
suspended in 5 mL of 50 mM sodium acetate buffer (pH

buffer. After washing the column with 20 mL of sonication
buffer containing imidazole (30 mM), elution of the Pro-
CysRS was achieved with 10 mL of the same buffer but
containing 750 mM imidazole. The enzyme-containing
fractions were pooled and dialyzed during 12 h against 50
mM HEPES-KOH (pH 7.0), 50 mM KCI, and 15 mM
MgCl,. Traces of contaminating proteins were eliminated
by a 20 min flocculation step at 70C and 20 min
centrifugation at 14009 The pure protein solution was then
concentrated on PEG 15000, dialyzed against 50 mM

5.0) containing 4 mM sodium periodate and incubated 20 HEPES-KOH (pH 7.0), 50 mM KCI, 15 mM MgCl, and
min at room temperature and in the absence of light. After 50% (v/v) glycerol, and stored at20 °C. Active site titration

addition of KCI to make the solution 0.2 M, the periodate

shows that 60% of the molecules are active in this enzyme

precipitated and was removed. Traces of remaining periodatepreparation.

were eliminated by addition of 0.2 mL of ethylene glycol to

Aminoacylation of tRNAThe standard reaction mixture

the supernatant and overnight dialysis against 5 mM sodium (100xL) contained 50 mM HEPESKOH (pH 7.0), 50 mM

acetate buffer (pH 5.0). After ethanol precipitation, AA-

KCI, 15 mM MgCh, 5 mM DTT, 10 mM ATP, 2QuM [3°S]-

tRNAs were recovered by centrifugation, dried, and deacy- cysteine (1075 Ci/mmol) orfiH]proline (104 Ci/mmol), 1

lated by incubation in 2 mL of a 1.8 M Tris-HCI (pH 8.0)
solution during 30 min at 37C. The ethanol-precipitated
tRNAs were dried and suspended in 0.1 M DTT (2 mL),

mg/mL M. jannaschiiunfractionated tRNA, and 20150ug/
mL purified recombinant ProCysRS. Reactions were per-
formed at 70°C, and the radioactive AA-tRNAs synthesized

and regeneration of the thiolated bases was achieved by a 4fter 1-60 min were determined in 2@L aliquots as

h incubation on ice. After ethanol precipitation, the tRNAs

described 2). Ky values were determined from double-

were dried and suspended in 0.5 mL of sterile water. Betweenreciprocal plots using limiting concentrations of the variable

0.3 and 0.4 mg of tRNA was recovered and stored-20
°C until use.

Purification of M. jannaschii tRN&s and tRNA™ by
Affinity Column Chromatography on NickeAgarose-Im-
mobilized EF-Tu.Total M. jannaschiitRNA (1 mg) was

substrates (2500uM [3S]cysteine orH]proline; 0.0:-1
mM ATP) and saturating concentrations {1000 x Ky) of
the fixed substrates. ProCysRS concentration was 6:202

uM, and tRNA was 1 mg/mL. Values &, were determined

by initial rate measurements using saturating substrate

aminoacylated at saturating substrate concentrations (seeoncentrations (300M [3S]cysteine orH]proline, 600uM

following section) either with 3H]proline or with [F°S]-

ATP), 3 mg/mLM. jannaschiitotal tRNA, and 56-150 nM

cysteine. Once aminoacylation plateaus were reached, theProCysRS.

mixture was supplemented with 10% (¥/@ M sodium
acetate (pH 5.2), and AA-tRNAs were extracted with acid-
buffered phenol, followed by a chloroform extraction and

ATP-[%?P]PP, ExchangeThe reaction mixture of 200 mL
contained 100 mM HEPES-Na (pH 7.2), 10 mM Mg@O0
mM KCI, 40 mM DTT, 2 mM KF, ATP either fixed at 2

ethanol precipitation. The dried pellets were suspended inmM or varying from 0.04 to 3 mM foKy, determination,

400 uL of sterile water and applied onto a 1.5 mL column
of nickel-agarose-immobilized GTP-activated EF-Tu (5

