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ABSTRACT: Aminoacyl-tRNA synthetases form complexes with tRNA to catalyze transfer of activated
amino acids to the'&nd of tRNA. The tRNA synthetase complexes are roughly divided into the activation
and tRNA-binding domains of synthetases, which interact with the acceptor and anticodon ends of tRNAs,
respectively. Efficient aminoacylation of tRNA Hyscherichia colicysteinyl-tRNA synthetase (CysRS)
requires both domains, although the pathways for the long-range dewu@inain communication are

not well understood. Previous studies show that dissection of tRNi#&o acceptor and anticodon helices
seriously reduces the efficiency of aminoacylation, suggesting that communication requires covalent
continuity of the tRNA backbone. Here we tested if communication requires the continuity of the synthetase
backbone. Two N-terminal fragments and one C-terminal fragmefi. afoli CysRS were generated.
While the N-terminal fragments were active in adenylate synthesis, they were severely defective in the
catalytic efficiency and specificity of tRNA aminoacylation. Conversely, although the C-terminal fragment
was not catalytically active, it was able to bind and discriminate tRNA. However, addition of the C-terminal
fragment to an N-terminal fragment in trans did not improve the aminoacylation efficiency of the N-terminal
fragment to the level of the full-length enzyme. These results emphasize the importance of covalent
continuity of both CysRS and tRN#¢ for efficient tRNA aminoacylation, and highlight the energetic
costs of constraining the tRNA synthetase complex for domdomain communication. Importantly,

this study also provides new insights into the existence of several natural “split” synthetases that are now
identified from genomic sequencing projects.

Aminoacyl-tRNA synthetases (aaRSs) are modular en- anticodon. Efficient aminoacylation of tRNA for most
zymes that arose early to interpret the genetic code. Thesesynthetases requires communication between the two do-
enzymes catalyze aminoacylation of tRNAs to relate amino mains (reviewed in re8). This is clearly demonstrated by
acids to the anticodon trinucleotide sequences. The overallmutational effects on steady-state kinetics of aminoacylation.
architecture of tRNA synthetases consists of primarily two For example, mutations of tRNA anticodon triplets, or of
domains {). The active site domain is responsible for residues in the anticodon-binding domain of synthetases,
activation of an amino acid with ATP in synthesizing an often lead to severely reduced catalytic efficiency of amino-
enzyme-bound aminoacyl-adenylate, and transfer of theacylation. The driving force in these reductions is usually a
aminoacyl-adenylate intermediate to theBd of tRNA. The decrease irk.ot by several orders of magnitudd)( Thus,
second domain is responsible for selection and binding of the signal of improper contact at the anticodon end is
the cognate tRNA. In the course of evolution, appended communicated to the active site to affect thg of amino-
domains have been added to the two-domain structure toacylation.
perform other functions. For example, some synthetases have The mechanism of domairdomain communication is not
an editing domain that hydrolyzes misacylated amino acids \e|| ynderstood. Earlier studies have shown that the com-
that are not sufficiently distinguished by the active site ., nication is interrupted when the tRNA backbone is
domain (). broken, based on observations that truncated tRNA molecules

The two-domain structure of synthetases parallels the two- consisting of just the acceptor helix have extremely poor
domain structure of the L-shaped tRNA)( In high-  efficiencies of aminoacylation5( 6), and that the poor
resolution crystal structures of tRNA synthetase complexes, efficiencies cannot be improved even with addition of the
the active site domain of synthetases interacts with the tRNA ¢orresponding anticodon helis,(8). These studies have
acceptor-T helix, while the second domain contacts the revealed high costs of thermodynamic energy required for
communication between the two domains of tRN&\ (The
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subunit interfaces to mediate molecular signaling. Addition- gene). Screening for mutant genes was achieved by direct
ally, through their extensive contact surfaces with tRNA, sequencing at the Jefferson core facility. Mutations were
synthetases may use intermolecular contacts to provideobtained at 75100% efficiency.
pathways for communication. Indeed, genetic analysis has gnzyme PurificationThe full-lengthE. coli CysRS s,
shown that certain bacterial synthetases can be created itharhoring a C-terminal His tag, was expressed from pCysRS09
pieces and re-assembled in vivo to function in aminoacylation jn . coli BL21(DE3) cells. A half liter of cells was grown
(11-13). Most intriguingly, various genomic sequencing jn LB/Amp and induced with 0.4 mM IPTG for-35 h at
projects have identified naturally split synthetase geids ( 37°C. The cell paste was resuspended in 10 mL of sonication
15) or genes that encode free-standing domains of synthetaseg,tfer [20 mM Tris-HCI (pH 8.0), 100 mM NaCl, and 5
(16-18). These have raised the possibility that split genes ;3\ g-mercaptoethanol], sonicated for & 15 s, and
can be expressed separately to form subunits of a functionalcentrifuged at 15 000 rpm for 30 min to obtain the cleared
enzyme. Although the implication of split genes is that ce|| |ysate. The overexpressed CysRS, which represented
functional synthetases can be created without a covalentlymore than 90% of total soluble cellular proteins, was purified
connected backbone, the energetic costs of dof@main  from the cell lysate by incubation with 2 mL of the His-link
communication in such cases are not known. resin (Promega) equilibrated in the sonication buffer for 30
To gain insights into the concept of split genes, its general min at 4 °C. The resin was washed five times with the
applicability, and energetic costs, we artificially separated a sonication buffer and 10 mM imidazole before CysRS was
synthetase into two domains and tested their ability to main- g|uted with 100 mM imidazole. The purified CysRS was near
tain domair-domain communication. We usé&tscherichia 99% homogeneity, as judged from SBBAGE, and used
coli CysRS as an example, which is the smallest monomer directly for assays. The soluble fractions of b7, N1 327,
of the class | synthetases (461 amino acids) and can be easilynd G;_4¢; fragments of CysRS were purified by the same
defined by the two-domain structurgd). Efficient amino-  general protocol. The protein concentrations of the full-length
acylation by CysRS requires communication between the gnd deletion mutants of CysRS were determined by the
active site domain at the N-terminus and the tRNA-binding Bradford method, while the enzyme concentrations of the
domain at the C-terminus. This is based on th&-1®* fold full-length and N-terminal fragments were determined by the
reduction in the efficiency of aminoacylation upon mutations active site burst assag¥).
of the tRNA anticodonZ0), and on the 18fold reduction Preparation of tRNA and Microheli€¥. The full-length
upon removal of the anticodon helix, leaving just the mini- E. coli tRNAS was prepared by runoff tfanscription of the

