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ABSTRACT: Aquifex aeolicusi-LeuRS is the only known heterodimeric LeuRS, whischerichia coli

LeuRS is a canonical monomeric enzyme. By using the genes encAdaeplicusandE. coliLeuRS as

PCR templates, the genes encodingdhend subunits fromA. aeolicusa5-LeuRS and the equivalent
amino- and carboxy-terminal partsBf coli LeuRS (identified ast' andf') were amplified and recombined

using suitable plasmids. These recombinant plasmids were transformed or cotransforntedcoiioo
produce five monomeric and five heterodimeric LeuRS mutants. Seven of these were successfully
overexpressed in vivo and purified, while three dimeric mutants with3thgart of E. coli LeuRS were

not successfully expressed. The seven purified mutants catalyzed amino acid activation, although several
exhibited reduced aminoacylation properties. Removal of the last 36 residuescoofti®init of theA.
aeolicusenzyme was determined to be deleterious for tRNA charging. Indeed, subunit exchange showed
that the cross-species-specific recognitionfofaeolicustRNAY occurs at thex subunit. None of the

mixed E. coli—A. aeolicusenzymes were as thermostable as the natf$« euRS. However, the fusion

of the twoa. and3 peptides fromA. aeolicusas a single chain analogous to canonical LeuRS resulted in

a product more resistant to heat denaturation than the original enzyme.

The aminoacyl-tRNA synthetase (aaRf&mily provides 50-residue leucine-specific domain i coli and T. ther-
the enzymatic basis for genetic encoding by catalyzing the mophilusis replaced by two nonhomologous peptides located
esterification of amino acids to their cognate tRNA% The at the C-terminal end of tha subunit (about 30 residues
20 aaRSs can be divided into two classes of 10 memberslong) and at the N-terminal end of tifesubunit (about 40
each on the basis of conserved sequence and characteristigesidues long) irA. aeolicus(Figure 1).

structural motifs Z). Leucyl-tRNA synthetase (LeuRS) As previously reported, we expressed both subunits of the
belongs to class | aaRS. Canonical LeuRSs primarily consistA, aeolicusLeuRS and observed that both the heterodimer
of single subunits. The exception to this is the LeuRS from g/-LeuRS and thg subunit alone could be stably expressed
the hyperthermophilic bacteriusquifex aeolicuscalledo3- in E. coli, while theo subunit was unstable when expressed
LeuRS @—6), which consists of two subunits that contain alone ). Both the heterodimex3-LeuRS and thg subunit
634 and 289 residues, respectively. Despite the differenCEa|one were thermostable and able to bind tRNKS, 6)

in quaternary structure, the sequencexffLeuRS is close  The purifieda3-LeuRS efficiently catalyzed the aminoacyla-

to the Escherichia colimonomeric LeuRS: thex and tion of the cognate tRN/&" and displayed discriminating
subunits are 55% and 44% identical, respectively, to the properties towardE. coli tRNALeY.

corresponding sequences of t&ecoli monomer. The only On the basis of this work, we used an approach based on
significant difference between the two enzymes is an o assembly and exchange of cleaved LeuRS originating

insertion domain called the “leucine-specific domain” in  fom A aeolicusandE. coli. Mixed heterodimers exhibiting
Thermus thermophiluteuRS, whose structure has been A asaolicussubunits and subunit-like polypeptides frdgn

solved by X-ray crystallography7). The leucine-specific  .q|i were built as well as monomeric chimeras made of
domain corresponds to the split domainAnaeolicus The  f,sions between pieces of LeuRSs from both organisms. The

T This work was funded by the Natural Science Foundation of China expression, thermostability, and kinetic properties of the
(Grant 30170224), the Chinese Academy of Sciences (Grant KSCX- proteins a_nd cross-reactivity for _tRNﬁN _from both origins
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02DJ140567), and the exchange program between the Chinese Academyusion protein fromA. aeolicus which mimics the canonical

of Sciences and CNRS, France. . . . .
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§ UPR9002, IBMC du CNRS. ; :
1 Abbreviations: aaRS, aminoacyl-tRNA synthetase; LeuRS, leucyl- This work first focuses on the assembly of LeuRSs from

tRNA synthetaseA. aeolicus Aquifex aeolicusk. coli, Escherichia different sources and ines_ us novel information on the
coli. structure-function relationships of LeuRSs. Genome se-