L-proline orL-cysteine either fixed at 2 mM or varying from
0.02 to 2 mM forKy determinations, 2 mM3P]PR (1.6

mg). All chromatographic steps were performed as describedcpm/pmol), when indicated &AM tRNASYSor 10uM tRNAP™

previously (L1). Fractions (2-3 mL) containing Cys-tRNAS
or Pro-tRNA"™were pooled, concentrated by centrifugation
on Centricon YM-10 (final volume of 0.4 mL), supplemented

in M. jannaschiiunfractionated tRNA, and 0.33.5 uM
ProCysRS. After various incubation times at°@ the f?P]-
ATP present in 4Q:L aliquots of the reaction mixture was

with glycogen, and ethanol-precipitated. The dried pellets specifically adsorbed on acid-washed Norit [2000f a 1%

were suspended in 3@ of 1.8 M Tris-HCI (pH 8.0), and

(w/v) Norit in 0.4 M sodium pyrophosphate solution with
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Ficure 1: Cys-AMP and Pro-AMP synthesis by. jannaschii
wild-type ProCysRS as measured in the ATPPi exchange
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Table 1: Kinetic Constants d¥l. jannaschiiProCysRS in ATP-PR
Exchange and tRNA Aminoacylatidn

ProRS activity CysRS activity
tRNA tRNA
ATP—PR amino- ATP—PR amino-
exchange acylation exchange acylation
amino acid Ky (uM) 285 27 90 22
ATP Km (uM) 465 49 390 60
Keat (S72) 4.8 0.09 0.04 0.02

2The conditions are described under Materials and MetHodEP—
PR exchange was conducted in the absence of tRNMP—PR
exchange was conducted in the presence of tRNA.

formation of the cysteine thiol group did not change the
results (data not shown). However, in the presence of

reaction. The assay conditions are described under Materials andUnfractionatedM. jannaschii tRNA, cysteine-dependent

Methods. Pro-AMP ¢) was measured in the presence of 2 mM

proline and 365 nM enzyme. Cys-AMP was measured in the
presence®) or absencel) of unfractionatedV. jannaschitRNA

(3 ugluL); the cysteine concentration was 2 mi@)(or 20 mM

(m). Inset: Cys-AMP formation in the presence of 2 mM cysteine
with pure tRNA samples and 0.36M M. jannaschiiProCysRS.

M. jannaschiitRNA®YS, 2 uM (a); M. jannaschiitRNAP™, 4 uM

(O); E. coli tRNAYs, 3.2 uM (O).

15% (v/v) perchloric acid], rinsed with 15 mL of water on
Whatman GF/C fiber glass filter disks, dried, and liquid-
scintillation-counted. Thé&:, values were determined at 70
°C in the presence of saturating ATP and amino acid
concentrations (10100 x Ky), 5—-10uM each tRNAYsand
tRNAP™in M. jannaschiitotal tRNA, respectively, and 0.15
0.5uM M. jannaschiiProCysRS.

Active Site Titration.Formation of Pre-AMP:ProCysRS
complexes took place in 5L of standard aminoacylation

ATP—PR exchange took place easily (Figure 1). To deter-
mine the nature of the tRNA species required for cysteine
activation, we purified by EF-Tu affinity chromatography
M. jannaschiitRNA®Ys and tRNA™, Only pure homologous
tRNA®Ys induced Cys-AMP synthesis, whiM. jannaschii
tRNAP©or E. colitRNAYS could not do so (Figure 1, inset),
suggesting that tRN®&s is the tRNA mediating cysteine
recognition. This provides a plausible mechanism of dis-
crimination between the two amino acids ‘cognate’ to this
dual-specificity synthetase.

Kinetic Parameters for tRNA Prolylation and Cysteiny-
lation by Wild-Type ProCysR$he kinetic constants (Table
1) were determined (see Materials and Methods) in both the
aminoacylation and ATPPR exchange reactions for the
CysRS and ProRS activities of the enzyme. Khevalues
for proline and cysteine in the activation reaction, 285 and
90 uM, respectively, are in the range commonly observed

mixture containing 0.5 unit of inorganic pyrophosphatase and t5; £, coli ProRS [300uM (6)] and for E. coli and

680 uM [*“C]proline (100 cpm/pmol), in the presence of
varying concentrations of ProCysRSH10 uM). After 10
and 20 min incubation at 30C, aliquots of 20uL were

Paracoccus denitrifican€ysRSs [5M (12) and 12.54M
(13)]. In the aminoacylation reactiofy values of 27 and
22 uM were determined for proline and cysteine, respec-

spotted onto nitrocellulose filters, filtered, and washed 4 times tively. Again, these values are consistent with those deter-

with 5 mL of 50 mM BisTris-HCI (pH 6.0), 10 mM MgGl
The filters were dried and liquid-scintillation-counted.