and microhe_lices of the acceptor sted) Although_ the BsiNI-linearized pTFMa-Cys01 by T7 RNA polymerase as
accept_or hehce; contain the m_ost |mpongnt nucleotide, U73’described previously?2@). The transcript was purified from
for aminoacylation 20, 22), their poor efficiency cannot be a 12% PAGE/7 M urea gel, crushed and soaked in TE [10

Cloarly suggests the reqirement of the covalent connectiviey MM T*HCI (pH 80) and 1 mi EDTA), and recovered
y sugg q yby ethanol precipitation. The concentration of the tRNA

of the tRNA backbone, and sets the stage for addressing the[ranscript was estimated by the absorptiorat (1 OD =

converse experiment in CysRS. Importantly, the crystal 40 . . .
! . mg/L) and corrected by plateau charging. Microhelices
structure of the enzyme in complex with tRRA has of tRNA®s were chemically synthesized by Dharmacon

;f ;rig:/lvyortl)(e% r: éjee;?rmr']nefn%'ir\gg:c?eggovédxeseﬁm\/:rl#:bl'eere (Boulder, CO), deprotected, and resuspended in TE prior to
gning P g exp X use. The concentrations of microhelices were determined by

we report dissection oE. coli CysRS into the N- and :

C-domains and their ability to function separately and the absorption akeco . .
together in trans. Additionally, we seek to obtain both kinetic ATP—PP Exchange AssayThe previously established
and thermodynamic parameters of the two domains for ATP—PR exchange assay2{) was modified by using
aminoacylation of tRNA to gain insights into the energetic  [¥-*PJATP as the substrate, rather th&P[PR. The reaction

costs required for domairdomain communication. mixture contained 0.1 M Tris-HCI (pH 8.0), 2 mM NapPP
10 mM 3-mercaptoethanol, 0.1 mg/mL BSA, 0.1 mM EDTA,
MATERIALS AND METHODS 10 mM KF, 5 mM MgC}, 500 mM cysteine, and varying

, ) ) concentrations ofy[-3P]ATP (5 x 10° cpm/mmol). With
Construction of Deletion Fragments of E. coli CysRBe  he addition of 50 nM enzyme, the reaction mixture was

pCysRS09 plasmid (a derivative of pET-22BJ), containing  jycybated at room temperature and &D aliquots were
the wild-type sequence d. coli CysRS inserted between  onoyed at defined time points and quenched withR®f

the Ndd and BarH| restriction sites, was used as the 5494 perchloric acid and 50L of rapidly stirring charcoal
template for construct_lon of delet|or! fr.agments. Introdu_ctlon suspension (3% acid-washed charcoal in 0.5% HCI). The
of a secondBanH| site, and restriction of the resulting quenched reaction mixture was spun at 15 000 rpm for 10

plasmids withBanHl, followed by religation, created the  min and an aliquot of thé4P]PR released into the charcoal-
reading frame for the N-terminal fragments. The reading free supernatant was counted by a scintillation counter.
frame for the C-terminal fragment §&_461) was created by

introducing the start codon (AUG) to position 276. All
mutations were achieved by QuikChange mutagenesis (Strate

Aminoacylation AssayAminoacylation of tRNAYS or
microhelix®ys with [3°S]cysteine (12 000 dpm/pmol) was as
described previously28, 29). Reactions were performed at

— - _ — 37 °C, and aliquots were removed at various time points,
1 Abbreviations: CysRS, cysteinyl-tRNA synthetase; HisRS, histidyl-

tRNA synthetase; ProRS, prolyl-tRNA synthetase; LeuRS, leucyl-tRNA quenChe;d bY carboxymgthylgtlon, and preCIpltl’?lted on a filter
synthetase: AlaRS, alanyl-tRNA synthetase; DTT, dithiothreitol: PAGE, Pad in 5% trichloroacetic acid. The concentrations of tRNA

polyacrylamide gel electrophoresis. were determined from plateau charging.
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Ficure 1: Secondary structure diagram (top) and crystal structure oEthmli CysRS-tRNA®Ys complex (bottom). In the secondary
structure diagram, helices are represented by cylindergatichnds by arrows. The HIGH and KMSKS motifs are represented by boxes,
while mutations in the SC fold for generating the reading frames0fd¥ Ni-3,7, and G77-461 fragments are colored red. In the crystal
structure of the complex, the Rossmann fold and CP domain in the active site domain are colored red and light brown, respectively. The
anticodon-binding domain consists of the helical bundle domain (dark blue) and the AB domain (purple). The SC fold (green) joins the
activation domain with the anticodon-binding domain.

