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(Abstract)

                          Tyr

                           were  examined  using  in vitro  transcripts. The  first and  secondldentity determinants of  Escherichia coli  tRNA

anticodon  nucleotides  were  base-specifically involved in tRNA  recognition  oftyrosyl-tRNA  synthetase, whereas

the third anticodon  nucleotide  was  not. None of  the identity deterrninants were  found in the acceptor  stem,

except  the diseriminator base A73.  With  respect  te the long variable  arrn, a stem of  three base pairs in length

was  required  for tyrosylation. while  the sequence  of  the arrn  was  net  essential.  Frorn the results of  identity

                                 TVr

                                   frem other  amino  acid  specific tRNAs  shaingcorrversion experiments,  the diserimination modes  of  tRNA

                       IYr
some  ofthe  identity determinants oftRNA                        were  discussed.
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  1. Introduction

  The correct  attachment  of  amino  acid to tRNAs  by its

  cognate  aminoacy1-tRNA  synthctase (aaRS) is

  important for the precise translation of  genetic

  information in protein synthesis. An  aaRS  must

  discriminate its cognate  tRNAs  ffom the poo1 of

  tRNAs  having a similar  overal1  tertiary structure.  The

  sequence  and  structura! features of  a  tRNA  that

  define this diserimination are  named  
"identity

  determinants". A  number  of  studics  using  several

  genetig biochetnical and  biophysical approaches

  have shown  that many  aaRSs  recogriize  a  smal1  set of

  nucleotides  in the corresponding  tRNA,  which  are

  often located in the  anticodon,  the fourth base from

  the 3' terminus  subsequent  to the universal  CCA3'

  sequence  (the discriminator base) and  the acceptor

  stern [l-6]. In addition to these positive identity

  determinants important for recogriition by cognate

  aaRS,  ncgativc  identity determinants were  found to

  function in the prevention of  misacry1aticm by non-

  cognate  aaRSs  [61 1].

       tRNAs  are  divided into two  groups

  according  to the length of  the varial)le region. This

  classification  is conserved  throughout kingdoms in

                                  ly                  tyr
                    . In eubacteria  tRNA  

,  al1 tRNAs  except  tRNA

              ser                       bu

                and  tRNA  . possesses a long  along with  tRNA

  variable  arm  composed  ofmore  than ten nucleotides,

  and  these three tRNAs  are classified as class II

  tRNAs.  In eukaryotes  and  archaebacterieq  however,

JAPAN  {SSOEL)

    "t
     belongs to class  I tRNAs,  which  have four ortRNA

five nuclcotides in the variabie  region  [12]. This

structural difference seerns to be responsible  for the

difference in the way  that tRNAfyr is recognized  by

tyrosy1-tRNA synthetase  (TyrRS) between organisms.

Sbucharonryces cerevisiae  TyrRS  does not

aminoacylate  Escherichia coli  tRNAty'  in vitro  [13].

In contrast, E  coli TyrRS  does not  arninoacylate  S.

eerevisiae amber  suppressor  tRNAfyr in vivo  [13].

Although tRNA  identity in the tyrosine system  is

interesting ftom an  evolutionary  point of  view,  data

of  the identity determinants is still incomplete. In E

coli,  in vivo  and  in vitro  mutational  studies

demonstrated that the first and  second  anticodon

nucleotides  and  the discriminator base A73  are

involved in aminoacy1ation  with  tyrosine [14-16].

However,  other  nucleetides, including the third

anticodon  nucleotide  A36, have not  yet been closely

examined,  As  for the long variable  arrn,  the

mutational  study  has suggested  the irnportance of  its

direction for tyrosylation [161. However, the role  of

the length and  the sequer}ce  of  the long variable  am

in tyrosy1ation remain  unclear.

     In this study,  we  constructed  various  tRNA

mutant  transcripts, and  measured  their

arninoacy1adon  kinetics with  E  eoli  TYrRS  in vitro  in

order  to systematically  exarnine  the identity

                 tyr
                   . Moreover, identitydeterminarrts of  tRNA

conversion  experiments  fiem both class I (Lys and
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  Asp) and  class II (Ser and  Leu) tRNAs  were

  perfbrmed in order  to clarify how  I}rrRS

            fyr
  discriminates tRNA              fiom thc other  tRNAs.  On  the

                        fy'
  basis of  the results obtainea  a  set  of  tRNA                          identity

                    ly
  dcterminants that enables  tRNA                      discrirnination

  fforn other  tRNAs  was  determined.