Site-Directed Mutagenesis of the M. jannaschii proS Gene.

Oligonucleotide primers (2025 nt in length) were designed
for creation of the mutari¥l. jannaschii projenes by PCR.
After amplification, the genes were cloned into the TOPO-

mined for CysRS enzymes from bacteria and from rabbit
liver [11 uM (14)]. The Ky values for ATP in ATP-PR
exchange are similar for both ProRS and CysRS activities
(465 and 39Q«M, respectively) and are 9.5 and 6.5 times
higher than th&, values obtained for proline and cysteine
in the tRNA aminoacylation assay, a fact also seen in other

TA vector, and the mutant character of the genes was aaARSs (15). As far as catalytic constants are concerned,

confirmed by DNA sequencing. The genes carrying the

the kcot of Pro-AMP formation (4.8 st) is 120 times higher

mutations were subcloned into the pET15b expression vectoriy 4 theksa Of Cys-AMP formation. However, thé of

and used to transforr&. coli BL21-CodonPlus competent
cells.

RESULTS

Cysteine Actiation. M. jannaschiiProCysRS activates
proline in the absence of tRNA while it requires tRNA for
cysteine activation). As there is some disagreement on
this point @), we resequenced oM. jannaschii proSlone

Pro-tRNA synthesis (0.09°%) is only 4.5 times higher than
the value for Cys-tRNA formation (0.02°Y; thus, both
aminoacyl-tRNAs are formed with comparable rates and in
the general range observed for aminoacyl-tRNA synthetases
(16, 17).

Are Additional Factors Needed for Optimal CysRS #cti
ity? It was suggested that Cys-tRNA formation [by.
jannaschiiProCysRS may require additional components for

and ascertained that it had the correct (MJ1238) sequenceefficient catalysis ). We therefore compared the rates for
The overexpressed pure ProCysRS enzyme was not able td’ro-tRNA and Cys-tRNA formation inlsl. jannaschiiS-100
activate cysteine under the conditions (2 mM Cys) used cell extract (Figure 2). Under optimal substrate concentra-
earlier (Figure 1); even cysteine concentrations at up to 20tions, the rate of Pro-tRNA synthesis is about3times
mM as well as increasing amounts of enzyme did not bring higher than that of Cys-tRNA formation. This is similar to

about Cys-AMP formation in the absence of tRNA. In
addition, a 10-fold excess of dithiothreitol to prevent disulfide

the properties of the pure enzyme where kg for Pro-
tRNA formation is 4.5 times higher than that for Cys-tRNA
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Escherichia coli
Haemophilus influenzae
Pseudomonas aeruginosa
Bordetella pertussis
Neisseria gonorrhoeae
Thiobacillus ferrooxidans
Synechocystis sp.
Thermotoga maritima
Aquifex aeolicus
Clostridium acetobutylicum
Enterococcus faecallis
Caulobacter crescentus
Rhodobacter capsulatus
Zymomonas mobilis

AA-tRNA (pmol)

0 T T T Rickettsia prowazeckii
0 5 . 10 . 15 20 Mycobacterium tuberculosis
Time (min) Helicobacter pylori
FiGURE 2: Effect of pyrophosphatase on ProCysRS activity in a  Chlamydia trachomatis
M. jannaschiiS-100 cell-free extract. Pro-tRNA#) formation was Chlorobium tepidum
measured in the absence of inorganic pyrophosphatase, and Cys- Borrelia burgdorferi
tRNA formation was measured in the presen©g ¢r absence®) Thermus thermophilus

of inorganic pyrophosphatase (10 units/mL). The reaction contained Deinococcus radiodurans
250uM [3H]proline or F5S]cysteine, 1.2g/uL unfractionatedM. Saccharomyces cerevisiae

jannaschiitRNA, and 3.2ug/mL M. jannaschiiS-100. Homo sapiens ,
Halobacterium salinarum