10.1021/bi027394m CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/07/2003



Enzymes Assembled fromA. aeolicusandE. coli LeuRSs Biochemistry, Vol. 42, No. 25, 200695

Thermus thermophilus LeuRS ;ep:cci;i {RNA Anticodon
Rossmann fold Editing Domain Rossmann fold pomain Binding Domain
[HIGH T [N [ 2 [ [KMSKSH
Il || 580 636
Zn1 Zn2
I [ | 509 634
Aquifex aeolicus alpha-subunit [ TKMSKS I
3 4
Zn1 Zn2 Aquifex aeolicus beta-subunit
I | |
Escherichia coli LeuRS Sz o1

a-like aA-like p-like

T. thermophilus LeuRS
+ tRNAVal

Ficure 1: The upper part of the figure shows a schematic diagram of the domain structlir¢hefmophilusandE. coli LeuRSs andx
and 3 subunits ofA. aeolicusLeuRS. The diagram is based on sequence alignmentd atitermophilus3D structure (PDB ID code:
1H3N). The different structural domains are indicated and colored according To TeE lower part of the figure displays on the left the
structure ofT. thermophilus euRS on which tRNA?' from ValRS-tRNA (PDB ID code: 1GAX) has been docked. Docking was performed
after 3D superimposition of the Rossmann fold domain of the two enzymes. The three other structures are fraghmehésrobphilus
LeuRS corresponding to the different peptides originating fAanaeolicusor E. coli and that were expressed and assembled during this
study.

guence analysis shows that horizontal gene transfer plays aetracycline. Plasmid pBCP378 contains the trc promoter,
significant role in species evolution. Thus, studies on the resistance gene to ampicillin, lHdd site at its translation
assembled enzymes may give further insights in the evolutionstart, and the la€l gene, which confers a tight control of

of species. the trc promoter in absence of IPT®0j. Plasmid pTrc99B
is similar to pBCP378 except for the replacement ofitlael
EXPERIMENTAL PROCEDURES site with anNcd site (11). Both pBCP378 and pTrc99B carry

Materials. L-Leucine, DTT, ATP, CAPS, NTP,'55MP, the ColElreplicon, which is fully compatible with the p15A
tetrasodium pyrophosphate, and inorganic pyrophosphataséeplicon carried by pACYC184 and pSML104. Plasmid
were purchased from Sigma (St. Louis, MG¥(J-L-Leucine pTrcl00 was derived from pTrc99BD) It contains the
(300—-400 mCi/mmol) and tetrasodiund?P]pyrophosphate ColE1l repllcon: The same multicloning site contained in
were obtained from NEN Dupont (Boston, MA). GF/C filter PSML-104 (which containsicd, EccRl, Sma, Bglll, Bfrl,
was obtained from Whatman Co. (Mainstone, England). T4 @ndHindlll sites) was introduced into the plasmid.
polynucleotide kinase, T4 DNA ligase, and restriction  Amplification of DNA Fragments Encoding Peptide Frag-
endonucleases were obtained from Sangon Co. (Shanghaments and Construction of LeuRS Mutatising theleuS
Branch, Canada)E. coli and A. aeolicus total tRNA genes fromA. aeolicug6) or E. coli (12) as templates, DNA
containing 50% tRNASYGAG) was isolated from overpro-  fragments encoding two different subunits ofA. aeolicus
ducing strains constructed in our laboratoéy §). LeuRS and am-like (calleda') subunit fromE. coliLeuRS