  2. Materials and  Methods

  2.1. Pmptvzition of template  onAs  and  in vitro

  transcmpts

  Synthedc DNA  eligemers  carrying  thc T7 promcrter

  and  tRNA  gencs were  ligated into pUC19  and

  transforrned into E  coli  strain JMI09.  The  template

  I"gA sequerices ware  confirrned  by dideo)ry

  secluencing. Transcripts of  the tRNA  genes were

  prepared in a  reaction  rnixture  corrtaining  40 mM

  Tris-HCI (pH 8.1), 5 tnM  dithiothreito1, 2 mM

  spermidine.  10 mM  magnesium  chloride, 50 pgtin1

  bovine senirn albumi4 2 mM  each  NTP,  20 rnM

  5'GMP, BstNI-digested template DNA  (02 mglml),  2

  U  of  inorganic pyrophosphatese (Sigma), and  T7

  RNA  polymerase (50 Fgim1) that had been purified

  ffom  the overproducer  E  coli BL21/I"eLR1219 [17].

  The  transeripts were  purified by 15 %

  polyaerylamide gel electropharesis.

  2.2. Aminaacylation asstty

  [[YtRS was  partially purified tfom E  coli strain  Q13

  by  anion  exchange  coluTnn  chromatography (DEAE-

JAPAN  {SSOEL)

Toyopearl 650, Tosoh, Tokyo). The TyiRS  fraction

had a  specific a(xivity of  56 Uimg'(Cine unit of

aminoacy1-tiUNIA  synthetase activity was  defiired as

the arnount  of  the empe  that catalyzes  thc

incorporation of  1 nrnol  of  amino  acid into tRNA  in

10 min  under  the reacnion conditions  described

betow.). The aminoa(rylation  rea{tion  proeeeded at

37 OC  in 30 pl of  reaction mixture  containing  60  mM

Tris-HCI (pH 7.5), 10 mM  magnesium  chloridg  2

mM  dithiothreito1, O.1 mglml  bevine serurn  albumin,

                 14
2j  mM  ATP. 11 ILM L-[U- q  tyrosine (17.6

GBqXrnmol), and  vadous  concentratiens of  tiRNA

transcripts and  E  coli T)FrRS. The  initul rates  of

aminoacyladon  were  deterrnined by using  six

concerTtrations of  tRNA  trariscripts ranging  ffom O.1

to 10 pM  at a  fixed concerrtration of  the synthetase.

dqpending on  the mutant  tRNA  transeripts. The  Ksn

and  Vmax  values  were  deterrnined ffom Lineweavep

Burk plots with  the use of  linear least-spuares

attalysis. The  Vmax/Krn  values  for two or three

independent determinations wen  within  ±15 %.

3. Resuks

To investigate the effects  of  the base modification  on

tyrosylation, the kinetic parameter of  the nadve

   fyr
     was  compare[l with  that of  the wild-typetRNA

            Tyr                          TYr
secluenoe  of  thc tRNA             transctipt. E  coli tRNA

has severi modified  nucleotides  including a

hypermodified G, queuosine (Q), at the position of
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  the first anticodon  nucleotide.  As  shown  in Table 1,

          tw
  the native  tRNA            possessed a VmaxtKrn value  only

  1.5-fold larger than that of  the tra:iscript, indicating

  that this bulIry modification,  together with  other  base

  modificadons  is nct essential for reoognition  by E

  colilYrRS.

      According to eross-species  aminoacylation

  ercperimerrts, E  coli  TyrRS  can  arninoacy1ate

     ryr
  tRNA      s ffom Bacilli£s stecp'othemophiins,  Bacillas

  suhtiiis, IVlattraspotv crzmsa  mftochondrieq  and  yeast

  mitochondria  as  eMciently  as  thosg ffom

            fyr
  homogencous tRNA              [18]. As shown  in Figure 1,

  except  for invariarrt nucleotides  only  limited nurnbers

  of  nucieotides  were  conserved  ameng  these five

tRNATYrs. sinc¢  the nuclcetides  that are  not  preserved

             fyr
ameng  these five tRNA              s do not  base-specifically

connibute  to aminoacylation  by E  eofi  TbtrRS, a  base

or a  base-pair substitution  was  introduced into the

positions of  the conserved  nuclecrtides arnong  these

tRNAs.
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 conserved  ainong  heterogeneous tRNAT"s

 aminoaqylated  by E  coli  fyrRS (Fig. 1).
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    Fig. 2. Ihe cloverleaf strLicture ofE  coli tRNA                            wtth  the base modificatiens  omitted  Numbering is according  to