Fluorescence Measurement of Binding tRMAEquilib- on an LB/Amp plate supplemented with IPTG in the absence
rium fluorescence hinding titration of tRN& was carried of 1 mM arabinose at 37C.
out at room temperature with 0.869.25u4M enzyme in 20
mM Tris-HCI (pH 7.5), 50 mM NaCl, and 5 m\8-mer- RESULTS

captoethanql or "? 50 mM HEP_ES.(pH 7.5) and 10 MM construction of the N- and C-Terminal Fragments of E.
MgCl.. The Intrinsic tryptophan titration was excited at 285 . CysRS According to crystal structures of the enzyme
nm, an_d the emission was monitored from 300 to 400 nm. (23, 31), the active site domain of the Rossmann fold is
An emission wavelength of 330 nm was used to quantify |oca1eq at the N-terminus and begins with fhesheet and
binding after correction of dilution. Controls with BSA or continues with the pattern of alternatingand 3 until fs.
tryptophan showed no fluorescence response to tRN_A. TheThe class I-specific HIGH sequence (at positions-30) is
fluorescence change in response to tRNA concentration was,; he beginning ofas, while the other class I-specific

fitted to a hyperbolic binding curve. KMSKS sequence (at positions 26870) is located after
Complementation Assayhe E. coli chromosomaktysS Ps in a flexible loop, known as the SC fold (sternontact

deletion strain, constructed previously by disrupting the gene fold), that directly connects the Rossmann fold with the
with a chloramphenicol markeB(), was used as the test C-terminal anticodon-binding domain (Figure 1). The SC fold
strain. This deletion strain harbors the intact but arabinose-is near the inside corner of the tRNA L shape, and is
controllableHaemophilus influenzae cygfene integrated  responsible for global positioning of the tRNA on the enzyme
into the CRIM recombination sites. To express the syn- surface. The importance of the SC fold in connecting the
thetase-encoding pET-22b plasmids, the T7 RNA polymeraseN- and C-terminal domains, and its proximity to the tRNA
gene ADE3, was integrated into the chromosome using the tertiary core, provided the rationale for introducing truncation
ADE3 lysogenization kit (Novagen). The pET-22b derivative sites into this region. One truncation site was chosen at E287,
plasmids encoding sequences for the-fyy and N-_szp7 which is not in direct contact with the tRNA core, to
fragments were introduced into tloysS strain by trans- minimize alteration of enzymetRNA contact areas upon
formation and selected for ampicillin resistance. Transfor- truncation. E287 is in a solvent-accessible position within
mants were tested for complementation by streaking theman a-helix of the SC fold that completes the turn of the
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KMSKS-containing loop. Another truncation site was chosen T,pe 1. ATP-PR Exchange Kinetics
after D327, which is near the end of the SC fold and is also K ” lK
m at al m

vt secessbie esce, As shown belo, ecause the
-terminal fragme 1(Db7

; CysRS-4 0.25+£0.002 22.6+2.3 9.0x10* 1.0
active than the one that ended at D327,(), the N ser 031+ 004 20L01  64x 16 007

C-terminal complementing fragment was designed to begin n;_,,, 118+ 0.08 0.34+006 29x 1® 3.2x 102
atvari (Q7.7_461)' WhICh prece_des thg-hehx that Comame.d 3 CysRS-_461 (at 50 nM) and N-,g7 (at 200 nM) were assayed over
E287. In this design, the-helix that is broken by E287 in 4 yange of ATP concentrations from 0.05 to 2 mM, while ¥ (at

the Ni_pg; fragment is kept intact in the overlapping 500 nM) was assayed over a range of ATP concentrations from 0.1 to

C-terminal fragment. 5 mM.
To generate the CysRS fragments, the wild-type pCysRS09
plasmid, containing theysSgene between théldd and below that of the reverse reactida4= 142 s1). The slower