. . i Methanobacterium thermo.
formation (see above). Inorganic pyrophosphate is known giardia lamblia
to inhibit the activities of some AARS4.8); consequently, Archaeoglobus fulgidus
the addition of pyrophosphatase increases aminoacylation Sulfolobus solfataricus
efficiency (19). Therefore, we investigated the effect of Aeropyrum pernix
4 ’ ’ g Pyrobaculum aerophilum
pyrophosphatase on the rate as well as on the plateau of Cys- pyrococcus abyssi

tRNA formation. However, addition of yeast inorganic Pyrococcus horikoshii

i Pyrococcus furiosus LAY LRPT SEpw:
pyr?phospﬂata_se dgespnoé Ing’g&Sﬁhthe_ ratSe 1%0platfaut of Thermoplasma acidophilum TILRPT SERE
cyseﬂne Charging by Frotys either in - exXuacts  weorhanccoccus maripaludis LRLRPTSETﬂE
(Figure 2) or by the pure enzyme (data not shown). The Methanococcus jannaschii LﬁLRPTSE 106

?ff'c'ency,_ of in V'_tro _Cys-tRNA formation by _theM' Ficure 3: Alignment of the amino acid sequences of 37 ProRS
jannaschiiand theGiardia lambliaProCysRS protein2(), enzymes. The region of interest for the mutant enzymes (P100A,
and the fact that the clongatoS gene fromM. jannaschii E103A) is shown. The full-length protein sequences were aligned
(2) andGiardia lamblia(20) complements a CysRS-deficient with CLUSTAL X (V1.84). Black shading denotes at least 50%
E. coli strain @1), demonstrates that viable Cys-tRNA amino acid identity, while gray signifies at least 50% homology.

synthesis can be performed by ProCysRS alone. Neverthewild-type ProCysRS, the P100A enzyme retained all its
less, the possibility of a factor that enhances the observedprolylation efficiency while it lost 90% of its cysteinylation
efficient CysRS activity can never be ruled out with certainty. capability (Figure 4A). Conversely, enzyme E103A does not
ProCysRS Mutants Suggestv@lapping Amino Acid show any detectable ProRS activity but still possesses 5%
Binding Sites.A Clustal X alignment of 22 bacterial, 3  of the wild-type’s CysRS activity (Figure 4A). To ascertain
eukaryal, and 12 archaeal ProRS sequences facilitated thehat the mutant enzymes are indeed affected in their amino
identification of the 3 characteristic motifs of this class Il acid binding abilities, we performed the same comparative
AARS. Since residues preceding motif 2 in class Il enzymes study with the ATP-PR exchange reaction. The results
are usually involved in amino acid binding, we examined (Figure 4B) are identical to those of the aminoacylation
this region in more detail. As can be seen (Figure 3), all reaction. Therefore, it is probable that these mutational
archaeal and some bacterial/eukaryal ProRS proteins have @hanges affect the structure of the amino acid binding sites.
strictly conserved sequence, RPTSE (positions B33 in We reasoned that if these mutational changes affect the
the M. jannaschiiprotein). As a first attempt, these residues enzyme’s amino acid binding site(s) we should see this
were mutated to alanine, and those conserved only in thereflected in the results of amino acid inhibition on tRNA
archaeal ProRS sequences were mutated to the most frequemharging. Cysteinylation by ProCysRS is inhibited by proline
amino acid present at the same position in the bacterial andwhile cysteine interferes with prolylatior?), Thus, if as
eukaryal enzymes. Of the mutants made, we selected twoinferred from the results above (Figure 4A) enzyme P100A
informative examples, P100A and E103A, for further study. is weakened in cysteine binding, its prolylation activity
The corresponding genes were overexpressed and the mutarghould then be less affected by cysteine inhibition compared
proteins purified. Thermostability of the mutant enzymes was to wild-type. Likewise mutant E103A is no longer able to
unaltered, since initial velocities for tRNA cysteinylation or bind proline but still has the ability to bind cysteine; thus, a
prolylation were unchanged after a 20 min heat treatment atlarge excess of proline should not readily inhibit the
70°C (data not shown). A direct comparison of their tRNA enzyme’s cysteinylation activity. Our expectation was borne
cysteinylation and prolylation activities was made using the out (Figure 5A), a 40-fold excess of proline over cysteine
same concentrations (250 nM) of mutant and wild-type inhibits the CysRS activity of wild-type ProRS by over 80%
enzyme and substrate concentrations that were optimal forwhereas that of mutant E103A is unaltered. The ProRS
measuringVi max With the wild-type enzyme. Compared to activity of mutant P100A is barely inhibited by a 40-fold
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single amino acids located only three positions apart affect
either proline or cysteine recognition indicates that structural
elements of their binding sites are overlapping.