    [12]. Arrows indicate the substitutions  made  in this study.

respectively  (Fig. 2, Table 1). These firidings indicate

that these three  base pairs in the acceptor  stem  are

not involyed in tyrosyladon. U9. Iocated between the

acccptor  stem  and  the D  ami,  is not only  conserved

               fyr
among  heterogencous tRNA                s arninaacylated  by E

coli  TyrRS.  but is also characteristic of  tRNAtyr

becausc the other class II tRNAs  possess (}9.

However,  the substitution of  G9 for U9  had only  a

slight  effeet  on  tyrosylation activity (Fig. 2, Table l).

Tlius, we  concluded  that the identity determinarrts of

   fyr
    ,

 except  the diseriminator base A73, do ncttRNA

reside  in the acceptor  stem.

3.2. Anticadbn

To  study  the invokement  of  the anticodon

nucteotides  in tyrosylation in detail, each  nucleotide

was  subshtuted  by the other  thre ¢  nuclcotides  (Fig. 2).

The  substitutien  of  the first anticodon  nucleotide  G34

by the other three nuclcotides  decreased VmaxtKrn

values  by 25- to 56-fold (Table 1). Ihe kinetic data

of  the C34  mutant  were  appreximately  in agreement

with those reported  by Hou &  Schimmel [15]. The

effeets of  mntation  on  tyrosylation appeared  most

dfastically when  the mutation  occurred  at the second

anticodon  nuclecrtide. 11ie substitution of  U35  by

A35 reduced  the VmaxtKm  value  3100-fold (Table

1). The other  subshtutions,  U3S by G35  and  U35  by

C35, deereased the VmaJctKm  value  240- and  670-

fold, respectively  (Table 1). In contrest, the

substitution  of  the third anticodon  nuc1cotide  A36  by
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    Ilable 1

    Kinedc pararrieters with E. coti  tyrosyl-tRNA synthetase fbr tRNA"'  transeripts

kn<pM)  Vmax{nmoUminpermg)VmaxtKm(re1ative) loss efspecificity{relative)

NatiyetRNAly

transcnpttRNAts

tRNAT,'(C2-G71)

tRNAts(C5-G68>

tRNAts(C6G67)

tRNA""(G9)

tRNATY'(G47-C47d)

tRNAty'A(2)

tRNAtwA(3)

tRNAty'(A34)

tiRNAty'(C34)

tRNA'Vr(u34)

tRNATY'{A3s)

tRNApt (G3S)
tRNA','(C35)

tRNAi'  (G36)
tRNA'Y' (c36)
tRNAor  (U36)

O.34

O.S3

 1.4
 1.03.3O.5S

 1,1

 1,7

2.33.6

 1.9

675.922

O.52O.912.8

5.6

5.9

8.93.79,24,4

9.5O.91

1.0O,79O.38

O.24O.28O.38

2AS.37.8

1.5

 1,O

 O,S8

 O.32

 025

 O.67

 O.81O.048<o.oeol

O.040O.020O,O18

O.OO032Q.O042O.ooIS

O.42O.52O.2S

   1

   1.7

   3,1

   4

   1.S

   1.2

  21>10000

  as

  50

  S6

 31oo

  240

  670

   2.4

   1.9

   4

Numbered  nuc}eetides  and  base pairs in parentheses refer to the substitutions of
tRNAs  (Fig. 2).

A(2) means  the deletion oftwo  base pairs; 4047e, 47-47d, and  A (3) means
the deletion of  three base pairs; 45-47# 46-47g  47-47d, in variable  am
     TYr .
oftRNA      transerlpts.

any  other  nuc1cotide  decreased the VmaxXKm  values

only  a  few-fold (Table 1). These results  indicate that

the first and  second  anticodon  nucleotides  are  base-

specifically  required  for aminoacylation  by TYrRS,

whereas  the third anticodon  nucleatidc  is not.

