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Hieronim Jakubowski*

Department of Microbiology and Molecular Genetics, UMDNJ-New Jersey Medical School, 185 South Oramnge A
Newark, New Jersey 07103

Receied October 13, 1997; Résed Manuscript Receed February 10, 1998

ABSTRACT: Isoleucyl-tRNA synthetase (IleRS) catalyzes transfer of isoleucine from the enzyme-bound
lle-AMP and lle-tRNA to the thiol group of coenzyme A, forming a thioester, He€DA. Identity of
lle-S—CoA has been confirmed by several enzymatic and chemical tests. The synthesis-oCth&.S

like the synthesis of other isoleucyl thioesters, is strongly shifted toward products. Other aminoacyl-
tRNA synthetases, such as MetRS, AspRS, and SerRS also use CoA-SH as an acceptor for their cognate
amino acids. Pantetheine also serves as an amino acid acceptor in reactions catalyzed by AspRS, 1leRS,
and MetRS, forming corresponding aminoacyl-S-pantetheine thioesters. It appears that CoA-SH reacts
with activated amino acids by binding to each synthetase at a site, separate from the tRNA and ATP
binding sites, that includes the thiol-binding subsite. These and other data support a hypothesis that the
present-day aminoacyl-tRNA synthetases have originated from ancestral forms that were involved in
noncoded thioester-dependent peptide synthesis, functionally similar to the present-day nonribosomal peptide
synthesis by multi-enzyme thiotemplate systems.

Aminoacyl-tRNA synthetases (AARSsattach cognate  specifically binds the side chain thiol of homocysteine in
amino acids to tRNAs with the specificity dictated by the the active site of a synthetase. Such thiol-binding subsites
rules of the genetic code. In addition, many AARSs possessindeed exist in the synthetic/editing active sites of MetRS
proofreading or editing functions that remove occasionally (12), leRS (13), and LysRS%). Similar thiol-binding sites
misactivated incorrect amino acids, thereby preventing their exist also in active sites of enzymes that do not seem to need
attachment to tRNAX). editing function, such as ArgR34), AspRS b), and SerRS

A major selectivity problem for AARSs appears to be with (5). The thiol-binding site confers on a synthetase the ability
the nonprotein amino acid homocysteine, an obligatory to catalyze aminoacylation of thiols according to
precursor of methionine in all cells. Homocysteine is
misactivated in vitro by MetRS2, lleRS @), and LeuRS ~ AAtRNA{AMP} + HS-CH,-CH-(R)(R) —

(3) at a frequency exceeding the frequency of translational o )
errors in vivo. ValRS 2, 4) and LysRS %) misactivate AA-S-CHCH-(R)(Ry) + IRNA{AMP} (2)

homocysteine less efficiently6). These five enzymes ) )

possess an efficient editing mechanism that destroys the HcyFor thiols with R= NH,, secondary acy! transfer from the
AMP intermediate. The editing reaction involves nucleo- Sulfur to the nitrogen of the amino group yields a peptide
philic attack of the side chain thiol group of homocysteine (5, 12—14). The chemical nature of substituents R and R
on its activated carboxyl group, forming a cyclic thioester, affects catalytic efficiencies of thiols. For example, cysteine
homocysteine thiolacton&,(5) (eq 1). Editing of homocys- (R = NHz, Ry = COOH) is the best substrate, dithiothreitol
teine occurs in vivo and is enhanced in microb&t9) and (R=OH, R = CH(OH)CH, SH) is the second best, whereas
mammalian, including humanl@, 11), cells in which 3-mercaptopropionate (R H, R, = COOH) andN-acetyl-

homocysteine metabolism is deregulated. cysteine (R= acetyl-NH, R = COOH) are poor substrates
NH, NH, for all AARSs tested. Although cysteamine (RNH;, R;
0 = H) and 2-mercaptoethanol (R OH, R, = H) are good
é:n ) substrates for MetRS, they are poor substrates for ArgRS,
AMP_ amp lleRS, AspRS, LysRS, and SerRS in the thiol aminoacylation
SH s reaction. Glutathione (R Glu-NH-, R, = —C(=0)—Gly)

is not a substrate for LysRS and is a very poor substrate for
MetRS, AspRS, and SerRS.
Itis not clear why AARSSs that do not have editing function
" This research was supported by grants from the National Science Still possess a thiol-binding site. A plausible explanation is
Foundation (MCB-9724929 and MCB-9513127). ~ that the thiol-binding site is a vestige from a thioester world
d* Phone, 973-972-4679; fax, 973-972-3644; e-mail, jakubows@umdnj. (15) in which ancestral AARSs provided (and possibly
€ ?Abbreviations: AARS, aminoacyHRNA synthetase, e.g., lleRS, u.tili.zed) aminoacyl thioesters for noncode_d peptide synthesis
isoleucyl-tRNA synthetase (other synthetases are similarly abbreviated).similar to that of the present-day thiotemplate RNA-
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The chemistry of homocysteine editing, involving thioester
bond formation, requires the existence of a subsite that
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Table 1: Kinetic Indices for Aminoacylation of CoA-SH and Other Thiols Catalyzed by AspRS and MetRS

