
Protein Science (1993), 2, 2259-2262. Cambridge University Press.  Printed  in  the  USA. 
Copyright 0 1993 The  Protein Society 

FOR THE RECORD 

Idiographic  representation of conserved domain of 
a class  I1 tRNA synthetase of unknown  structure 

LLUIS RIBAS DE POUPLANA, DOUGLAS D. BUECHTER, 
‘MATTHEW W. DAVIS, AND PAUL  SCHIMMEL 
Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

(RECEIVED  August  9, 1993; ACCEPTED September  2, 1993) 

We report here an idiographic representation of the sec- 
ondary  structure predicted for  an enzyme  whose three- 
dimensional structure has not yet  been determined. In 
our example, we applied the recently  described  neural net- 
work-based prediction program PHD (Rost & Sander, 
1992) to identify secondary structure elements of a ma- 
jor portion of the active site of Escherichia coli alanyl- 
tRNA synthetase (AlaRS). The active site domain of 
AlaRS encompasses approximately the N-terminal half 
of the primary structure (Putney et al., 1981b; Jasin et al., 
1983; Regan et al., 1987; Buechter & Schimmel, 1993) 
and is believed to be the primordial enzyme, which, to- 
gether with other aminoacyl-tRNA synthetases, arose 
as one of the earliest proteins. These proteins established 
the rules of the genetic code through the aminoacylation 
of RNA substrates. The alanine enzyme is  of particular 
interest because it is one of the clearest examples of a 
tRNA synthetase that makes no  contact with the tRNA 
anticodon  (Hou & Schimmel, 1988; Park et al., 1989), 
showing that  the genetic code relationship between ala- 
nine and its four trinucleotide codons is indirect. Instead, 
the enzyme  aminoacylates RNA helical structures, includ- 
ing short hairpin duplexes  with  as few as four base pairs, 
provided that they contain a  G:U wobble base pair at  the 
third position in the helix (Francklyn & Schimmel, 1989; 
Musiey-Forsyth et al., 1991;  Shi  et al., 1992). 

The aminoacyl-tRNA synthetases are divided into two 
classes of 10 enzymes each (Cusack et al., 1990; Eriani 
et al., 1990). This classification is based on conserved se- 
quence elements and structures that  are shared by the 
active sites of members of the same class but  are com- 
pletely different  from those of the  other class. The over- 
all secondary structure architecture of the core of the 
active-site domain is similar for members of the same 
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class whose three-dimensional  structures are known 
(Brick et al., 1988; Rould et al., 1989;  Brunie et al., 1990; 
Cusack et al., 1990; Ruff et al., 1991). This structural 
similarity is in spite of the  apparent lack of relatedness of 
sequences outside of the conserved elements. 

Escherichia coli AlaRS is an a4 tetramer of 875 amino 
acid subunits.  A monomeric 461-amino acid N-terminal 
fragment catalyzes  as  efficiently as native  enzyme the ami- 
noacylation of small RNA oligonucleotides that recreate 
only the acceptor stem of tRNAAla (Buechter & Schim- 
mel, 1993).  As a class I1 enzyme, AlaRS is related to the 
seryl- (Cusack et al., 1990) and aspartyl- (Ruff et al., 
1991) tRNA synthetases whose structures have been de- 
termined. Apart from the class  I1  sequence motifs, AlaRS 
has no primary sequence similarity with either AspRS, 
SerRS, or the other class I1 enzymes.  The  class  I1  sequence 
elements, which  collectively total -23 amino acids, con- 
stitute only a minor fraction (-10%) of the domain in 
AspRS and SerRS that encompasses them. 