3,3, Plarticzble ann

In the variable arm,  only  C47-G47d is conserved

                TVr
among  heterogencous tRNA                 s arninoacy1ated  by E

coli  TyrRS  (Fig. 1). Smbstitution by G47-C47d did

not  affect  the tyrosylation activity  (Fig, 2, Table 1).
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                       TYr
                         contains  three Watson-        Thc variable arm  of  tRNA

        Crick base pairs, which  form the variable  stem.  The

        deletion of  one  base pair reduced  the Vma)c/Km

        value  21-fold (Fig. 2, Table 1). Additional one-base-

        pair deletion more  severely  deereased tyrosyradon

        aetivity  (Fig. 2, Table 1). These results indicate that a

        variable  arm  with a  stem  ofthree  base pairs in length

        is required  for tyrosylatio4 but that a specific

        sequence  ts not.

         3.4 ldientity conversion

        The above and  previous results indicated that the

         anticodon  nuc1cotidcs  and  thc discriminator base are

         crucial identity determinants of  tRNAty'. Here, the

            TVr

             -type anticodon  nucleotides  and  the         tRNA

                                  se

         discri'minator base were  introduced into tRNA                                    and

            bu
         tRNA  to clarify to what  cxtent these elerrierrts are

         involved in (RNAfy' discrimination ffom the other

         class II tfUslAs (Fig. 3(a), 3(b)). These transcripts

         with a wild-type  sequerice were  not charged  with

                         se
                          , the change  of  both         tyrosine (Table 2). For tRNA

         the anticodon  nucleoddes  from U34G35A36  te

         G34U35A36, and  the discriminator base fibm G73 to

         A73, increased the VmaxtKm  value  of  the

         tyrosy1ation ac tivity up  to 1145 compared  with  that of

         wild-type  tRNATY' (Table 2). In case  of  tRNAlai,

         which  possesses the sarne discriminator base as

            ly
             , the corrversion of  the anticodon  nucleoddes         tRNA

         from C34A35G36  to G34U35A36  alone drarnatically

JAPAN  {SSOEL)

increased the tyrosy1ation activity  up  to 1113 (TabIe

2)･ These results  indicate that the tRNA"'.type

arrticodon  nuclcotides  and  discriminator base are

                            fyr
sufficient to allow the discriminadon of  tRNA

ffom the other  class  II tRNAs.

     Identity corrversion experiments  were  also

                 Lys                         lp
applied  to classItRNAs,  tRNA                   and  tRNA                          (Fig.

                bys . .
3(c), 3(d)). Wild-type tRNA                   transcnpt                        contatns

U34U35U36  and  A73,  and  thus ameng  the major

                 fyr
                  (excepting the longidentity determinants of  tRNA

variable  arm)  only  the first anticodon  nucleotide  is

diffbrent frern that of  tRNA"'. Althottgh the wild-

      bys
        transeript had no  tyrosy1ation  activity,type tlUslA

the substitution of  U34 by G34 increased the

VmaxlKrn  value  up  to a  detegtable level, lnloo

                tyr
compared  with  that of  tRNA                  (Table 2). Likewise,

     lp
       containing  G34U35C36 and  G73, onlyfor tRNA

the discriminator base is differer}t ffom that of

tRNAfy'. The  wild-type  tRNA"'P transcript was  not

charged  with  tyrosine (Table 2). The substitution of

G73  by A73  slightly decreased the Vmax/Km  value

up  to 1136oo (Table 2). To investigate whether  the

third anticodon  nuclcotide  is importarrt in this

                       Arp
diserirnination rnode.  C36 of  this tRNA                         mutant

was  changed  to A36. This additional mutation

improved  the VmaxtKrn  value  by only  about  S-fold

(Table 2). These results  show  that the substitution  of

the anticodon  nuclcotides  and  the discriminator base

alone  does not confer  eMcient  tyrosyladon activity
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  on  class  I tRNAs.  It seerns  most  lilccly that the long

  variable  arm  plays an  important role in the

  discrimination by TyrRS  in addition to the first and

scxx)nd  anticodon  nuclcotides  and  thc discriminatoT

base.