AspRS MetRS
kcal Km kcale kcat Km kcalle
thiol (min~1) (mM) (min~tM~Y) (min~1) (mM) (min~t M~
CoA-SH 0.25+ 0.01 2.1+ 0.2 119 1.3+ 0.09 0.82+ 0.15 1650
pantetheine 1.8 0.3 175+ 5.5 135 0.84+ 0.07 11.3+2.3 74
cysteamine 0.7% 0.0# 80.4+ 6.5 100+ 14 690
cysteine 7.4£1.6 77+ 32 96 67.2-4.7 51+ 7 1318
glutathione 0.65t 0.38 3.1+ 0.3

2 Reactions were carried out with Q1 [3H]Asp-tRNAAP (19.2 Ci/mmol) and kM AspRS or 0.5uM [35S]Met-tRNAMet and 0.056-1 uM
MetRS, in the presence of G250 mM indicated thiol® Nonsaturating kinetics up to 250 mM¥INonsaturating kinetics up to 60 mM. Slow
nonenzymatic deacylations of Asp-tRNA and Met-tRN=f 0.017 mirr?) were not affected by thiols.

independent synthesis of microbial peptide antibiotilt§ (  MgCl;, 0.1 mM EDTA, 2 mM ATP, 20uM tRNA (pure
17). Thioesters are immensely important in the present-day tRNAs with aminoacyl acceptor activities of 1400600
biological systems and may have been even more importantpmol/Azsy were obtained from Subriden RNA), 256M
in early biological systemslf). For example, CoA-SH and radiolabeled amino acid, and an AARS. After 5 min at 37
pantetheine participate in carboxyl group activation reactions, °C, reaction mixtures were extracted with phenol (saturated
with the notable exception of coded protein synthe$& (  with 0.1 M sodium acetate, pH 5), and charged tRNAs were
17). The nonribosomal peptide synthesis systems utilize asrecovered from aqueous layers by precipitation with ethanol.
a cofactor phosphopantetheine, whose thiol group serves afkesidual low molecular weight components from aminoa-
an acceptor for amino acid4& 17). The ability of the cylation mixtures were removed by repeated washes with
present-day AARSSs to utilize CoA or pantetheine as accep- 70% ethanol.
tors for amino acids would support the hypothesis that the  Thiol-Dependent Deacylaction of Radiolabeled Aminoacyl-
present-day AARSs originated from ancestral forms that tRNA. The radiolabeled aminoacyl-tRNA was incubated
utilized thioester chemistry to provide activated precursors with a thiol and a cognate AARS at 37C in 0.1 M
for peptide assembly and would shed a new light on the K-HEPES (pH 7.4), 10 mM MgG| and 0.1 mM EDTA.
origin of the thiol-binding subsites of the present-day AARSs. The disappearance of the radiolabeled aminoacyl-tRNA as
Here, it is shown that CoA-SH (R NH-C(O)CHCH,- a function of time was monitored by trichloroacetic acid
NHC(O)CH(OH)C(CH),CH,0-PQs-(5',3-ADP), Ry = H) precipitation. Apparent first-order rate constarkswere
binds to the active site of lleRS and reacts with activated calculated from reaction half-livesg ¢, according tok =
isoleucine (lle-AMP or lle-tRNA) to form the thioester lle- In2/tys. These rate constants were used to calclidatend
S—CoA. Corresponding aminoacy-SoA thioesters are K, values as well as their standard errors (see Table 1),
also formed by MetRS, AspRS, and SerRS. according tok = kgt — Knk/[thiol] (5, 12—14). Individual
measurements, repeated at least twice, agreed withd%o.
MATERIALS AND METHODS To monitor all products of deacylation reactions, aliquots