BanHlI sites of pET-22b, was used as the template. Expres- k., of the forward reaction might result from contaminating
sion of the wild-type plasmid yielded the full-length enzyme nonhydrolyzable compounds iry-f?PJATP or from con-
with a C-terminal His tag (CysRSse1), where the tag has  taminating ATPase in the protein sample. Alternatively, it
been shown to have no effect on the catalytic activity of the might reflect a fundamental difference between the forward
synthetase24). The reading frames for the;Ngzand N-327 and reverse reactions.
fragments were created by generating a sedgeuaiH| site Both the N_2s7 and N_3,7 fragments were active in the
after the desired codons, followed by cleavage of the resulting synthesis of cysteinyl adenylate in the ATPR exchange
plasmids withBarrHI and rejoining. As a result of the second assay, albeit with a lower efficiency than the full-length
BanHlI site, the E287 residue in the:Ng; fragment was ~ CysRS_461 (Table 1). Of the two, the N.g; fragment was
changed to D287 (Figure 1). The reading frame for the more active, with &, for ATP closely similar to that of
Caor7-461 fragment was created by introducing a secoiut the full-length protein (0.31 mM) butla, decreased by 10-
site at position 276, followed by cleavage of the resulting fold (2 s™1). This resulted in a catalytic efficienck/Km)
plasmid withNdd and rejoining between the existing and approximately 10-fold reduced from that of the full-length
engineeredNdd sites. All three reading frames maintained protein. The N_s»7 fragment showed a significant increase
the sequence for the C-terminal His tag. in Ky, for ATP by 5-fold to 1.18 mM and a further 10-fold
Although all three fragments were abundantly expressed decrease ike,to 0.34 s?, yielding akea/Km more than 300-
in E. coli, the two N-terminal fragments were largely fold reduced from that of the full-length CysRS. The weaker
precipitated in inclusion bodies. Despite considerable efforts activity of the N.—3,7 fragment was unexpected because this
to explore and test different growth conditions, these two fragment contains nearly the complete sequence of the SC
fragments remained insoluble. The solubility problem is not fold. Possibly, the longer Ns,7 fragment folds less well than
necessarily the result of the arbitrary truncation, because athe shorter N ,g; fragment, and the presence of a C-terminal
naturally occurring N-terminal fragment of CysRS is also His tag further impedes proper folding. The folding problem
insoluble under similar laboratory conditions. This protein is likely due to the absence of the C-terminal domain, where
is MshC of Mycobacteriaspecies, which synthesizes cys- the SC fold might adopt a misfolded structure, such that the
teinyl-adenylate in a pathway leading to the biosynthesis of preceding KMSKS sequence is prevented from aligning for
mycothiol 32). In Mycobacteriaspecies, mycothiol is the  adenylate synthesis. The notion of misalignment is consistent
major reducing agent that protects these bacteria againsiwith thek.,;defect being more pronounced than Kyedefect
oxidative stress. Because of the insolubility problem, the in both N-terminal fragments. Of the two fragments, the more
small soluble fraction of the two N-terminal fragments was active N—,g7 fragment was used in further analysis.
used for protein purification, which was achieved by binding  The N-,g7 Fragment Functioned in Aminoacylation of the
these fragments to a metal affinity resin under native Microhelix of tRNAYS In addition to catalyzing adenylate
conditions and eluting them with imidazole. The concentra- synthesis, the active site domain should also catalyze transfer
tions of these N-terminal fragments were determined by the of the activated aminoacyl group to theedid of tRNA. With
active site burst assag¥). In contrast, the &6: fragment the active site domain using only the tRNA acceptor helix
was soluble and was readily purified to homogeneity. The as the substrate, its catalytic efficiency should be comparable
concentration of this fragment was determined on the basisto that of the full-length synthetase, which would not have
of protein quantities. the advantage of binding to the tRNA anticodon. The kinetic
The N-Terminal Fragments Functioned in Synthesis of competence of the N,s7 fragment was tested for its ability
Cysteinyl AdenylateThe integrity of the N_»g7 and Ni—327 to catalyze cysteinylation of the microhelix of tRN®
fragments was assessed by their ability to activate cysteinelacking the entire T stem and the D anticodon sequence
with ATP to generate cysteinyl-AMP. This activity was (Figure 2). Microhelikyswas chemically synthesized on the
assayed by the ATPPR exchange reaction, wherg-J?P]JATP basis of the sequence of the acceptor stem of tRRANd
was the substrate and the forward synthesi$%f|PR was contained the UUCG tetraloop to join the two sides of the
monitored. In the presence of a saturating level of cysteine stem. The aminoacylation activity of this microhelix has been
(500uM), the rate of exchange was measured under steady-previously established by the full-length CysR&;, showing
state conditions. For the full-length CysR&;, the K, for a rather highKy, (~200uM) and a lowkg, in the range of
ATP was 0.25 mM (Table 1), which was the same as the 1074 s (29). Because of the higK, for microhelixtys, the
published K., obtained from the reverse reaction using kinetics of aminoacylation by the truncated b, fragment
[32P]PR as the substrat@{). However, thek.,; of the forward was focused on thie./Kmn parameter only. At concentrations
reaction was 22.678 for CysRS-_461, Which was~6-fold of microheliXys at least 40-fold below th&,,, the initial
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. ity ’ Table 2: Growth Complementation of tiie coli cysS Strairt
A Yecgon NEGEGEEUCER” n
€1 66CCU fGGEGE . ——> g . Keal Km Of
5 [ bz aminoacylation of growth
s°c TI & tRNAS¥sin vitro  complementation
uh . 1;‘(2 CysRS (relative) (relative growth)
UA
3;&;{& s CysRS 461 1.0 b
AL g — c28s 1.2x 104 +
ce Microhelix™* C209S 3.1x 10°° —
o C28S/C209S 2.6 10°° -
v A H234S 1.5x 1074 -
Sch E238S 0.3 ++++
tRNAD® H234N/E238Q 5.9 10°° -
CysRSy.461 Ny-287 C28S/C209S/H234N/E238Q  not detectable  —
keat/KyM7'sT) kg KpgM's) H206S 0.6 A+
cat’ "M cat' "M
H224S 5.7x 1072 ++
U?3mlicrohel_ix§"" 2544006 23401 H235S 3.8x 1073 +++
ggmrcm::!:;: - 5 H224N/H235N 4.2¢ 107 ++
e 5 i H256S 0.1 ++
: i Ala
el 13X 102 H234N/E238Q/H224N/H235N ot detectable  —
i = 3
G73tRNATY 26+02 0.41+0.01 \lilvsggfg ggx igs Iii-i—
FIGURE 2: Sequence and L-shaped arrangemef @bli tRNASYS, E354Q 01X 4+
where the microheli®* domain is shaded. Mutations of U73t0 G, .- 6.0 x 10°5 4
in tRNACYs or to C in the microhelix are indicated. Thg./Km Ny_s7 not detectable _

parameter of aminoacylation by CysR&; and by N_,g9is shown
below.

rate of aminoacylation was measured and used as a
approximation ok../Km,. This value for full-length CysRSs61
was 2.54 Mt s (Figure 2), which was in good agreement
with the previous study28) and represented a %6bld
decrease from th&./Kn, of aminoacylation of full-length
tRNASYS (2 x 10° M1 s71). Thekea/Kn value of the N_pg7
fragment was virtually identical (2.3 M s%) to that of full-
length CysR$ 461 This was interesting, given that the s,

aEach CysRS enzymé/Km obtained from reR7 or this study)
was expressed in thE. coli cysS strain on an LB/ampicillin/IPTG

nplate with or without 1 mM arabinose at 3€ for 16 h. Growth was

compared to the growth of the wild type on the basis of the number of
cells and the strength of growth.

cysSgene, was used to test this possibiliB0Y. Because
thecysSgene is essential fdE. coli growth, thecysS strain
was maintained by introducing the highly homologddis
influenzae cys8ene into thee. colichromosome under the
control of the arabinose promoter. In growth media lacking

fragment is deficient in adenylate synthesis by 10-fold (Table arabinose, the viability of theysS strain would depend on
1). Possibly, the perturbation of the active site in the ) a functional synthetase that can aminoacylate tRR®ith

fragment that caused the 10-fold reduction in the efficiency cysteine. When thixysS strain was supplied with the
of adenylate synthesis was partially repaired by the presenceplasmid-borne full-length CysRSss1, expressed from the
of the microhelix, as previously suggested in aminoacylation strong and induciblelac promoter, it was viable and

of full-length tRNA (27).