Plasmids.pSML104 was constructed from pACYC184 were PCR amplified with the appropriate restriction sites on
and pKK-233-2 9). It contains the p15A replicon from both ends (Figure 2). They were namedaA, anda’ and
pACYC184, the strong trc promoter, a multicloning site, two encoded M1-A634 and M1-L598 of the subunit of A.
sequences for transcription termination (T1 and T2) of the aeolicusLeuRS and M1-K605 ofe. coli LeuRS (which
ribosomal operon rrnB from pKK233-2, and resistances to mimics theo. subunit of the thermophilic enzyme), respec-
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Ficure 2: Construction of the different mutated LeuRSs. Schematic
protocol showing the construction of the different mutated LeuRSs.
The various PCR fragments were amplified from the two pieces of
A. aeolicus leuSyenes and the singlE. coli leuSgene. PCR

products were digested and differently combined into overexpress-
ing vectors. To generate mixed heterodimers, DNA fragments were

cloned into vectors carrying different antibiotic resistanagesH
f'1, pPBCP378+ pMSL104;0A + 1, pBCP378+ pMSL104;0A

+ B'1, pPBCP378+ pMSL104;a’ + 1, pTrc100+ pMSL104; o/

+ (', pTrc100+ pMSL104). The chimeric LeuRSs were generated
by subcloning compatible DNA fragments into a unique plasmid
(pBCP378) with respect to the peptide ORF frame.

tively. The aA fragment was a truncated form of the
subunit ofA. aeolicusLeuRS lacking the last 36 residues.
Since these residues do not have counterparts ik ttoeli

Zhao et al.

was diluted 1:20 in 50 mL of LuriaBertani medium
containing the appropriate antibiotic (12@/mL ampicillin

for monomeric LeuRS, 10@g/mL ampicillin and 10ug/

mL tetracycline for heterodimeric LeuRS) and allowed to
grow for 12 h at 37°C with vigorous shaking (300 rpm).
When anfgq of 0.5 was reached, IPTG was added to a final
concentration of 0.5 mM, and the induction was performed
under the same conditions for another5th. Cells were
harvested by centrifugation, resuspended in 4 mL of disrup-
tion buffer (100 mM Tris-HCI, pH 7.5, 10 mM Mggland

1 mM EDTA), and sonicated for & 20 s at 15 W with a
high-intensity ultrasonic processor (375W model). The crude
extract was cleared of cellular debris by centrifugation at
12000 rpm for 40 min and then analyzed by SEFAGE

to determine the expression of the LeuRS mutants. The crude
extract of the transformants expressing LeuRS mutants was
heated at 73C for 1 h todetermine the thermal stability of
the LeuRS mutants by analysis of SBBAGE. Thermo-
stable mutants were not changed; however, the thermosen-
sitive mutants disappeared on the gel after heating.

For large-scale purificatigrd L of cells was treated as
described above. For the thermostable LeuRS mutants, the
crude extract was heated at %5 for 1 h and centrifuged at
10000 rpm at £C for 10 min to remove other thermosen-
sitive proteins in the host cells; the lysate was ready for use.
For the thermosensitive LeuRS mutants, the heating proce-
dure was avoided. The enzymes were purified by two-step
chromatography on DEAE-Sepharose CL-6BX3L8 cm)
and HA-Ultrogel (3.5x 18 cm) columns, according to ref
13. The protein concentrations were measured according to
ref 15.

Kinetic Assays and Acte Site Titration.ATP—PR ex-
change and aminoacylation activities of LeuRS were mea-
sured at either 37 or 6TC as describeds( 14). The kinetic
constants of enzymes were determined using various con-
centrations of the relevant substratéd)( The active site
titration was performed according to the method of Fersht
(16) by measuring ATP exhaustion in the formation of leucyl
adenylate at 60C, pH 7.8, from LeuRS (M), [y-32P]-
ATP (20 uM, 20 uCi/mL), and leucine (1 mM), in the
presence of pyrophosphatase (10 units/nil6).(

enzyme, it was thought that they might generate steric clashes Determination of Optimal Temperature and Thermal

in the different constructions.

By the same method, four DNA fragments encoding the
S subunit of theA. aeolicusLeuRS (calleds1 and/32) and
the ’-mimic of E. coli LeuRS (calleds’l andf'2) were
amplified (see Figure 2 for the sizes). Bgth andf1' gene
fragments sharelNcd restriction sites that allowed them to
be cloned into thé&cd sites of the expression vectors. Both
p2 andf'2 containedXba sites to facilitate combination
with the complementary sites of tle subunits.