{a)

gu
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AccGGu
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Fig 3. The transeripts for the ideritity comrersion  fivm tRNA
indicate the substinxtions  made  in this study.
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Thble 2Klnetic

 parameters with  E  celi tyrosy1-tRNA synthetasc for tRNA  transcripts

knOM)  Vmax(nmoVminpermg)VmaxtKm  k,ssof

(relative) specificity

       (relativr)

tRNAtw

tRNAhtRNA"

 (GUA. A73)

tRNAL.-tRNAL'i

 (GUA)

tRNALr,tRNAby'(G34)

tRNAATtRNA"-(A73)

tRNAA-  (A36, A73)

O.S3

1.3

2.6

.6.3

.9.72.4

5.9

O.31

O.22

O.034

.0.029O.036

 1.0

.to.ooOlO.022

<O.ooOlO.079

¢ .OOOIO,OO04S

¢ mmO,OO02SO.OO14

   1

>10000

  4S

>10000

  13

>10000

 21oo

>1ooOO

 3600

  710

Numbered  nucleotides  in paremheses cotrespond  to mutatiens of  tRNAs  at numbered

positions. Thc triplets in parentheses purport the substitutions  ofainticocl(m  ffig. 3).

4. Discussion

Our  present findings together  wtth  those of  other

studies  dernonstrated that nonc  ofthe  nuelcotides  in

the aeceptor  stem,  e)ccqpt the discri'niinator base A73,

are  involved in tyresylation and  that the first and

second  anticodon  nuclcotides  are required  for

tyrosyladon, while  the third is mugh  less importanL

    As  fbr the long variable  arm.  a stem  ofthree

base pairs in Iength was  shown  to be important for

tyrosylation, while  the secluerioe of  the am  was  noL

Various studies  on  TlyrRS based on  the erystal

structure of  Bacillus stearotilermophilas  TyrRS

strggest that TYrRS approaches  tRNAty' on  the side

of  the varial)le am,  straddling both subunits  of  the

TYrRS [18]. Experirnents on  cross-iinking  between E

     tyr
con  tRNA       and  TYrRS  by  UV  irTadiation indicated

that the fiagment constimting  the variable  arrn,  U46-

G47d. is close  to TYrRS in the complex  [19]. [fliese

findngs together wnh  our  mutation  studies snggest

that E  eoli  IYrRS  recognizes  the long variable am,

direcdy birKling to thc sugar-phosphate  bacikbone in

thevicinityofU46-G47d

    Tlie recognition  mode  ofthe  variable arm  in

aminoacylation  is diveigent among  class II tiUNIAs.

     se

      , bcmb the length and  the direction of  theFor tlUslA

long variable  arrri are crucial for sery1adon  in E  eoli
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  [9, 20]. The  cocrysta1  stucture  of  11hennus

  thermophihLs sery1-tRNA  synthctase  (SerRS) and

     se

  tRNA  demonstrated that'SerRS binds to the sugar-

  phosphate backbone of  the long variable  arrn  [21]. In

                            bu
  centrast,  the  long variahle  arrn  ef  E  coli  tRNA

  does not serve  as  a  positive identity deterrninant

  because the primary and  secondary  structures  of  the

  variable  arrn are not correlated  to leucylation

  activities  [22-23]. These findings imply that leucyl-

  tRNA  synthetase  (LeuRS) does net recognize  the

                    tyr

                     , the present  long varial)le  arrn.  For tRNA

  mutational  stu(ly  showed  that the length of  the stem

  in the variable  arm,  but not  its sequenoe,  is required

  for tyrosylation. The identity conversion  experirnents

            se  lai

  shewed  that tRNA  and  tRNA  acquired  good

  tyrosylation  activities threugh changes  in the

  anticodon  and  the discrirninator base alone. Tliis

  indicates that differences in the direction of  the

  variable  arm  within  class II tRNAs  do not  definitely

                  fyT
  affrect thc recognition  oftRNA                   by TYrRS. This is in

  contrast to the  serine  system  in which  the change  in

  the direction of  the variable arm  wa$  requisite for the

  idcntity conversion  from tRNAtyr and  tRNAL"i to

  tRNAS"  [9, 16]. A  previous mutational  study  showed

  that the deletio" ofU47g  and  U47h at the base of  the

  variable  arm  or  the insenion of  two  adenosines

  between C44 and  G45 to pair with  U47g  and  U47h

  severely  impaired the tyrosylation activity  [16].