The specificity of aminoacylation of microhefi¥ was
examined for the N,g; fragment (Figure 2). The most
important nucleotide for aminoacylation in the microhelix
and tRNAYS is U73 @0, 21). Both this fragment and the
full-length CysR$ 461 lost their aminoacylation activity upon
substitution of U73 with C, indicating a strong dependence
on U73 for aminoacylation. To further test the specificity,
U73 was introduced into the microhelix of tRNAto create
the U73 variant of microhel. Importantly, while the
normal A73-containing microhelf¢ was not a substrate for
cysteinylation by the full-length protein or the ;Ng7

displayed a robust growth phenotype, indicating rescue of
the cysS gene.

The Ni—2s7 fragment and several previously characterized
mutants of CysRS were tested for their ability to rescue the
cysS gene (Table 2). The selected mutants all contained
substitutions at the active site, and their various mutations
were intended to provide a range of different growth
phenotypes. The active site of CysRS features an important
zinc ion that is coordinated by four conserved residues (C28,
C209, H234, and E238P4), and is catalytically modulated
by a layer of five conserved histidines (H206, H224, H234,
H235, and H256)27). The CysRS uses the zinc ion to select

fragment, the U73 variant was a substrate for both. The cysteine by establishing the strong and favorable zinc

catalytic efficiency of aminoacylation of the U73 micro-
helix*2 by the full-length CysRS.46; and the N_,g; fragment

thiolate bond that is not possible with any noncognate amino
acids. After the zinethiolate bond has formed, a conserved

was nearly identical, suggesting that the fragment hasW205 nearby is shifted into the active site to stabilize the

completely recapitulated the activity and specificity of the
full-length enzyme in aminoacylating tRNA acceptor helices.
The N-2g7 Fragment Supported Cell Growtithe ability
and specificity of the N ,g; fragment to aminoacylate
microheliX¥sraised the possibility that it might aminoacylate
the larger and anticodon-containing tRNAso that this
activity would be sufficient to support cell growth. The
cellular activity demands that the fragment only recognize
cysteine and transfer it to tRN&S, but to no other tRNAs.
A previously constructe#. coli strain, containing a disrupted

bound cysteine. All of these key residues in the active site
have been mutated, and these mutations caused varying
deficiencies in aminoacylation of tRN& (27). In the rescue
assay of theysS gene, mutants defective in the/K., of
aminoacylation of tRNAYs by less than 10-fold had the same
robust growth phenotype as the wild type. Those defective
by 1—10*fold exhibited progressively diminishing growth,
while those defective by more than “f@ld showed no
detectable growth. Notably, the;Ng; fragment showed
weak but clear growth, while the less active_p; showed
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Table 3: Aminoacylation of tRNA&* Kinetics®

enzyme Km (M) Keat (S7%) KealKm (M~1s7Y) relative
CysRS-s61 1.164+0.01 2.46+ 0.06 2.1x 108 1.0
N1-287 ~120 (1.3+ 0.9) x 1% 6.0x 1075
Cor7-461 not tested not tested not tested
Ni—2g7and G77-461 1.7+ 0.6 (3.9+£0.04)x 104 2.3x 1% 1.1x 10

@ The kinetic parameters of full-length CysR%: were obtained from

previously published resu3)( The Ky, of the Ni—2g7 fragment was

obtained by estimation, while the appar&ai/Kn was obtained by measuring the initial rate of aminoacylation at low tRNA concentratieri$ (5

uM) and the fragment at 0.6M.

no complementation. The growth indicates rescue of the
cysS gene and suggests that, although the,® fragment
lacks the domain for binding the tRNA anticodon, its activity
for the tRNA acceptor end is sufficiently strong and specific
to support aminoacylation of tRNAS with cysteine in vivo.

In Vitro Aminoacylation of tRN®&s by the N_,g7 Frag-
ment. To directly test aminoacylation of tRNAS by the
N1-287 fragment, the kinetics of aminoacylation was measured
in vitro. To ensure that aminoacylation was not due to
contaminating activity of the endogenous CysRS, this
fragment was purified through more stringent washes of the
metal affinity resin, or alternatively purified from tloysS
strain under conditions where expression ofthénfluenzae
cysSgene was turned off. In the latter case, there was no
endogenous full-length CysRS so that the growth ability of
the cysS strain was entirely dependent on the-M;
fragment. The purified N.,g7 fragments from both conditions
were indeed active for aminoacylation of tRKA and were
similar in activity. Because thK, for the N;_»g7 fragment
for tRNA®s was high (estimated to be-120 uM), the
kinetics was evaluated by thk.,/K, parameter under
conditions where the tRNA substrate concentration was at
least 20-fold below th&, (Table 3). This analysis showed
akealKm 0f 1.3 x 1> M~1 s by the N_,g7 fragment, which
is nearly 18-fold lower than that of the full-length CysRS

}
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Equilibrium K4 (uM) determined by fluorescence

Enzyme CysRS, 461 Ny.287 Cor7.461
U73tRNAG 5 033 95+1.1 033 +0.02
U73tRNA 5.2+0.7 37405
G73tRNAcc, 2505 7.2+04

Ficure 3: Sequence and cloverleaf structureEofcoli tRNACYS,

where mutations of U73 to G and mutations of the GCA anticodon
to CUA are indicated. The equilibrium binding constamty)(

determined by fluorescence titration, for various tRNA substrates
is shown below.