We aligned the  four published (E. coli [Putney et al., 
1981a1, Bombyxmori [Chang&Dignam, 19901, Rhizobium 
leguminosarum [Selbitschka  et al., 19911, and Rhizobium 
meliloti [Selbitschka et al., 19911) and two unpublished 
(Arabidopsis thaliana [I. Small, pers. comm.] and human 
[K. Shiba, pers. comm.]) sequences of the N-terminal 
active-site domains of AlaRS with the three sequence 
fragments in the C-terminal domains of  yeast  AspRS and 
E. coli SerRS that  contain  the conserved class I1 mo- 
tifs. (The active-site domains can be in either the N- or 
C-terminal part of the enzyme, depending on the synthe- 
tase.)  The identification of motif 3 of AlaRS was the same 
as previously  described (Eriani et al., 1990; Cusack et al., 
1991). The conserved  phenylalanine of motif 2 (Phe 90 in 
AlaRS)  aligns  with the same phenylalanine in  AspRS and 
SerRS as described  previously  (Cusack  et al., 1991);  how- 
ever, the conserved arginine of motif 2, which in both 
SerRS and AspRS contacts  bound ATP (Cavarelli et al., 
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1993; Cusack et al., 1993), aligns with the strictly  con- 
served Arg  69  in  AlaRS  rather than  the previously pro- 
posed His 74, which is not conserved in all six sequences. 
Motif  1 of AspRS  and SerRS  consistently  aligned with a 
region, 34PTLL,  on  the N-terminal side of motif  2 of the 
six alanyl-tRNA  synthetases.  This region contains an in- 
variant  proline (Pro 34), as is found in  motif  1  of seven 
of the nine other class I1 enzymes. 

We used the  secondary  structure  prediction  program 
PHD (Rost & Sander, 1992) to identify the  major  second- 
ary  structural elements  of the  AlaRS active  site. We fo- 
cused on identifying the seven 0-strands  and  three a-helices 
that  are believed common to the conserved domain of the 
class I1 enzymes. Additional elements of secondary  struc- 
ture were also  identified,  but they are  not considered  fur- 
ther here because these elements appear  to be idiosyncratic 
to AlaRS and  to be not  part of the  core active-site struc- 
ture  that is known to be  shared by the class I1 synthetases. 
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PHD uses alignments of homologous  sequences  and  has 
achieved an expected  accuracy of 82%  (compared to ac- 
tual  structures) when multiple sequences are available. 
(Percent  accuracy is defined  as the  number of correctly 
predicted residues divided by the number of all residues X 
100 [B. Rost & C.  Sander,  PHD  program  documenta- 
tion].) Collectively there  are 20 (2 X 10) discrete seconci- 
ary  structure  elements  that  make  up  the  conserved 
domains of AspRS  and SerRS. In a test of the  applica- 
bility of PHD  to  the aminoacyl-tRNA  synthetases, 18 of 
the 20 predicted  secondary  structure  elements for  the ac- 
tive-site domains of AspRS  and SerRS overlapped by two 
or more  residues with those  from  the X-ray structure. 
When the  known  secondary  structure of the  conserved 
sequence  motifs is also  considered,  all 20 elements  can 
be  identified. 

The  PHD program  located  two helices (HI  and  H2, 
Fig. 1) in AlaRS at positions with respect to motifs  1  and 

Motif 1 Motif 2 Motif 3 

Fig. 1. Idiographic  representation of the seven 0-strands  and  three  a-helices  that  comprise  the active-site domain of E. coli alanyl- 
tRNA  synthetase. A linear depiction of the active-site secondary  structure is shown below the  idiograph. Rectangles and cylinders 
denote  a-helices,  and  arrows  denote  &strands.  The  secondary  structure  elements  that  encompass  the  conserved  class 11-defining 
sequence  motifs  are  shaded  and  labeled.  Note  that  the  sequences "PITD and '"NDNKGAPYASGNFWRMGGTGPCD, re- 
ported  by  Putney  et  al.  (1981a),  have  been  corrected to 30PHJD and "'qDNKGAPYASQNFWQMGQTGPCG, respectively 
(the  corrected  residues  are  underlined). 