Plasmids and Host StrainPlasmids containing the genes Of reaction mixtures were analyzed by TLC.
for Escherichia colilleRS (18), MetRS (19), AspRS g0), TLC Analyses.Products of the reactions of CoA-SH with
and SerRSZ1) were overexpressed B. colistrain JM101  activated amino acids were analyzed by TLC on polyethyl-
and used as a source of AARSs. Cells for enzyme purifica- eneimine(PEh-cellulose (from Merck or Sigma) using 0.8
tion were obtained from overnight cultures (usually 400 mL, M LiCl as a solvent. Radiolabeled aminoacyt-GoA
yielding ~2 g cells) grown at 37°C in LB medium derivatives exhibited chromatographic mobilities similar or
containing 10Qug/mL ampicillin. slightly greater than the mobility of CoA-SHR(~ 0.5) and
Aminoacyl-tRNA Synthetases. E. d#RS (13), MetRS were well separated from the corresponding radiolabeled
(9, 12, 22), AspRS b), and SerRS5) were purified to amino acids that migrated close to the solvent front. Products
homogeneity from the overproducing strains using standard of reactions of other thiols with activated amino acids were
procedures. separated on TLC cellulose plates (from Kodak) using
Aminoacylation of Thiols by AARSA-AMP. Enzyme- butanol:acetic acid:water (4:1:1, v/v) as a solvent. Radio-
bound radiolabeled aminoacyl adenylates were prepared andabeled aminoacyl-thiol derivatives migrated faster than the
incubated with thiols in the same mixture. Unless stated corresponding radiolabeled amino acids in this system. TLC
otherwise, reactions were carried out at°®in mixtures  plates were autoradiographed using Kodak BioMax MR-1
containing AARS, radiolabeled amino acid, 1 mM ATP, 0.1 film.
M K-HEPES (pH 7.4), 10 mM MgGJ| 0.1 mM EDTA, 5 Preparation of [“C]lle-S—CoA and F°S]Met-S-CoA.
units/mL yeast inorganic pyrophosphatase (Sigma), and alncubation mixtures (5@:L) contained 50 mM K-HEPES
thiol. The aminoacy! derivatives of thiols were separated (pH 7.4), 20 mM MgC}, 3 mM ATP, 10 mM CoA-SH (from
from amino acids by TLC. Kinetic parameters were derived Sigma; sodium salt adjusted to pH 7.4 with NaOH), 5 units/
from initial velocity measurements at variable substrate mL yeastinorganic pyrophosphatase, 1B8[*Clisoleucine
(thiol) concentrations. Thé&,, and k., values and their (306 Ci/mol, 5uCi; from NEN) or 200uM [3*S]methionine
standard errors for CoA-SH were derived from at least two (5000 Ci/mol, 5QuCi; from Amersham), and 0,6M IleRS
independent experiments. or 25uM MetRS, respectively. Afte2 h (with lleRS) or
Preparation of Radiolabeled Aminoacyl-tRNReaction 15 min (with MetRS) at 37C, radiolabeled aminoacyl-S
mixtures contained 0.1 M K-HEPES (pH 7.4), 10 mM CoA was purified by two-dimensional TLC on 2010 cm
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Ficure 1: Requirements for the synthesis of lle-<SoA. Reactions
were carried out with 8.1%M ['“CJisoleucine (306 Ci/mol,
Amersham) and 5 mM ATP (A) or ZM [¥C]lle-tRNA"e (306
Ci/mol) (B) for 20 min at 37C in mixtures containing 5 mM CoA-
SH, 0.1 M K-HEPES, 20 mM MgG|] 0.1 mM EDTA, 2 mM
2-mercaptoethanol, and 0/ lleRS. Panel A: lane 1;-ATP;
lane 2, complete reaction mixture; lanei35 uM tRNA'e; lane 4,
—Co0A-SH; lane 5-1leRS; lane 6,~ATP, + 5 uM tRNA'; lanes

7 and 8, complete reaction mixture incubated for 20 min, then 5
uM tRNA'"® was added, and the incubation was continued for
additional 1 and 10 min, respectively. Panel B: lane 1, complete
reaction mixture; lane 25 mM ATP; lane 3+0.3 mM isoleucine;
lane 4,—CoA-SH; lane 5,—enzyme; lane 6;-5 uM tRNAe, 2

uL aliguots were analyzed by TLC on PEtellulose. An autora-

lle-tRNA
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isoleucine from lleRSle-AMP. However, addition of
tRNA'"® at the end of incubation did not affect the amount
of putative [“C]lle-S—CoA formed (lanes 7 and 8), sug-
gesting that there is no significant transfer ¥fJJisoleucine
from putative [“C]lle-S—CoA to tRNAe,

As shown in Figure 1B, putative'{C]lle-S—CoA also
formed as a minor product (in addition to the major product
[*ClJisoleucine) when[C]lle-tRNA"® was deacylated by
lleRS (13) in the presence of CoA-SH (lane 1). Addition
of ATP led to an increase in putativEC]lle-S—CoA (lane
2), most likely due to the formation of'{C]lle-AMP.
Formation of putative'fC]lle-S—CoA was abolished by the
addition of isoleucine (lane 3) or tRNA(lane 6) to complete
reaction mixtures. No putativé“C]lle-S—CoA formed in
the absence of CoA-SH (lane 4) or lleRS (lane 5). These
data indicate that lleRS catalyzes transferst@Jisoleucine
to CoA-SH from both lleRS-bound{C]lle-tRNA"® and [C]-
lle-AMP.

Similar results (not shown) were obtained with MetRS:
a [*S]Met—CoA adduct was formed when MetRS was
incubated with CoA-SH, ATP, and¥]methionine. When
MetRS was incubated with CoA-SH ani$]Met-tRNA, the
[3°S]Met—CoA adduct was a major product. An analogue
of CoA-SH without the thiol, desulfoCoA, was not a
substrate for aminoacylation (not shown). These results
indicate that MetRS catalyzes the transfer of methionine both

diogram exposed from TLC separations is shown. Positions of CoA- from Met-AMP and Met-tRNA to CoA-SH and that the thiol

SH (visualized under UV light) and4{Clisoleucine derivatives are
indicated.

cellulose plates (Kodak). The plates were developed with
pyridine:formic acid:water (1:1:1, v/v) in the first dimension
and with 2-propanol:formic acid:water (20:1:5) in the second
dimension. After separation, radiolabeled aminoacyl-S
CoA, visualized by autoradiography, was eluted from TLC
plates with water on ice and stored-a0°C. About 10%

of CoA-SH is essential for its aminoacylation.