Although the stable association of the two fragments could

and is consistent with the predicted range based on the rescu@0t be easily established by biochemical means, the almost

phenotype of theysS strain (Table 2).

The specificity of aminoacylation was addressed by testing
mutations of U73 in tRNAYS, to allow comparison of the
specificity between the Njg; fragment and full-length
CysRS (Figure 2). The G73 variant of tRIR®Awas prepared,
and the k.o/Kyn parameter was determined. The,-_b;
fragment was sensitive to the mutation and showed a nearly
300-fold reduction inkea/Km (0.41 Mt s71) compared to
that of the U73 tRNA. Interestingly, while full-length
CysRS-_461 Was also sensitive to the mutation, it showed a
reduction ink.a/K, of almost 16-fold (2.6 vs 2.0x 10° M1
s 1. Thus, the full-length CysRS gained additional specificity
by simply containing the anticodon-binding domain.

The weak aminoacylation activity of the; Mgz fragment
provided an opportunity to address whether addition of the
anticodon-binding domain would restore aminoacylation in
vitro to that of full-length CysRS. The 4&-46: fragment,
containing the complete anticodon-binding domain and a
significant portion of the SC fold, was incubated with the
N;—2s7 fragment at a 1:1 molar ratio to allow the two
fragments to reach a stable but noncovalently packed
structure. The N ,g; fragment was then assayed for amino-
acylation of tRNAYS with cysteine (Table 3). Intriguingly,
while theK, for tRNA®s (1.7 uM) was reduced from-120
uM to almost the same as that of full-length CysRsg; (1.0
uM), the k. remained severely defective by “Hold.

wild-type K, suggested the possibility that the mixture of
the two fragments had nearly restored the kinetic binding
affinity for full-length tRNA®sas CysR$. 461 during amino-
acylation. However, the extremely webl¢: suggested that
the restored kinetic binding affinity was unable to facilitate
catalysis, resulting in an overdd}./Ky, still 10*fold below
that of the full-length enzyme.

The Gy77-461 Fragment Functioned in Binding and Rec-
ognition of tRNAYS The Ggr4e1 fragment was tested
separately for its ability to bind and discriminate tRNA
Previous studies showed that full-length CysR&§ exhibited
a specific fluorescence quenching upon binding of tRKA
using the strong intrinsic tryptophan fluorescence as a
spectral probe23). A titration of tRNA®YS concentrations
revealed an equilibriury of 0.33uM (Figure 3) £3), which
reflects the binding affinity of the CysRSRNA binary
complex. Upon addition of a cysteinyl adenylate analogue,
the Kq of the binary complex is increased to 1uF, an
indication of conformational changes in the CysRRNA
complex @3). Because of the sensitivity of the fluorescence
titration to conformational changes in the complex, and
because of its ability to assess binding under true equilibrium
conditions without physically isolating the complex, this
offers the best method for determining equilibrium binding
affinity. Other methods, such as a gel shift or nitrocellulose
binding assay, must isolate the complex by physical means
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that can disrupt equilibrium. Thus, using the fluorescence the efficiency and specificity of aminoacylation, and in
titration, the G77-461 fragment was examined for its binding recognition of tRNA for binding. The ability of the C-
affinity for tRNASYs based on quenching of intrinsic tryp- terminal domain in the full-length CysRS to strengthen these
tophan. TheKq for tRNA®Ys was also found to be 0.33M, deficiencies suggests a communication between the two
which suggested that key residues that contribute to tRNA domains. The directionality of the communication can be
binding are all located in the £ 461 fragment. Importantly, evaluated also. Because thg {461 fragment has maintained
both full-length CysR& 461 and the Grz—461 fragment were both the capacity and specificity of tRNA binding of full-
sensitive to substitutions of the tRNA anticodon. Mutations length CysRS, it itself is a functional entity, independent of
of the GCA anticodon to CUA increased thg to 5.2uM the N-terminal fragment. This suggests that the signal of
for full-length CysRS and to 3.uM for the G761 communication is transmitted from the anticodon-binding
fragment. The similar effect oy emphasizes the dominance domain to the N-terminal catalytic domain.
of the anticodon, and the recapitulation of the fragment in  Domain—Domain Communication Requires £dent Con-
the overall binding capacity for tRNA. tinuity of both tRNAYS and CysRSPrevious studies show
The N_,s7 fragment was also tested for tRNA binding by that domair-domain communication for aminoacylation of
the fluorescence method. The ability of this fragment to tRNA with cysteine requires covalent continuity of the tRNA
Weak|y aminoacy|ate microhef¥¢ Suggested at least some backboneZl). These studies were performed with the intact
affinity for the tRNA acceptor end. Indeed, fluorescence CYSRS such that the acceptor and anticodon helices of
titration revealed a saturable binding curve, witkgof 9.5 tRNA®* can be viewed as noncovalently “aligned” on the
uM for full-length tRNASYs (Figure 3). This indicated a 30- enzyme. The catalytic efficiency of aminoacylation was
fold reduced affinity compared to that of the full-length Severely reduced, but was the same as that of the acceptor
enzyme for the tRNA. The specificity of binding was then helix alone, suggesting no domaidomain communication.

probed with the G73 variant of tRN&S. While the full- ~ Here with the intact tRNA® the Ni2s7 and Grr-se
length enzyme showed an almost 10-fold increaséitto fragments of CysRS were noncovalently aligned on the
2.5 uM), the Ni_2g; fragment showed little changdk{ = tRNA, which still failed to show improvement of amino-