DISCUSSION

The surprising existence of a dual-specificity AARS, the
archaeal genre ProR83), responsible for both Cys-tRNA
and Pro-tRNA synthesis, raises questions about how one
AARS correctly specifies two amino acids. Since this enzyme

recognizes two different tRNAs and two different amino
acids and prevents the formation of a mischarged Cys-
tRNAP™© or Pro-tRNA™S species, it will be an excellent
experimental model for unraveling the mechanism underlying
L = L = this exquisite substrate discrimination. As a first step, we
® “p100A E103A ® " P100A E103A investigated the activation of the cognate proline and cysteine
FIGURE 4: Bar graph representaﬂon of re|ati\ye’max values of a.nd attempted to determine Whether the amino aCid b|nd|ng
CysRS and ProRS activities of mutant ProCysRS enzymes deter-sites (or sites for generating an allosteric signal) overlap.
mined in the aminoacylation and AFRPR exchange reactions.  Sjte-directed mutagenesis of a selected region, suspected to
gysﬁtl%gﬁ g’r{gyEti%?,&,agr? dp(r:?/_sti'\lifp(t()é?gg Egg ?gdm%t;gTA(Ql)D be involved in defining the amino acid binding site(s), gave
(black bars) formation (B) by P100A and E103A. 100% activity "IS€ t0 mutant ProCysRS enzymes with drastic changes in
their amino acid recognition. The single Glu183la103

corresponds to 1.2 pmol of Cys-tRNA or 12.5 pmol of Pro-tRNA,
and 0.25 nmol of Cys-AMP or 5.5 nmol of Pro-AMP formed per mutation resulted not only in the complete loss of ProRS
minute. The assay conditions were those described under Materialsactivity but also in alteration of CysRS activity. Glu103 may

and Methods for the wild-type enzyme; concentrations of wild- ; - ; : *
type and mutant enzyme were 250 nM: of ATP, 2 mM in ATP be part of the proline binding site M. jannaschiiProCysRS,

PR exchange and 10 mM in aminoacylation; and of Cys or Pro, 3 @S the crystal structure ofhermus thermophilu®roRS
mM in ATP—PR exchange and 250M in aminoacylation. indicates that this conserved amino acid (Figure 3) is directly

involved in binding the imino group of proline (M. Tukalo,

A B personal communication). In contrast, the Pro+@0a100

120 100 mutation resulted in a 10-fold decrease of CysRS activity,
but it did not change ProRS activity. Further clear support
that these mutants (P100A and E103A) are indeed affected
in their ability to bind either of the two amino acids derives
from an inhibition study. Mutant P100A is only altered in
its ability to form Cys-AMP, presumably because cysteine
binding is reduced. The fact that its ProRS activity is now
insensitive to cysteine inhibition supports this assumption.
The reverse can be seen from the data with mutant E103A,
which is affected in proline binding. The close proximity
(positions 100 and 103 ik. jannaschiiProCysRS) of these
amino acids strongly suggests that structural elements of the
proline and cysteine binding sites are overlapping.
2 § Our data show a tRNA requirement, probably for tRINA
Z in the formation of Cys-AMP by the wild-typk!. jannaschii
Ficure 5: Inhibition study of f°S]Cys-tRNA or PH]Pro-tRNA PTOCYSRS- The same tRNA requirement is also seen for the
formation by wild-type or mutant ProCysRS, with an excess of Giardia lambliaProCysRS enzyme2(). Recently, Lipman,
unlabeled proline or cysteine. Aminoacylations were performed with Sowers, and Hou9) published data orM. jannaschii
wild-type and E103A mutant enzymes in the presence ofi20 ProCysRS somewhat at a variance with our earl®¢rafnd
[35S]cysteine and with or without a 40-fold excess of proline (A); present results. They described a CysRS APP exchange

or conversely with wild-type and P100A mutant enzymes in the . :
presence of 2@M [3H]proline and with or without a 40-fold excess activity able to proceed in the absence of tRNA, and a CysRS