The seven amplified DNA fragments were digested with

the appropriate restriction endonucleases and ligated alon
or together in expression vectors in order to overexpress.

After transformation or cotransformationfin coli TG1, five

Stability. Determination of optimal temperature was per-
formed at various temperatures under the given conditions.
The measurement of the thermal stability of LeuRS was
performed as described previous8).(The enzyme (4@g/

mL) in 50 mM potassium buffer (pH 6.8) containing 400
ug/mL BSA was incubated at various temperatur@sfgr

10 min. The aminoacylation activity was assayed after the
reaction mixture was diluted with cold 50 mM potassium
phosphate buffer, pH 7.8.

KRESULTS

Construction of Recombinant PlasmidRecombinant
plasmids containing the genes encoding LeuRS mutants were

mixed heterodimers and five monomeric chimeras were constructed and confirmed by DNA sequencing. For the five
produced (Figure 2). Going forward, mixed heterodimers are monomeric LeuRSs, two extra residues (Ser-Arg) were added

identified with a D (for dimer) and the monomeric chimeras
with an S (for single chain).

at the fusion restriction siteXpa, TCT AGA encoding Ser-
Arg). For the five mixed heterodimeric LeuRSs, the se-

Expression of the Genes Encoding LeuRS Mutants andquences of the subunits were unchanged.

Purification of LeuRS Mutant#\n overnight starter culture

Expression Thermostability, and Purification of LeuRS

of E. colitransformants containing the recombinant plasmids Mutants.From the 10 constructs we designed, seven proteins
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Table 1: Expression, Thermal Stability, and Activities of Various
LeuRS Mutant®

Table 2: Specific Activities of LeuRS Mutants in the
Aminoacylation of Different tRNA%

activity
amino-
amino acid activation acylation
specific  relative relative
name of  expres- thermal activity  activity activity
mutant sion  stability (units/mg) (%) (%)
A. aeolicus yes yes 2950 100 100
of-LeuRS
SLeuR®3 yes yes 3150 107 110
SLeuRSIAS yes yes 1660 56 0
SLeuR®S' yes no 4480 151 0
SLeuRSIAS' yes no 6534 221 0
SLeuRS!'fS yes no 343 12 8.4
DLeuRSY'fs yes no 253 9 4.2
DLeuRSxAS yes yes 376 13 0
DLeuRSY'f' no
DLeuRSyS' no
DLeuRSxAfB"  no

@ Amino acid activation and aminoacylation activities were assayed
at 37°C. Thekey of aminoacylation are shown in Table 4. Data here
are the average values from three independent determinations, with
variation of <5%.

Ficure 3: SDS-PAGE analysis of purified LeuRS mutants.

a

specific activity (units/mg) charging ratio of

A. aeolicus E. coli A. aeolicusto
enzyme tRNASYGAG) tRNASYGAG) E. colitRNALeu
E. coliLeuRS 1300 1500 0.86
A. aeolicus 235 47 5.0
of-LeuRS
SLeuR®3 260 75 35
SLeuRS!'S 19.8 27 0.73
DLeuRSY'f8 9.8 115 0.85

a Assays were carried out at 3€ under standard conditions. Data
presented are the average value from five independent determinations,
with a variation of<5%.

with the 8" subunit, SLeuR&p' and SLeuR8AS', lost their
aminoacylation activity also, although they had shown
relatively high ATP-PR exchange activity. Only three of
the seven LeuRS mutants exhibited aminoacylation activ-
ity: the monomers SLeuR{ and SLeuRS&'S and the
mixed heterodimer DLeuRS(. Their k.o for chargingA.
aeolicusand E. coli tRNA™ are shown in Table 2. Only
SLeuR$S, the fusion form of the dimerio-LeuRS, was
shown to be as active as the original enzyme. The two
chimeras containing the' peptide fromE. coli, SLeuRS!3

and DLeuR®!f3, exhibited decreased aminoacylation activ-
ity. But interestingly, they catalyzed the aminoacylation of
both E. coli and A. aeolicustRNA®V at the same rate, a
behavior characteristic of thE. coli but not A. aeolicus
enzyme (Table 2). Thus, it seems that the interspecies cross-
recognition of tRNA is mediated by interactions with the
ando!' peptides. Moreover, both SLeuR'S and DLeuR®!3
mutants exhibited comparable decreases of the AR
exchange and aminoacylation activities, suggesting that the