7.2 uM, Figure 3). Thus, although U73 is the major acylation efficiency over that of the Npe7 fragment alone,
determinant for aminoacylation for both the full-length indicating the absence of communication. Thus, the covalent
protein and the N ,g; fragment, it is specifically recognized ~ connectivity of both tRNA* and CysRS is necessary for
at the binding step only by the full-length enzyme, but not efficient domair-domain communication. The implication

by the N7 fragment. is that both molecules must be directly engaged in propagat-
ing signals of communication through intramolecular path-
DISCUSSION ways. If the backbone of one molecule is broken, even with

the other intact, the communication is interrupted. The

The N- and C-Terminal Fragments of E. coli CysRS requirement for the integrity of both molecules also suggests
Function SeparatelyOn the basis of crystal structuresif  that, even though CysRS and tRNA make extensive contacts
coli CysRS, we have dissected the enzyme into thel  for aminoacylation, these intermolecular contacts do not
and Grz-461 fragments that contain the active site and provide the passage for domaidomain communication.
anticodon-binding domains, respectively. The 3 frag- The kinetics of aminoacylation of the noncovalently
ment is comparable to the full-length enzyme in the activity assembled N,s; and Gr7461 fragments provides new
for synthesis of cysteinyl adenylate, and for aminoacylation insights into the mechanism of communication (Table 3).
of the microhelix of tRNAYS. The Gr7-s61 fragment is active  \while the K., for tRNACYs by the N._2g; fragment alone is
in tRNA binding, and accounts for the anticodon-dependent jncreased from the normal value by100-fold, theKy, in
major binding interactions of the full-length enzyme. The the reaction catalyzed by the two fragments is nearly normal.
ability of the Nu 257 and G77-461 fragments to each perform  This suggests that the two fragments have complemented
the expected functions in nearly full capacity validates the each other in approaching the tRNA for aminoacylation. The
design of the dissection, and argues against the possibilityfajlure to achieve the catalytic efficiency of the intact CysRS
of grossly misfolded proteins. These two fragments therefore therefore is due to the weak,. The impairedk.s suggests
provide a functional framework for addressing the mecha- that, despite the overall correct alignment of the two
nism and pathways of domaitomain communication. fragments on tRNAs that restores th&, the catalytic

Evidence for domairdomain communication is observed residues in the active site and near theBd of tRNA are
from comparison of the N,g; fragment and CysRS in three  not properly constrained for catalysis.
aspects of the aminoacylation reaction. First, although the The crystal structure dE. coli CysRS, with and without
fragment has an efficiency of aminoacylation of microHelix ~ tRNA®S, shed light on the enzyme conformation near the 3
comparable to that of CysRS, its efficiency of aminoacylation end of tRNA @3, 31). In the complex, both the enzyme and
of full-length tRNA is reduced by T%fold (Figure 2 and tRNA make significant conformational changes in an induced-
Table 3). Second, although the fragment maintains the samsfit adaptation of each other. The enzyme reorganizes a large
specificity of aminoacylation of the microhelix as CysRS, portion of the C-terminus that is disordered in the tRNA-
its specificity with respect to full-length tRNA is reduced free form into a mixedr/s fold that specifically recognizes
by 10—10*fold (Figure 2). Third, although the Ng; the GCA anticodon of tRNA&S. The D-anticodon stem of
fragment is capable of binding tRNU, it does not recognize  tRNA®S in turn bends sharply in its sugaphosphate
U73 at the binding step, which is in clear contrast to the backbone to complement the shape of the enzyme, while
discriminating ability of CysRS at U73 (Figure 3). Together, the enzyme contacts the tRNA tertiary core to further
these illustrate the deficiency of the N-terminal fragment in discriminate on the basis of the shape of the tRNA backbone.
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At the 3 end of tRNA, the UCCA sequence forms a hairpin kcal/mol that must be overcome. Thus, at least part or all of
that curves into the active site of CysRS, while a large surfacethe excess binding energies (9.0 kcal/mol) generated by
loop of the enzyme becomes ordered to stabilize the UCCA linking the two fragments together can pay for the energetic
hairpin. The extensive mutual changes of the enzyme anddifference required to improve the catalytic efficiency of the
tRNA support the notion that both need to be covalently N;_,s; fragment to that of the full-length enzyme. This
intact to exert the required conformational changes. energetic cost must be used to constrain the catalytic site of

Interestingly, the UCCA hairpin in the binary complex of the N;—»g7 fragment, to reorient the tRNA CCA end away
the CysRStRNA®s complex is in an unproductive confor-  from the ATP site, and to position it for catalysis. All of
mation that occupies the ATP-binding sit@3). This these rearrangements must be dedicated to improving the
unproductive conformation provides a rationaleKgrbeing keat Of aminoacylation. This study reveals that the utilization
the major determinant in domaimlomain communication.  of binding energies for activation energy during the transition
Even with proper contacts between the enzyme and tRNA state of aminoacylation is only possible in the covalently
anticodon, the active site domain is in an unproductive linked CysRS. When the continuity of the enzyme is broken,
conformation. Addition of the adenylate analogue Cys-AMS the binding energies of the separated domains cannot be
{5'-O-[N-(L-cysteinyl)sulfamoyl]adenosiheto the binary converted to activation energy.
complex induces further conformation changes, which is Insights into the Naturally Split Synthetasé&he high
indicated by a shift of the equilibrium binding constant for energetic costs required for domaidomain communication
tRNA (23). These changes must occur at the active site nearraise the question of how split synthetases can function with
the 3 end of tRNA to remove the unproductive conformation sufficient efficiency of aminoacylation in vivo. As shown
and prepare both molecules for catalysis. All of these changeshere, the catalytic efficiency of CysRS is decreased by 10
require that both the enzyme and tRNA be in constant fold upon splitting the enzyme into the;Ngz and G77-461
domain-domain communication to improvie,, and that fragments. Although the Ng7 fragment alone is sulfficient
this communication remain active until the completion of to sustain cell viability, the growth rate is severely retarded
aminoacylation. (Table 2). Because the catalytic efficiency of the N;and