  Thcse mutations  are thought to either cause  the

JAPAN  {SSOEL)

destmction of  the overal1  tertiary structure  or  change

the direction ef  the long 
'variabli

 arrn  far bcyond the

differences within  class  II tRNAs.

    The  unirTvolvement  of  the third anticodon

nucleotide  in tyrosyladon is indiguing fit}m the view

point of  tiu,IAT'` discrimination. Four amino  acid-

specific  tRNAs,  tRNAT",  tRNAfii, tRNA"M,  and

   lp
    , possess the same  first and  second  anticodontRNA

nucleotides  Q34 and  U35, while  the third nuclcotides

differ between them; i.e., A36, G36, U36, and  C36,

                        tyr
respectively. The differenoes bctween tRNA                          and

the remaining  three tiINAs lie in the long yariable

                        zz
arm  and  the discriminator base: C73 for tRNA  

,
 and

G73  for tRNAArp and  tiuslAA". Moreover, beth

elements  are used  as the identity determinants of

tRNATVr. Thls indieates that tRNAty' is discriminated

ftom other  tRNAs containing  Q34 and  U35 by the

existence  of  the long variable  arm  and  A73,  not by

the third anticodon  nucleotide.

     Among  tRNAs containing  Q34 and  U3S,

neither tRNAfy' nor  tRNAitis uses  the third anticodon

nucleotide  as a  major  positlve identity determinant

                   lp
                     and  U36 of[24]. In corrtrast,  C36 of  tiINA

tRNA"'"  aie important fbr atninoaqylation  by their

cognate  aaRS  [2S, 2q. It is womhy  of  ncte  that

tRNA'Yr and  tRNA'li' possess the characteristic

                           ly
tertiary structure, the long variable  arm  of  tRNA

and  the extra G-1 of  tRNA"",  bcnh of  which  are

positive id¢ ntity  determinarrts of  the respective
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         tRNAs  [27]. Because these tRNAs are easily

         discriminated ffom the ether  tRNAs  by the existenee

         of  the characteristic  tertiary structure,  thcy  mighi  not

         need  to use  the third anticodon  nuclecvtide as  an

         identity determinant,

              Neither eukaryotic  nor archaehaeterial

            IYr
         tRNA              possesses the Iong variable  arrn [12]. It has

         been reportcd  that Cl-G72, G34, W35, and  A73  are

         identity determinants ofyeast  tRNAfyr, whereas  the

         involvencnt of  A36  in tyrosylation has net  been

         examined  yet [28-30]. Taking into account  that of  al1

         tRNAs  ffom eukaryotes  and  archaebacteria  only

            tyr
         tRNA              has Cl-G72, thus this unique  base pair is

         thought to play a  role  similar  to that of  the long

                           fy'
         variable  arm  of  eubacterial  tRNA                             in discriminadon

         arnong  tRNAs  with  G34rp35. We  infer thag in

         eukaryotes  and  archaebacteria, A36 is also net

         involved in recognition  by IYrRS.

             fyrRS and  tryptophanyl-tRNA synthetase

         (TrpRS) are  stmctural  isemers that diverged more

         recently  than most  aaRSs  [31]. A  proposed

         evolutionary  scenario  is that tRNAty'  acquired  the

         long variable  arm  for the discrimination from

            Trp
         tiRNA              when  TyrRS and  TrpRS were  separated  and

         UAY  and  UGG  codons  were  assigned  to tyrosine and

                                     Trp

         tryptophan, respectively [32], Hcrwever, tRNA

         possesses C34C35A36 and  G73, which  are not  the

                         tyr
         identity deterrninants oftRNA                          , and  vice  versa  [33].

         Thus, tRNAfy' is thought not  to need  the leng

MfeJAPAN{SSOEL)

variable  arm  fhr the discrimination ftem tiugATrp. It

is more  likely that the long variable  arm  was  inserted

to tRNATV' for the discrimination ffom tf(NAs 
with

the same  first and  second  anticodon  nuclecrtides,

which  alreacly existed  in cells. Eukaryotes and

archaebacteria  would  have chosen  to have Cl-G72

instead ofthe  long variable  arm.
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