Identification of lle-S-CoA and Met-SCoA. To confirm
that the product of enzymatic reactions of CoA-SH witic]-
lle-AMP or [*C]lle-tRNA is indeed the thioestetC]lle-
S—CoA, [**C]lle-S—CoA was purified from reaction mix-
tures and subjected to chemical and enzymatic tests. Products
of these tests were separated by TLC on -Rtdllulose
(Figure 2A) and cellulose (Figure 2B). NucleasdrBatment

of the radiolabeled amino acid was recovered as radiolabeledconverted putativel{C]lle-S—CoA into a faster migrating

aminoacyl-S-CoA. Half-lives for spontaneous hydrolysis
of lle-S—CoA and Met-S-CoA were 135 min (0.1 M
K-HEPES, 10 mM MgGJ, and 0.1 mM EDTA, pH 7.4, 37
°C).

RESULTS

compound (compare lanes 2 and 1), most likéfiC]lle-
S—(3-dephospho)-CoA, as expected. [Nucleaseekhoves
the 3-phosphate group from thé,3-ADP moiety of CoA-
SH, converting it into less polar, and therefore faster
migrating on PEt-cellulose TLC plates,'3lephospho-CoA-

CoA-SH Is a Substrate for lleRS, MetRS, AspRS, andSH (23).] Actually, authentic 3dephospho-CoA-SH itself

SerRS. AARSs were incubated with ATP, radiolabeled

when incubated with lleRS!{C]isoleucine, and ATP formed

amino acid, and CoA-SH, and the products were analyzedan adduct with J*Clisoleucine that comigrated with the

by TLC. In reactions catalyzed by IlleRS, MetRS, AspRS,

product of nuclease;Rreatment of putative{C]lle-S—CoA

and SerRS, adducts between a corresponding cognate aminfnot shown). Putative'{C]lle-S—CoA was sensitive to mild

acid and CoA-SH, migrating just above CoA-SH on TLC
PEl—cellulose plates, were detected. Aminoacylations of
CoA-SH catalyzed by lleRS and MetRS were studied in
detail, and the results are described below.

lleRS was incubated witH4Clisoleucine, ATP, and CoA-
SH. Aliquots of the reaction mixtures were subjected to TLC
separation on PElcellulose. As shown in Figure 1A, a
major new [C]spot, migrating just above CoA-SH, as
expected of putative{C]lle-S—CoA, was formed in a
complete reaction mixture (lane 2). This new spot was
absent in reaction mixtures without CoA-SH (lane 4), ATP
(lanes 1 and 6), or lleRS (lane 5). When tRRAvas added
at the beginning of incubation, lower amounts of the putative
[*“C]lle-S—CoA were formed (lane 3). This suggests that
tRNA'"® is a more efficient acceptor than CoA-SH for

NaOH (lanes 3) and hydroxylamine (lanes 4) treatments, a
property of thioesters. The presence of a thioester bond is
further supported by the sensitivity of putativéd]lle-S—

CoA to treatments with thiols, such as cysteine (lanes 8 and
9) or 2-mercaptoethanol (lanes 6 and 7). Treatment of a
putative thioester{C]lle-S—CoA, with an excess of a thiol
leads to a thioester interchange that results in the transfer of
[“Clisoleucine from J*C]lle-S—CoA to the thiol (see
products distinct fromfClisoleucine and'fC]lle-S—CoA

in lanes 6-9 in panel B). Putative'{C]lle-S—CoA was not
sensitive to treatment with the sulfhydryl group reagent5,5
dithiobis(2-nitrobenzoate) (lanes 5), indicating that the free
thiol group of CoA-SH is the site of attachment for
isoleucine. These tests confirm that the adduct between
isoleucine and Co0A-SH is a thioester, lle-SoA.
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12 3 4 5 6 7 8 9 10 11 Ficure 3: Properties of Met-SCoA. Reactions were carried out
in mixtures containing 1.3M [3°S]Met-S-CoA (34 000 cpm/4
B uL), 25 mM K-HEPES (pH 7.4), 2.5 mM MgGJl and no additions
(lane 1), 0.5 unit nuclease; Plane 2), 100 mM NaOH (lane 3),
200 mM hydroxylamine (lane 4), 5 mM iodoacetate (lane 5), 0.2
il M 2-mercaptoethanol (lane 6), 0.2 M cysteine (lane 7), 2.5%
.y = —lie glycerol (lane 8), or kM MetRS and 12.5:M tRNA'e (lane 9).
After incubation at 37°C for 15 min, samples were analyzed by
TLC on PE-cellulose (Sigma). An autoradiogram exposed from
these separations is shown.