Conserved domain of a class II tRNA synthetase 

2 similar to those of the active  site-flanking helices in 
AspRS  and  SerRS. We used the  positions of these heli- 
ces,  along with the  locations  of  the conserved  sequence 
motifs  from  the multiple  sequence  alignment,  as  a start- 
ing  point to assign the  remaining  structural elements of 
the active-site fold.  The model (Fig. 1) incorporated  only 
those  secondary  structure elements that  had  at least one 
residue  predicted by PHD  at  the 82% expected  accuracy 
level, with the exception  of strand S7 of motif 3, which 
is not predicted by PHD  for either  AlaRS or  AspRS. In- 
stead, we assigned  this strand on the basis of  the well- 
conserved characteristic motif 3 sequence element (GLER) 
and  the expected structural  homology  to  the region of 
SerRS  and  AspRS  that encompasses  it.  A  more  detailed 
description  of  each region of the active-site domain is 
given below. 

Motif 1 in  the class I1 synthetases comprises an a-helix, 
a 0-strand,  and a variable  region  that  follows  the  con- 
served motif 1 proline. Previously no motif 1 for  the class 
I1 tetrameric  alanyl-, glycyl-, and phenylalanyl-tRNA syn- 
thetases  could  be  located  (Eriani et al., 1990; Cusack et al., 
1991). Our  identification of motif 1 in  AlaRS suggests 
that  the possibility of the presence of this  motif in GlyRS 
and  PheRS  should be  reinvestigated. 

Residues  in the motif 1 a-helix  make  contact with the 
corresponding helix of  the  other  subunit in  the  dimeric 
AspRS  (Ruff et al., 1991) and SerRS (Cusack et al., 1990). 
Additional  interface  contacts  are  made  in  the region fol- 
lowing the  @-strand.  In  our  model (Fig. l) ,  motif 1 in- 
cludes helix H1 (Thr 4 +  His 16) and  strand S1 (Gln 21 + 

Ser  27).  Earlier  work on E. coli AlaRS  established that 
deletion  of the C-terminal 176 amino acids  converted the 
enzyme into  an active monomer  (Jasin et al., 1983; Re- 
gan et al., 1987). Because this  deleted region does not 
include  motif 1 ,  it is clear that  motif 1 and immediately 
flanking sequences are not sufficient for  oligomerization, 
at least in  AlaRS.  The role  of  motif 1 in  oligomeriza- 
tion of other class I1 enzymes needs to  be  investigated. 
In  AspRS,  residues  in  the  region  following  the  motif 1 
&strand  contact  the  acceptor stem  of bound  tRNA  (Ca- 
varelli et al., 1993). Similar  contacts  may  be  made  in 
AlaRS. 

In our model,  motif 2 comprises strands S2 (Ala 61 + 

Val 68) and S3 (Thr 88 + Gly 94) connected by a loop 
of 19 amino  acids.  The  position  of  strand  S2,  although 
different  from  that previously  proposed  (Cusack et al., 
1991), is supported by the  alignment  of six sequences  of 
AlaRS with those of SerRS  and  AspRS  and by the  PHD- 
derived  secondary  structure  prediction. Motif 2 in  the 
class I1 synthetases  contains an invariant  arginine  and a 
conserved acidic residue two  amino acids beyond the argi- 
nine. Both of these amino acids make  contact with bound 
ATP in the SerRS-ATP  complex  (Cusack et al., 1993). 
The conserved  arginine  in  SerRS and  AspRS aligns with 
Arg  69, which is conserved in all six sequences of  AlaRS. 
Arg 69 is at  the beginning  of the  loop between the  two 
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strands, similar to where it is located  in  the  other class I1 
enzymes. The strictly conserved  Asp 76 (in the six AlaRS 
sequences) is the  first acidic  residue to follow  Arg  69. 

The 19-amino  acid loop between the  two  strands  of 
motif 2 in  AlaRS is the  longest  of all of the class I1 syn- 
thetases. The 3‘-end of  periodate oxidized-tRNAAla cross- 
links to Lys 73 within the predicted loop of motif 2 of 
E. coli AlaRS  (Hill & Schimmel, 1989). The  correspond- 
ing loop of eight amino acids  in  AspRS  makes  sequence- 
specific contacts with the discriminator base and  the first 
base  pair  of  bound tRNAASp (Ruff  et  al., 1991; Cavarelli 
et al., 1993). The motif 2 loop in AlaRS is also likely to 
make  acceptor stem  contacts with bound  tRNAAla. 