Lanes: 1, protein standards with molecular masses of 97.4, 66'2'defect resulting from the construction of the mutants

55.0, 42.7, 40.0, 31.0, and 21.5 kDa (from top to bottom); 2, native
of-LeuRS; 3, DLeuR8AS; 4, DLeuRSY'f3; 5, SLeuR®S; 6,
SLeuR®IAS; 7, SLeuR8S'; 8, SLeuRSAS'; 9, SLeuRS®!3. Each
lane contained g of protein.

were expressed i&. coli. These were the five monomeric
LeuRSs and the two heterodimeric LeuRSs presenting the
subunit from theA. aeolicusenzyme (Table 1). The three
other heterodimeric LeuRSs with tig-like subunit from

E. coli LeuRS were not detected in the cell extracts. After
being heated at 75C for 1 h, only the three LeuRSs
composed exclusively of peptides of tAeaeolicusenzyme

primarily affected the amino acid activation step.

In the following, we focused on the monomeric enzyme
resulting from the fusion of the two subunits of tAquifex
enzyme (SLeuR&pS) and compared the kinetic properties
of this new enzyme construction to the original dimeric
enzyme.

Kinetic Properties of the Fusion Protein SLeugSThe
number of active sites in SLeuRB8 was calculated by
plotting [ATP]; againstt (time) at 60°C(5) using 3.5uM
enzyme. This led to a calculation 1.2 0.05 (the value

were thermostable (Table 1). A two-step chromatographic averaged from three independent determinations) active
separation was used to purify the different proteins to about Site(s) for each SLeuR molecule, which is identical to

90% homogeneity (Figure 3).

Activity of LeuRS MutantsThe seven expressed LeuRS
mutants displayed ATPPR exchange activities ranging from
9% to 221% of the native3-LeuRS activity (Table 1). The
monomeric mutants containing tleesubunit had activities
comparable to that of. aeolicusafS-LeuRS. The hetero-
dimeric mutants and monomer containing thesubunit had
very low ATP—PR exchange activity. Although the chimera
SLeuR$IAS and the heterodimer DLeuR®Aj were ther-
mostable and had ATPPR exchange activity, the truncated

that found forA. aeolicuso-LeuRS 6).

In the ATP-PR exchange reaction at 37C, the
Michaelis—Menten constanti,) values of SLeuR&g for
leucine and ATP were 1.4 and 333/, respectively, and
keatwas 3.8 and 3.373, respectively. Th&, values increased
slightly andk.,;values increased by-%b-fold (Table 3) when
the temperature was increased to°&0

The kinetic parameters of the SLeud®®in the amino-
acylation reaction were assayed at 37 and®(Table 4).
At 60 °C, ke values were 2.53 times those at 37C.

mutant (lacking the 36 amino acid residues at the C-terminal Compared to native3-LeuRS, thek.ovalues of SLeuR&S

end of thea subunit) showed no aminoacylation activity,
indicating that the integrity of the C-terminal end of the
o subunit ofA. aeolicusis strictly required for the amino-

acylation activity of this enzyme. Two monomeric chimeras

for the three substrates at 3C were 1.3-1.6-fold greater.
However, thesé.,;values were unchanged at 8D. At either
37 or 60°C, theK, values of both enzymes for leucine and
A. aeolicustRNAY(GAG) were almost the same. On the
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Table 3: Kinetic Constants for Various LeuRSs in ATPR
Exchange Reactién

0f-LeurR® SLeuR®S
substrate constant 3C 60°C 37°C 60°C
leucine  Kpn(uM) 1.3 1.6 1.4 2.0
Keat (579) 35 155 3.8 15.4
KealKm (STmM™Y) 2692 9600 2815 7700
ATP Km (M) 360 380 333 376
Keat (579 3.3 145 3.3 17.4
KealKm (STmM™1) 9.2 38.2 9.9 46.3

a Data are the average value from three independent determinations,

with a variation of<5%. " From ref6.