. 8 © - s« & s Origin

lle-tRNA'"® completely reversed the aminoacylation (95%
drop in the level of lle-tRNA within 5 min after addition of
AMP + PPi; not shown). fC]isoleucine thioesters were
~CoA-S-lle determined before and after the addition of AMFPPI. As
\Origin shown in Figure 4, aminoacylation of CoA-SH, pantetheine
(panel A), and dithiothreitol (DTT) (panel B) was essentially
123456789 10 11 completed within 30 min. Aminoacylation of 2-mercapto-
FIGURE 2: Properties of lle-SCoA. Reactions were carried out ~ €thanol with isoleucine reached a plateau at about 40% of
TomiﬁU&eSH E%fggifzing ?-ZtMl[14<KA]||'\e/I-S—JCOQ (14Ogd_ctpm/3lll-) that observed during aminoacylations of CoA-SH, panteth-
m - 4), 1 m anda no aaaitions (lane i i ilibiri H _
1), 0.5 unit nucleasFélF(lan)e 2), 80 mﬁ/IQNaOH (lane 3), 15(g mM eme’. and DTT. This SqueStS.that the equ"'b.“a .Of amlr!oa
hydroxylamine (lane 4), 3 mM 5'&lithiobis(2-nitrobenzoate) (lane cylatlo.ns of CoA-SH, pantetheine, and DTT with |sqleyC|ne
5), 2-mercaptoethanol (200 mM, lane 6; 20 mM, lane 7), cysteine are shifted more toward the products than the equlibrium of
(200 mM, lane 8; 20 mM, lane 9), 5% glycerol (lane 10), or 0.4 the isoleucylation of 2-mercaptoethanol. Following addition
?ol\r/l 1”5eRmiSnars]g rﬁ#:\gstsvgg';ggrez eldl)b A;tféigﬁugggm 5;632% of AMP + PP, the levels of lle-SCoA and lle-pantetheine
and ceIIuI(;se (AF)). Autoradiogrgms exgosed from these sepalrationsdeclmed only Sllghtly (panel A), whereas levels of lle-DTT,
are shown. lle-(3-mercaptopropionate), and lle-(2-mercaptoethanol) de-
clined by 50%, 25%, and 90%, respectively (panel B). In
Similar tests, shown in Figure 3, were carried out with an Most cases, the decline occurred within 10 min following
adduct of p5S]methionine and CoA-SH, purified from the addition of AMP+ PPi. The declines in the thioester
reaction mixtures containing MetRS, CoA-SH, ATP, and levels after addition of AMP+ PPi are not due to spontane-
[3*S]methionine (see Materials and Methods). Like the-lle  ous hydrolysis of the thioesters; the half-lives of lle-GoA
CoA adduct, the MetCoA adduct was sensitive to treat- and lle-DTT are 135 min (see Materials and Methods) and
ments with NaOH (lane 3), hydroxylamine (lane 4), and 120 min (L3), respectively, and other isoleucyl thioesters are
thiols such as 2-mercaptoethanol (lane 6) and cysteine (laneexpected to be as stable. Thus, the reversibility of the
7), but was not sensitive to a treatment with a sulfhydryl thioester formation reaction depends on the nature of the
group reagent, iodoacetate (lane 5). These tests indicate thathiol. For some thiols, such as CoA-SH and pantetheine,
the free thiol group of CoA-SH is the site of attachement the equilibrium of the aminoacylation reaction is shifted far
for methionine. The MetCoA adduct was also sensitive toward the products, and the reaction is difficult to reverse.
to treatment with nuclease, Flane 2), a property expected The equilibrium of aminoacylation of other thiols, such as

l" . W N

of the thioester Met-SCoA. 2-mercaptoethanol, must apparently lie not as far toward the
Reversibility of Thiol Aminoacylation ReactionsTo products and the reaction is relatively easy to reverse.

determine whether aminoacylation of CoA-SH and other Purified lle-S-CoA did not transfer isoleucine onto tRNA

thiols is reversible, thiols were incubated witfisoleucine, in the presence of lleRS (Figure 2, lane 11). Similarly,

ATP, and IleRS. As a positive control, tRNAwas also purified Met-S-CoA did not appreciably transfer methionine
aminoacylated with!fClisoleucine. After 30 min, 3.5 mM  onto tRNAe in the presence of MetRS (Figure 3, lane 9).
AMP + PPi was added, and the incubation was continued These results suggest that the equilibria of reactions of CoA-
for another 30 min. Addition of these concentrations of SH with aminoacyl-tRNA are shifted far toward products
AMP + PPi to aminoacylation mixtures containingQ]- (aminoacyl-S-CoA and tRNA).
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FiIGURE 4: Reversibility of the thioester formation reaction. Reactions were carried out & 3@ mixtures containing 1xM [1C]-
isoleucine (306 Ci/mol), 1 mM ATP, 0.1 M K-HEPES, 10 mM Mg0.1 mM EDTA, 0.5uM lleRS, and a thiol. After 30 min, 3 mM

AMP and PPwere added, and incubations were continued for another 30 #@jldoleucyl thioesters, separated by TLC and visualized

by autoradiography, were quantitated by scintillation counting. Time courses of the formation of isoleucine thioesters with the following
thiols are shown. Panel A: 10 mM CoA-SHI), 40 mM pantetheined); Panel B: 40 mM DTT @), 50 mM 2-mercaptoethanolllj, or
3-mercaptopropionatex().