The region between motifs 2 and 3 in the class I1 syn- 
thetases is of variable size and sequence  (Eriani et al., 
1990; Cusack et al., 1991). However,  in yeast AspRS 
(Ruff et al., 1991) and E. coli SerRS  (Cusack et al., 1990) 
part of this region is topologically conserved and  contrib- 
utes  three  &strands and  an  a-helix  to  the active-site fold. 
Although  these  four  elements of secondary  structure in 
AlaRS were each  predicted by PHD  at  the 82% expected 
accuracy level, their  identification  cannot be supported 
further by the presence of one of the  three class-defining 
sequence  motifs.  Acknowledging  this  limitation,  but rec- 
ognizing that these four elements of secondary  structure 
are most likely present between motifs 2 and 3 ,  the  puta- 
tive helix H2 and  strands S4, S 5 ,  and S6 strongly  pre- 
dicted by PHD were included  in the  model. Helix H2 
corresponds to the  “cross-over” helix that follows the sec- 
ond  strand of motif 2 in both AspRS and SerRS. 

The conserved structural elements in the region between 
motifs 2 and 3 are connected by loops/insertions  that  are 
of  variable size in the class I1 synthetases  (Eriani et al., 
1990; Cusack et al., 1991). Serine,  threonine,  and lysine 
residues in the  loop following the  outermost  strand of the 
active-site fold (S4 in Fig. 1 )  make  contact with the phos- 
phate  backbone  of  the  acceptor  stem of tRNAASp in the 
AspRS-tRNAASP  complex  (Ruff et al., 1991; Cavarelli 
et al., 1993). Residues in these  variable  regions  may  con- 
tribute idiosyncratically to  tRNA recognition by other 
class I1 enzymes. 

Motif 3 contributes  the  last  @-strand to  the active-site 
fold.  A topologically conserved a-helix follows this strand 
in  AspRS  and  SerRS.  The conserved  arginine  in the  mo- 
tif 3 GLER sequence  contacts the ribose of ATP in the 
AspRS-ATP  complex  (Cavarelli et al., 1993). Motif 3 in 
AlaRS comprises strand S7 (Thr 236 + Leu  240) and helix 
H3 (Glu 241 --f His 249). The  invariant arginine (Arg 242) 
is at  the beginning of  helix H3, similar to where it is found 
in both  AspRS  and  SerRS.  It is likely that this  motif in 
AlaRS  makes  contacts to ATP  similar to those seen in 
AspRS. 

The  acceptor  stem G3:U70  base  pair is unique to ala- 
nine  tRNAs  and is conserved  in prokaryote  and cyto- 
plasmic eukaryote  alanine  tRNAs (Sprinzl et al., 1989; 
Schimmel, 1991). Specific recognition of the G:U  pair by 
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AlaRS  provides a major  portion of the basis for discrim- 
inating  tRNAAia  from  other  tRNAs  (Francklyn et al., 
1992). Thus,  amino acid residues within the active site of 
AlaRS  that  make G3:U70 contacts  are likely to be  con- 
served. We expect that these  contacts  in  AlaRS  are  made 
by residues in  the region following  motif 1, in the  loop 
between the two strands  of motif 2, or in regions between 
motifs  2  and 3 that  are variable in the class XI enzymes. 
Candidates in  these  regions can be  identified  based on 
the potential for side-chain hydrogen  bonding or electro- 
static  interactions  (Seeman  et  al., 1976; Steitz, 1990) and 
on whether they are conserved in the  known  AlaRS se- 
quences. Using these criteria, possibilities include Asn 40, 
Gln 45, and Lys 47 in the region  following strand S1; 
Lys 73 (whose  proximity to  the 3'-end of tRNAAla  has 
been established [Hill & Schimmel, 1989]), Asn 75, Asp 76, 
Glu 78, Asn 79, Thr 83, and His 86 in the  motif  2 loop; 
and,  analogous  to  the  AspRS system,  Asp 135 in the re- 
gion between strands  S4  and S 5 .  We are  investigating 
these  possibilities. 
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