Table 4: Kinetic Constants of SLeuRS andA. aeolicus
of-LeuRS in the Aminoacylation Reactibn

0f-LeuR®  SLeuR$s

substrate constant 3T 60°C 37°C 60°C
leucine Km (uM) 6.4 6.0 6.8 53
Keat (571 039 14 05 14
KealKm (5T mM™1) 61 227 739 263
ATP K (M) 550 112.3 360 1215
Keat (S7Y) 039 18 056 1.7
KealKm (STmM™Y) 0.71 156 156 14.2
A. aeolicus Ky (uM) 0.38 0.3 0.29 0.3
tRNASYGAG)  Kear(s™h) 039 15 057 15
KealKm (STmM~1) 1000 4710 1965 5960
E. coli K (M) 076 15 056 2.7
tRNALYL(GAG)  kear (573) 0.084 04 014 0.4
KealKm (stmM™1) 111 240 258 151

a Determinations were carried out under standard conditions. Data
are the average value from five independent determinations, with a
variation of <5%.® From ref6.

other hand, th&, values for ATP at 60C were smaller
for both enzymes, indicating that elevation of temperature
increased the ATP binding strength. When the catalytic
efficiency of both enzymes was compared, the monomeric
version of the enzyme was more efficient for all substrates
at 37°C (Table 4). This was also found at 8C, with the
exception of substrates ATP aid coli tRNAeY,

Aminoacylation of the Heterologous E. coli tRKAby
SLeuR8&pj. We previously described the cross-aminoacyla-
tion properties ofE. coli and A. aeolicusLeuRSs for their
respective tRNAs §). The E. coli enzyme exhibited no
discriminating properties for theA. aeolicus tRNAY,
whereas theéA. aeolicusenzyme aminoacylated tHe coli
tRNA with a 10 times reduceki (5). At 37 °C, the fusion
protein SLeuR8j3 was more active than the dimerk.
aeolicusoS-LeuRS (0.14 versus 0.084%% (Table 4). At
60 °C, the activities of both enzymes were equal, but the
catalytic efficiency was higher for the dimerigs-LeuRS
due to a better affinity for tRN&Y (Table 4).

Thermal Properties of SLeuRS8. SLeuR%j, like A.
aeolicusof-LeuRS ), is a thermostable enzyme. Under
experimental conditions, we found it to be stable up to 70
°C (Figure 4). With elevation of temperature, the amino-
acylation activity of SLeuR&3 showed a slow, slight
decrease. At 95C, 78% of the initial aminoacylation activity
was still present. This is in contrast to the nathveaeolicus
of-LeuRS, which exhibited a higher sensitivity to heat
inactivation and retained only 20% of its original activity at
95 °C (5) (Figure 4). This suggests that the monomer
SLeuR®S is much more stable than the original heterodimer
A. aeolicuso-LeuRsS.

Zhao et al.
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Ficure 4: Determination of the thermal stability of SLeu®$%
SLeuR®S (40 ug/mL) in 50 mM potassium phosphate buffer, pH
6.8, containing 40&kg/mL BSA was incubated at various temper-
atures (56-95 °C) for 10 min. Then, the aminoacylation activity
of SLeuR% (filled circles) was assayed at 3T after dilution

of the reaction mixture with cold 50 mM potassium phosphate
buffer, pH 7.5, and compared with that Af aeolicuso3-LeuRS
[open circles €)].
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Ficure 5: Variation of SLeuR8/ activity with the temperature.
The ATP-PR exchange activity (A) and the aminoacylation
reaction (B) of SLeuR&3 (filled circles) were assayed at increasing
temperatures and compared with thatAf aeolicusaf-LeuRS
(empty circles) under the same conditions.