1 1

50 60 0 20 40 60 80 100
CoA-SH, mM k/[CoA-SH], 1/min.M

% 70 20 30 2

Ficure 5: Kinetics of aminoacyl-SCoA synthesis by 1leRS, MetRS, AspRS, and SerRS. Reactions were carried ofiGf@77.5-30

min in mixtures containing 1aM [“Clisoleucine (306 Ci/mol, from NEN), 20M [3*S]methionine (5000 Ci/mol, from Amersham), 10.4

uM [3H]aspartate (19300 Ci/mol, from Amersham), or 12N [3H]serine (36000 Ci/mol, from Amersham), 2 mM ATP, 0.1 M K-HEPES

(pH 7.4), 70 mM MgC}, 0.5 mM EDTA, 0.5uM lleRS, MetRS, AspRS, or SerRS, ane-B0 mM CoA-SH (sodium salt, adjusted to pH

7.4 with NaOH). Radiolabeled aminoacyl thioesters, separated by TLC and visualized by autoradiography, were quantitated by scintillation
counting. Panel A shows apparent rate constaqtéor aminoacyl-S-CoA formation as a function of CoA-SH concentration. Panel B
shows Eadie Hofstee plots of the data. Kinetics of aminoacySoA formation catalyzed by lleRE1), native MetRS ¢), truncated but
biologically active MetRS547 (e.g., r® (®), AspRS ¢), and SerRSx) are shown.

Chemical reactivity tests, similar to those described in the ATP. As shown in Figure 5A, aminoacylation of CoA-SH
preceding section for aminoacyCoA adducts, determined  with isoleucine, methionine, aspartate, and serine catalyzed
that the lle-pantetheine adduct was sensitive to NaOH, by lleRS, MetRS, AspRS, and SerRS, respectively, followed
hydroxylamine, but resistant to iodoacetate treatments (notsaturation kinetics typical of enzymatic reactions, indicating
shown), thus confirming that the thiol group of pantetheine that CoA-SH binds to each of the four enzymes. Eadie
is the site of attachment for isoleucine. Hofstee plots of the data (Figure 5A) yieKl, values for

Formation of lle-S-CoA, Met-S-CoA, Asp-SCoA, and CoA-SH of 15.7+ 0.8, 17.1+ 1.6, 3.9+ 0.6, and 13.9t
Ser-S-CoA Exhibits Saturation Kinetics with Respect to the 3.6 mM with lleRS, MetRS, AspRS, and SerRS, respectively.
Concentration of CoA-SHRates of formation of aminoacyl- The fastest aminoacylation of CoA-SH was observed with
S—CoA catalyzed by lleRS, MetRS, AspRS, and SerRS were MetRS .« = 1.06 £ 0.06 min) and the slowest with
measured as a function of CoA-SH concentration in reaction SerRS ke,:= 0.12+ 0.017 min?). However, the reaction
mixtures containing an AARS, radiolabeled amino acid, and catalyzed by AspRS exhibited the highest catalytic efficiency
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with the kea/Km value of 95 mint M~1, Catalytic efficiencies  saturation kinetics with respect to the concentration of CoA-
of the reactions catalyzed by MetRS, lleRS, and SerRS wereSH, a hallmark of enzymatic reactions involving substrate
1.6-, 2.4-, and 12.6-fold lower, respectively. binding. One may argue that MichaetiMenten kinetics