of cysteine (B). Reaction conditions allowed initial velocities to @minoacylation activity (relative to ProRS) about 10-fold
be measured. The remaining relative activities, represented aslower than what we described above. Whether these apparent
histograms, are expressed as percentages of the ratio between thdiscrepancies arise from differences in experimental proce-
initial velocity obtained with the excess of inhibitor over the initial - ;e could not be assessed as detailed experimental protocols
velocity obtained without inhibitor. Wild-type and mutant enzyme . . . - .
concentrations were 250 nM. were not given, either in the primary worR3) or in the
publications referred to thereif)( Nevertheless, the reported
excess of cysteine while the wild-type enzyme’s ProRS data ) provide some indications of possible sources of these
activity is reduced to 20% (Figure 5B). These results show discrepancies. The kinetic parameters of Cys-tRNA formation
that the ProCysRS mutant enzymes E103A and P100A have(Figure 3A, ref9) were determined outside the Michaelis
lower affinities for proline and cysteine, respectively, than Menten range at an enzyme:substrate ratio of 1.9:1 (compared
the wild-type ProCysRS. Thus, Glul03 M. jannaschii to 1:100 here), suggesting low enzyme activity. Furthermore,
ProCysRS is essential for proline recognition and Pro100 the results on tRNA dependence of the CysRS APR
for cysteine binding. The fact that mutational changes in exchange activity are furnished as “data not shown” or
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A proposal for an enzymatic mechanism for Pro-tRNA
and Cys-tRNA synthesis by ProCysRS is shown in Figure
6. In its ligand-free form, the active site is configured to
allow only binding of proline (see left panel). Whether
formation of Pre~AMP induces a conformational change
hindering tRNAYs binding or whether an editing mechanism
(right panel) preventing release of Pro-tRNA exists,
remains to be determined. Binding of tRRAtriggers an
induced fit of the active site for only cysteine binding and
activation that is immediately transferred onto tRNA
Periodate oxidation of tRN®&S shows that the tRNA
molecule’s acceptor function is not required for cysteine
activation (data not shown), suggesting that anticodon
binding is probably the initiating event for rearrangement
of the active site for cysteine binding and activation.
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of Pro-tRNA®YS release byM. jannaschiiProCysRS. The data in
this paper provide support for the reactions in the left and center
panels. The proposed editing reactions need to be investigated.

presented in a figure (Figure 2A, r&) whose individual
curves have very different or missing scales. Judging by their
two reports 9, 23), our M. jannaschiitRNA preparations
are 14- or 3-fold better with respect to tRRA levels.
Perhaps critically, no characterization of the clone that
provided the source of the enzyme is given. In light of our
findings that single nucleotide changes in fteSgene can
‘eliminate’ one or the other activity of ProCysRS, sequence
determination of the clone used by Lipman et &) (s
essential to guard against the inadvertent introduction of
detrimental point mutations.

The rate of cysteine activation (0.04'%is almost equal
to the overall reaction rate (0.02°'3, suggesting that
activation is the rate-limiting step in Cys-tRNA formation.
Once tRNAYsis bound, only cysteine can be activated and
is immediately transferred to the tRNA. On the other hand,
in the absence of tRNA, only proline can be activated, but
its transfer onto tRNA® is achieved with a 50-fold lower
rate. Since the activation rate of proline is unaltered by the
presence of tRNA (data not shown), selection of tRN#s
critical and limits the prolylation reaction. It is still unknown
whether tRNAYS can bind to the enzyme:PrdAMP com-
plex. If this were the case, an editing mechanig@#-(29)
must exist that prevents synthesis and release of Pro-8RNA
since we were unable to isolate this mischarged tRNA

species. Existence of such an editing mechanism is suggested

by the fact that when totaMl. jannaschiitRNA was charged
with proline and subsequently oxidized by sodium periodate,
no tRNA cysteinylation of the treated tRNA was observed
after a deacylation step. If Pro-tRN¥& had been formed
initially, this charged tRNA would have been protected

against periodate oxidation that abolishes the acceptor 1

capacity of any uncharged tRNA species. After deacylation,
this tRNA would have been recharged to Cys-tRMAsince
periodate treatment of protected tRNAdoes not affect the
acceptor capacity of this tRNA2).
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