The specific activities of SLeuR® for both amino acid
activation and tRNA aminoacylation increased with temper-
ature. For amino acid activation, we observed a continuous
increase of activity up to 85C. At 70°C, the specific activity
was 5-fold greater than that at 3T (Figure 5). The tRNA
aminoacylation activity increased up to 6& and then
decreased slightly above this point, unlike the origing}
LeuRS, which remained fully active up to 8& (5). At 70
°C, the aminoacylation activity of SLeuleB was 4.5-fold
greater than that at 37C (Figure 5).

The activation energy was calculated from the slope of
the line when Inv was plotted against T/ The activation
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energy for the amino acid activation reaction was 11.1 kcal/
mol. Below 50°C, the activation energy for the amino-
acylation reaction was 14.2 kcal/mol. Above 8Q the
value was 6.6 kcal/mol. These figures are similar to those
of the nativea3-LeuRS 6).

DISCUSSION

A. aeolicusLeuRS is a heterodimer that differs from the
canonical monomeric LeuRSs from other sourc&s ©On

Biochemistry, Vol. 42, No. 25, 2003699

interspecies discrimination was also observed withahte
hybrid, underlining the importance of the structural integrity
to tRNALe! recognition.

Of the five heterodimeric assemblies, only two were stably
expressed itiE. coli. Both carried thes subunit, which has
recently been suggested to act as a chaperone for the native
heterodimera-LeuRS 4, 5). Although theo subunit is
larger than the8 subunit, it formed inclusion body when it
was expressed in vivo and was sensitive to heat denaturation

the basis of the sequence homologies and X-ray structure of(5). The smalle subunit was efficiently overexpressed, was

theT. thermophilud.euRS, whose structure has been solved
by X-ray crystallography7), we can postulate that the
subunit of theA. aeclicueenzyme possesses half of the active
site, with the CP1 domain, generally involved in editing,
attached to the Rossmann fold (Figure 7)) The3 subunit

thermostable, and was able to bind tRNRA(5). The
subunit conferred the heterodimedg-LeuRS overexpres-
sion when coexpressed with the gene encodingttiebunit,
suggesting that thg subunit has the capacity to stabilize
the a subunit in heterodimeric LeuRS)( Kinetic investiga-

should contain the second part of the active site and the helixtions on the two heterodimers confirmed the observations

bundle domain found in the class la synthetases (Arg-, Cys-,

Met-, Val-, lle-, and LeuRS). This domain is involved in
tRNA-anticodon binding as shown by X-ray crystallography
(17—19) and functional studie®(, 21). An additional well-
ordered domain, called the leucine-specific domairTin
thermophilus probably does not exist in the same form in
A. aeolicud_euRS, which contains the split site that cuts the
protein into two peptides of about 30 residues (Figure 1).
Despite this difference in oligomeric state, theaeolicus
enzyme is close to thi. colienzyme (55% identity between
o anda’ and 44% identity betweefiandf'), except for the
leucine-specific domain found in tHe. coli enzyme which
has no counterpart iA. aeolicusLeuRS. The 634 residues
of thea subunit of theA. aeolicusu-LeuRS correspond to
the first 605 residues of the. coliLeuRS ('), and the 289
residues of th¢ subunit are similar to residues 56860 of
E. coliLeuRS #"). To investigate the role of oligomerization
and to localize the interactions that makeaeolicud.euRS
more stable thark. coli LeuRS, a family of 10 hybrid

proteins was constructed. Thermal inactivation experiments,

amino acid activation, and tRNA charging were used to
estimate stabilities and activities of these hybrids. The

made on the chimeric homodimers. The aminoacylation
capacity was lost when the C-terminal end of theubunit
was removed, and the interspecies tRNA&ross-recognition
barrier was lost when thg. coli a-like subunit (') and the
S subunit were mixed, indicating that the residues recogniz-
ing the species-specific determinants in tRi¥are located
in the o or o' peptide.