CoA-SH Is an Efﬁcient Acceptor for Amino Ac|d from an in the enzymatic amin0a0y|ati0n Of CoA-SH al’ise because
Aminoacyl-tRNAAARS Complex.Kinetic indices for the =~ AARS-AA-tRNA (or AA-AMP) complex reacts with CoA-
aminoacylation of CoA-SH and other thiols were also SH in a second-order reaction to give the products and an
determined using radiolabeled aminoacyl-tRNAs as donors. inactive form of the AARS that slowly reverts to the active
The progress of reactions was monitored by measurementdorm. In such a case, the appardai would be the rate
of the amount of remaining radiolabeled aminoacyl-tRNA constant for the enzyme reactivation, independent of the
by trichloracetic acid precipitation (see Materials and Meth- nature of a thiol. However, this is unlikely because, as shown
ods). CoA-SH appears to be a 28-fold better acceptor for in Table 1, the appareri. values for aminoacylation of
methionine from MetR9Met-tRNA (Tab|e 1) than from thiols vary depending on the nature of thiol substrates.
MetRSMet-AMP (Figure 5), mostly due to lowé€, value Because the thiol group of CoA-SH chemically reacts with
for CoA-SH in its reaction with MetR®/et-tRNA than in  activated amino acid to form a thioester, AA-S0A, the
the reaction with MetR8/et-AMP. However, CoA-SH is  thiol group of CoA-SH must bind in the active site of an
about as efficient acceptor for aspartate from Asm- AARS rlght next to the activated CarbOXyI of an amino acid
tRNA as from AspRSAsp-AMP, with kea/Km values of 119 substrate. Since aminoacy-€0A can be synthesized from
(Tab|e ]_) and 95 mint M1 (Figure 5)’ respective|y_ Itis both AA-tRNA and AA-AMP, the blndlng site for CoA-SH
likely that aminoacyl-tRNA induces better binding of CoA- must be separate from the tRNA and ATP binding sites on
SH to an AARS in the methionine system, but not in the these enzymes. Most likely, the thiol group of CoA-SH
aspartate system. In the aspartate system, Cata|ytic efﬁciency':‘nters the thIOI—blndIng subsite of the SynthetiC/editing active
for CoA-SH was similar to that for pantetheine{Km = site of MetRS {2) and 1leRS {3) or a vestigial thiol-binding
119 mint M-, Table 1), somewhat greater that that for subsite of the active site of AspRS and SerBJ (t appears
cysteine kealKm = 96 min't M1, Table 1), but 155-fold ~ that CoA-SH binds better than its smaller precursors,
greater that that for cysteamine. Glutathione was essentiallyPantetheine and cysteamine, to AspRS and MetRS (Table
not a substrate for asparty|ation by AspRS (Tab|e 1) In 1), consistent with the pOSSIblllty that all portions of the CoA-
the methionine system, catalytic efficiency for CoA-Sidh{ SH molecule contribute to its binding. Thus, it appears that
Kn = 1600 minm® M1, Table 1) was similar to that for ~ the thiol-binding subsite is a part of a larger CoA-SH binding
cysteine keafKm = 1318 mim: M1, Table 1). Onthe other  Site. The observations that glutathione and several other
hand, catalytic efficiency for CoA-SH was 2.3-, 22-, and 516- thiols are aminoacylated much less efficiently than CoA-
fold greater, respectively, than that for cysteamikg/Km SH suggest that substrate specificities of AARSs in these
= 690 mirr! M~1), pantetheinel(o/Km = 74 minmt M), reactions are similar to those of other CoA-SH-utilizing
and glutathione K.o/Km = 3.1 + 0.3 mimt M~%). This enzymes rather than to those of glutathione-utilizing enzymes
appears to be due to much better binding of CoA-8H € (249).

0.824 0.15 mM) than of any other thiol, such as pantetheine  If we assume that the thiol-binding subsite of MetRS or
(Km = 11.3+ 2.3 mM), cysteamineK, = 51 + 7 mM), lleRS evolved to accept a relatively small side chain of
cysteine Ky, = 116 + 14 mM), or glutathione K, > 60 homocysteine, then it is suprising that such thiol-binding
mM) to MetRSMet-tRNA. 3-Dephosphorylated CoA-SH  subsite would also accept the bulky molecule of CoA-SH.
(10 mM) was aminoacylated 70% and 40% as fast as CoA- However, if we assume that the thiol-binding subsite is a
SH by MetRS and IleRS, respectively (not shown). Ami- part of CoA-SH-binding site, as the data presented in this
noacylation of other thiols, such as 3-mercaptopropionate, Paper suggest, then it is easier to imagine how this thiol-
N-acetyl+-cysteine, andp,L-homocysteine catalyzed by binding portion of the CoA-SH binding site would accept

MetRS (12) and AspRS %) was also less efficient than the side chain of homocysteine. Both the side chain of
aminoacylation of CoA-SH by each of these AARSs. homocysteine and the thiol portion of the CoA-SH molecule
Collectively, these data suggest a certain degree of specificityhave identical chemical structures, HS-EH,-, that

for CoA-SH in the thiol aminoacylation reactions. undergo similar thiol aminoacylation reactions. The presence
of CoA-SH-binding sites in AspRS and SerRS (AARSs that
DISCUSSION do not possess editing functions) also acounts for the

presence of thiol-binding sites in these AARSs. A CoA-

CoA-SH and pantetheine are blOlOglca”y important thiols SH-b|nd|ng site provides an AARS with a th|0|-b|nd|ng
that participate in carboxyl group activation reactions, with supsite that may potentially be utilized for editing.
the exception of coded protein synthedi6,(17). This paper The aminoacylations of CoA-SH and pantetheine catalyzed
demonstrates that CoA-SH and pantetheine are also substrate@, AARSS, reported in this paper, are important because they
for AARSs whose major biological function is to provide are reminiscent of the transient formation of aminoacyl-S
aminoacyl-tRNAs for coded protein synthesis. Aminoacyl- pantetheine thioesters in the multienzyme thiotemplate non-
S—CoA and aminoacyl-Spantetheine thioesters, respec- rihosomal peptide synthesié§ 17) and, despite the lack
tively, are the products of these reactions. of similarities in primary structure<{), suggest a functional