The Energetic Costs of Domaibomain Communicatian Corr-461 fragments together is similar to that of the_;
Previous studies have estimated that the energetic costdragment alone, the growth rate supported by expression of
associated with communication withiE. coli tRNA™Met the two fragments in vivo is likely to be retarded as well. It
between the acceptor and anticodon helices are quite largeshould be noted that the cellular environments contain
(~7 kcal/mol) @). A similar method is used to evaluate the abundant EF-Tu molecules and there is a high demand for
energetic costs for the domaidomain communication  rapid turnover of aminoacyl-tRNA for protein synthesis, both
between the N.,g; and Gr7-461 fragments of CysRS. This  of which can enhance cellular rates of aminoacylation.
is achieved by comparing the sum of free energy of binding However, these enhancements are unlikely to increase the
of each fragment to tRN&s with the separately determined catalytic efficiency of noncovalently assembled split syn-
binding energy of the full-length CysRS. On the basis of thetases by several orders of magnitude. The study here thus
theKq values reported in Figure 3, the free energy of binding prompted further inspection of the naturally split synthetases.
(AG®) is calculated aRTIn Kg4, whereR is the gas constant  Only two split synthetase genes, the AlaRS gene encoded
andT is the absolute temperature. After correction for the by the genome of the small obligate symbiont archaeon
cratic entropy contribution|{RT In 55 = —2.4 kcal/mol), Nanoarchaeum equitar(d¢4) and the LeuRS gene encoded
the AG® for the Ni—,g7 fragment binding to tRNASis —9.2 by the hyperthermophilic bacteriaquifex aeolicus(15),
kcal/mol, theAG® for the Grr—461 fragment is—11.3 kcal/ separate the synthetases on the basis of the division of the
mol, and theAG® for full-length CysR$ 461 is —11.3 kcal/ catalytic and tRNA-binding domains. Other split synthetases
mol. Thus, the sum of free energies for the two fragments is separate out the editing domain from the basic structure of
—20.5 kcal/mol, which is greater than the free energy of synthetases. These include the PrdX protei@lofstridium
binding of CysRS by~9 kcal/mol. This suggests that sticklandii that catalyzes editing of Ala-tRN# (34) and
approximately 9 kcal/mol of the sum of binding energies is the Ybak protein of. influenzaghat removes Cys-tRNA
used to link the two fragments together. Because of the (18). The third type of split synthetases consists of activation
possibility of new contacts with tRN&s upon alignment of ~ domains of synthetases that have acquired new functions.
the two fragments, the actual excess energy may be greateirhese include thé. coli YadB protein, a paralog of the
than 9 kcal/mol. Overall, the binding energies required for activation domain of GIuRS that transfers the activated
linking the synthetase fragments (9 kcal/mol) are similar to glutamate to the wobble position of tRN#® (16, 17), the
those required for joining the two domains in tRNA (7 E. coli HisZ protein, a paralog of the activation domain of
kcal/mol) ©). HisRS that is important for histidine biosynthesss), and

Because synthetases often use binding energies to reducthe MycobacteriaMshC protein that is a paralog of CysRS
the activation energy3@), it is of interest to also evaluate but is involved in the biosynthesis of mycothid2).
the difference in activation energy between the_ Ry AlaRS and LeuRS are unique in that efficient amino-
fragment and full-length CysRS. This difference is estimated acylation of tRNA depends primarily on the acceptor stem.
on the basis of th&.,/Kn values reported in Table 3—RT The major determinant for aminoacylation with alanine is a
IN[(2.1 x 10%)/(1.3 x 109)]}, which is approximately 6.1 kcal/  G3-U70 base pair in the acceptor sted®,(37), while those
mol. However, the difference in binding energy between the for aminoacylation with leucine by bacterial LeuRS are the
N;—,g7 fragment and CysRS is only 2.0 kcal/mol (see above). A73 base of the acceptor stem and nucleotides in the tRNA
Even if the binding energy of the N-fragment is completely tertiary core 88, 39). In both cases, the anticodon is not
used for activation, there is a deficiency of approximately 4 important and thus does not require a strong domdomain
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communication with the acceptor end. Indeed, Ehecoli 8.

LeuRS has been artificially split in the editing domain, and
most of the split proteins have retained at least 10% of the 4
activity of the native protein40). There is only one split
protein that has~1% of the activity of native LeuRS, but
even this activity is 108 1000-fold higher than the #dold
decreased activity of the split CysRS reported here. This
emphasizes that for AlaRS and LeuRS, the existence of
naturally split proteins arises from the lack of a strong
requirement for domaindomain communication between the
active site and the anticodon-binding site. The identification
of isolated editing domains suggests that, while editing is
important for the fidelity of aminoacylation, it can be
achieved without a covalent linkage to the catalytic or tRNA-
binding domain. Indeed, the editing catalyzed by the isolated
editing domain is to hydrolyze the incorrect amino acids that
have been transferred to tRNA in the form of aminoacyl-
tRNAs, which in principle can be recognized by separate
protein molecules without direct communication with the
active site domain. Finally, the paralogs of synthetases
constitute a new class of enzymes that catalyze transfer g
between small molecules without a need for long-range
communication. For example, HisZ transfers ATP to phos-
phoribosyl pyrophosphate, while MshC transfers cysteinyl
adenylate to glucopyranoside inositol. Although the acceptor
of YadB is tRNASP, the site of transfer is the wobble base

of the anticodon but not the’ &nd of tRNA (@6, 17). In
these synthetase paralogs, the active site that activates the
donor is likely to also accommodate the acceptor. Even if
some communication is required between the active site

domain and the acceptor-binding domain, the energetic costs 18-

of communication between domains are probably small and

can be afforded in cellular environments. This analysis 19.

provides new insights into the concept of split genes, and
emphasizes that the split can take place only when long-
range domairrdomain communication is not required.
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