However, all expressed proteins were active in amino acid
activation, including combinations of all three subunits
(o, o, aA) with the § and ' subunits. Decoupling of the
activation and charging activities occurred for four construc-
tions. This strongly confirmed the crucial role of the
C-terminal end of thea peptide in the aminoacylation
reaction and also underlined the inability of thepeptide
to confer tRNA charging ability. Taken together, these results
show that the residues involved in leucyladenylate formation
can be more easily placed in a functional position than those
leading to tRNA charging. According to known dafa fnost
of these residues should be located in thpeptide where
the HIGH sequence is located, but the correct positioning
of the 5 peptide is also expected since it contains the second
consensus sequence KMSKS).(Moreover, through the

constructs were designed on the basis of sequence homoloeomparison of the circular dichroism (CD) spectroscopy data,

gies and the original split site in th&. aeolicusenzyme.
All monomeric hybrids were successfully expressed and
were found to significantly catalyze amino acid activation,

we found that all of the mutants and the native LeuRS display
nearly the same content of helices and sheets (data not
shown), indicating that the various LeuRS constructions did

suggesting that complementary chain-packing interactionsnot alter the secondary structure of the mutants distinctly.

occurred sufficiently to reconstruct a functional three-
dimensional structure. However, an exclusive conteri.of
aeolicusLeuRS sequences was found to be required for
thermostability. tRNA®" aminoacylation was restricted to
proteins carrying a full-lengtl. or o’ peptide fused with a

S peptide. Hybrids including a truncation of the C-terminal
end of thea peptide did not charge the tRNA as well as
those exhibiting thé&. coli ' peptide. This probably means
that any misalignment of the tRNA acceptor branch at the
surface of LeuRS could preclude a functional interaction

Taken together, all of these data on heterodimer formation,
the activities of aminoacylation, and amino acid activation
show the difficulty to construct hybrids or fusion proteins
where the functional elements present in both subunits are
correctly aligned. For instance, we could not isolate chimeras
exhibiting full activity. This suggests that the interface of
the chimeras is not perfectly complementary as shown by
the a8’ and aAS' constructions that are not assembled as
soluble proteins in the case of the heterodimers, whereas they
exhibit some leucine activation activity as purified stable

between the acceptor A76 and LeuRS. This misalignmenthomodimers (Table 1E. coli, A. aeolicus andT. thermo-

may result from an incorrect interaction between the tRNA

philusLeuRS are enzymes that are very similar at the level

and the newly constructed synthetase. It is known that strongof the primary sequence. Thus, their global shape should be

effects on the velocity of the aminoacylation reaction can

conserved. The only major difference is presem.iaeolicus

be caused by even a subtle difference in the formation of LeuRS at the level of the leucine-specific domain, which is

the complex. The lack of aminoacylation capacity of C-
terminal truncation mutants and of the mutants exhibiting

composed of two peptides of about 30 residues each that
end and start theA. aeolicusa and g subunits. InT.

the' peptide strongly suggests that these structural elementghermophilusLeuRS, the 50 residue long leucine-specific

are involved in tRNA binding. Relaxation of the tRN&

domain is inserted near the consensus sequence KMSKS.



7700 Biochemistry, Vol. 42, No. 25, 2003 Zhao et al.

Its obvious function would be to interact with the acceptor eukaryotes. This way, one can expect an accelerated evolu-
arm of tRNA®U as shown by superimposing the catalytic tion of the enzyme properties. Thus, studies on mixed

core of ValRS in complex with tRNX' (19) and LeuRS assembled enzymes may give further insights in the evolution
(Figure 1). Moreover, as this domain is inserted near the process of enzymes and organisms. Moreover, because

consensus sequence KMSKS, it would act as a sensor in cas&LeuRS3 has the same kinetic properties as native
of noncognate binding of tRNA and transfer a negative signal aeolicuso3-LeuRS, it can be used for the further functional
to the close KMSKS sequence. Thus, the leucine-specific investigations to understand the thermostability mechanism.

domain is a crucial element that might control tRNA binding

and that is responsible for the heterodimeric statéAof REFERENCES
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