The data presented in this paper suggest that enzymatidink between these amino acid activating systems (Figure
aminoacylation of CoA-SH involves its binding to each of 6). Thus, the ability of AARSs to bind and aminoacylate
the four AARSs examined: class | lleRS and MetRS and CoA-SH and panthetheine could be a vestige from a thioester
class Il AspRS and SerRS. For example, aminoacylation world (15) in which ancestralAARSs provided aminoacyl-
of CoA-SH catalyzed by each of these enzymes exhibits thioesters for noncoded peptide synthesis.



Aminoacylation of CoA
Aminoacyl-tRNA synthetase Multienzyme thiotemplate system

E + AA + ATP E(P-pant-SH),, + n(AA + ATP)

# PP, 1. t PP,
E(AA-AMP) <= E(AA-RNA) E(P-pant-SH),, (AA-AMP) |
CoA-SH,\ Cys-SH 2.
CoA-S-AA S-(AA)-Cys E(P-pant-S-AA),,
3.
? N-(AA)-Cys

_(P-pant-S-AAM-AAMT__AAT)
E

\(P-pant-SH) . 4

Ficure 6: Functional analogies between aminoacyl-tRNA syn-
thetases (AARSs) and multienzyme thiotemplate systems (MTSSs).
Similar steps in reactions are indicated: 1, amino acid activation
leads to formation of enzyme-bound aminoacyl adenylates, E(AA-
AMP); 2, transfer of an activated amino acid to the thiol group of
an acceptor leads to thioester bond formation; 3, transacylation from
sulfur to amino group results in peptide bond formation. In the
MTSs, activated amino acids are condensed to peptides via thioeste
intermediates. The thiol group of active site pantetheine serves as
an intermediate acceptor of an amino acid moiety from an
aminoacyl adenylate in each domain. Peptide bond formation occurs
as a result of intermolecular transfer of the acyl group from
S[aminoacyl(or peptidyl)]-pantetheine in one domain to the amino
group of a pantetheine-bound amino acid in another doniain (

In each domain, pantetheine cofactor is attached to a serine residue

via phosphate. Then' denotes the number of domains (and the
length of synthesized peptide) in the MTSs. With AARSs, CoA-

SH and pantetheine can serve as acceptors for activated amino acids,

and corresponding thioesters are formed (this work). When cysteine
[or cysteamine] is an acceptor, the thioest&§AA)-Cys [or
S(AA)-cysteamine] are not directly observed because of facile
intramolecular transacylation from the sulfur to the amino group,
which results in the formation of a peptide boril {2—14, 26).

It has been proposed that the thioester-dependent mech-ls'

anism of peptide synthesis may have preceded the RNA-
dependent mechanism in the development of lif®).( This
proposal was taken further by suggesting that thiols were
part of the early organic molecules that seeded the develop-
ment of life on the prebiotic Eartiif). Prebiotic conditions
may have favored formation of thioesters from thiols and
amino acids or other acids. For example, thioesters form
easily under acidic conditions. Thioesters would have
provided protometabolism with catalysis and energy. Rem-
nants of this thioester world are still present: thioesters are
immensely important in the present-day metabolidrs).(
The ability of the present-day AARSs to synthesize ami-
noacyl-S-CoA, described in this paper, could be another
remnant of the thioester world that may have preceded the
RNA world (15). It has been speculated that the ability of
the present-day AARSs to aminoacylate RNA minihelixes
and tetraloops is an evolutionary vestige from a stage of the
development of the aminoacylation function in the RNA
world (25). It is plausible that the thioester-dependent and
RNA-dependent peptide synthesizing systems were develop-
ing in parallel, possibly via some common stages. Peptides

Biochemistry, Vol. 37, No. 15, 199&%153

that eventually led to ancestral AARSs could have been
equally well formed from aminoacyl-RNA and aminoacyl-
thioesters 26). Before the development of coded protein
synthesis, ancestral AARSs could have facilitated formation
of aminoacyl-RNA and aminoacyl-thioesters for noncoded
peptide assembly. The abilities of present-day AARSs to
catalyze formation of aminoacyl-RNAS, 27) and aminoa-
cyl-S—CoA and aminoacyl-Spantetheine (this work) are
consistent with this hypothesis. Ancestral AARSs them-
selves may have carried out thiol-dependent assembly of
peptides. A vestige of this peptide-forming ability exists in
the present-day AARSs, which indeed can promote the
synthesis of cysteine-containing di- and tripeptidesl@—

14). It would be interesting to determine if a high molecular
weight complex of AARSs, which is present in mammalian
cells but whose function is not clea2§), is a vestige of an
ancestral multienzyme noncoded peptide synthesis system
and, like the present-day multienzyme thiotemplate systems,
may have the ability to synthesize peptides.
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