
other than cholinergic nerve terminals. 
Since mitochondria are involved in 

pyruvate-derived acetylcholine forma- 
tion and since there is little detectable 
citrate cleavage enzyme in the choliner- 
gic synaptoplasm, it follows that, in the 
absence of other known precursors of 
cerebral acetylcholine (18-22), acetyl 
CoA itself must be able, in presence of 
Ca2+, to  leave the mitochondria. The 
amount involved (4, 5) may be only a 
small percentage of that formed in the 
mitochondria during respiration. Oxalo- 
acetate, a potent inhibitor of pyruvate- 
derived acetylcholine formation, both in 
the absence or presence of Triton X-100 
(Table I), must combine with acetyl 
CoA, since citrate synthase (E.C. 
4.1.3.7) is present both in the mitochon- 
dria of the cholinergic synaptosome and 
in the Triton-treated preparation. Succi- 
nate (2 mM) suppresses the formation of 
pyruvate-derived acetylcholine (Table 
I),  part of it being converted to  oxaloace- 
tate in the cholinergic mitochondria. 
Succinate has little o r  no effect in the 
Triton-treated preparation (Table 1) 
when the mitochondria1 membranes un- 
dergo rupture and succinate dehydrogen- 
ase activity is suppressed. 

It was shown many years ago (23) that 
phospholipase A from venoms stimu- 
lates glucose-derived acetylcholine for- 
mation. We find that mammalian phos- 
pholipase A2 from the pancreas stimu- 
lates the formation of labeled acetylcho- 
line from labeled pyruvate in a prep- 
aration from rat brain synaptosomes in 
the presence of CoA and NAD (Table 3). 
This stimulation is enhanced by c a 2 +  
(Table 3), which stimulates the uptake of 
NAD into rat liver mitochondria (24). 
Since phospholipase A2 is present in 
brain (25) and other mitochondria (26) 
and is stimulated by Ca2+ (25-27), it 
seems likely that Ca2+ alters the perme- 
ability of the mitochondrial membrane to 
CoA and acetyl CoA and that this effect 
may be mediated by the activity of en- 
dogenous mitochondrial phospholipase 
A2. These results may be correlated with 
findings that indicate a role for intramito- 
chondrial phospholipase A2 in the pro- 
cesses that establish the permeability 
properties of the inner mitochondrial 
membrane (28) and with our finding (29) 
that phospholipase A2 causes an efflux of 
CoA and acetyl CoA from the synapto- 
soma1 fraction into the incubation medi- 
um. 
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Primary Structure of a Large Aminoacyl-tRNA Synthetase 

Abstract. The complete primary structure of Escherichia coli alanyl-tRNA synthe- 
tase, a 95,000-dalton polypeptide, was established by sequencing the gene encoding 
the enzyme and  by sequencing oligoprptides in hydrolyzates of the protein by gas  
chromatography-mass spectrometry. Contrary to expectation, this long polypeptide 
contains no lengthy duplicutions. One 13-residue peptide is homologous with 
Escherichia coli tyrosyl-tRNA synthetase, and  clusters of charged amino acids occur 
in several sections of the structure. 

Aminoacyl-tRNA sythetases (tRNA, 
transfer RNA) play a crucial role in 
protein biosynthesis by attaching amino 
acids to  their corresponding tRNA's (1). 
We have sequenced the gene that en- 
codes Escherichia coli alanyl-tRNA syn- 
thetase (2) and, in addition, have identi- 
fied short randomly located oligopep- 
tides of the protein by gas chromatogra- 
phy-mass spectrometry (GC-MS) (3, 4). 
Reports of repeating sequences in tRNA 
synthetases of large molecular weight 
( M ,  > 60,000) have led to  the hypothesis 
that these enzymes evolved by gene du- 
plication (I ,  5-9). Alanyl-tRNA synthe- 
tase provides the first complete test of 
this hypothesis because it is the only 
large (875 residues) synthetase to be se- 
quenced in its entirety. The sequence of 

the alanine enzyme also allows for a 
more complete examination of sequence 
homologies among this class of enzymes, 
because primary structure data are avail- 
able only on two small (M,. < 50,000) 
aminoacyl-tRNA synthetases (1 0-12). 
Finally, alanyl-tRNA synthetase binds to  
a specific DNA sequence as  part of a 
transcriptional control mechanism (13), 
and extensive data are available on the 
general location of catalytic sites (2). 
Therefore, knowledge of the primary 
structure is essential for understanding 
the relation between structure and func- 
tion of this enzyme. 

Figure 1 shows the restriction map of 
the gene for alanyl-tRNA synthetase. 
The arrows above and below these 
strands indicate the length and direction 
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Fig. 1. Restriction map of alanyl-tRNA synthetase showing sequencing strategy. Both strands of DNA are shown, and the top strand is the coding 
strand. The structural gene begins at position 1 and terminates at position 2625. Vertical tick marks are placed every 200 nucleotides. Each arrow, 
the beginning of which indicates the position of the radioactive label, shows the strand and direction of sequencing. Sequencing was done by the 
chemical method (14). 

of sequencing with the method of 
Maxam and Gilbert (14). The top strand 
is the coding strand, and position 1 indi- 
cates the beginning of the structural 
gene. The location of the amino terminal 
coding region was established by match- 
ing the DNA sequence with the amino 
terminal sequence of the intact subunit 
(2). The region encoding the structural 
gene consists of 2625 nucleotides, and 
the protein is 875 amino acids long (Fig. 
2). Also shown are 142 nucleotides that 
follow the structural gene. The sequence 
of the region preceding the structural 
gene has been reported (15). 

The lines below the amino acid se- 
quence (Fig. 2) indicate the location of 
the oligopeptides sequenced by GC-MS. 
Application of the GC-MS approach to 
the first 165 amino acids of alanyl-tRNA 
synthetase has been described (4). In 
applying this method to the sequencing 
of alanyl-tRNA synthetase, we took ad- 
vantage of a 40,000-dalton amino termi- 
nal fragment of the enzyme (4). This 
fragment, denoted T-1, is generated by 
limited digestion with trypsin and was 
separated from the resulting mixture of 
fragments (termed T-2) by gel filtration 
chromatography. The GC-MS experi- 
ments were carried out separately on T-1 
and T-2. Overall, approximately 25 per- 
cent of the amino acid sequence has been 
confirmed by GC-MS sequencing. 

All of the peptides found by mass 
spectrometric analysis are present in the 
designated coding region of the DNA 
sequence of Fig. 2. The first in-phase 
stop codon (TAA) occurs after amino 
acid 875 (Gln) (16). On carboxypeptidase 
A digestion, the most abundant amino 
acids released are Glx (Glu or Gln) and 
Leu. In addition, a string of 13 consecu- 
tive amino acid residues shortly preced- 
ing the stop codon was confirmed by 
mass spectrometric analysis. The place- 
ment of the carboxyl terminus at  this 
point gives a polypeptide length in close 
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agreement with that measured indepen- 
dently (2). 

Alanyl-tRNA synthetase is the largest 
synthetase to be sequenced thus far. The 
smaller (- 330 residues) tryptophanyl- 
tRNA synthetases from Bacillus stear- 
othermophilus (10) and from E. coli (12) 
have been sequenced, in addition to  a 
large portion of the approximately 400- 
residue subunit of tyrosyl-tRNA synthe- 
tase from both of these organisms (11). 
Because the tRNA synthetases each 
bind adenosine 5'-triphosphate (ATP) 
and tRNA and catalyze similar reac- 
tions, there is reason to expect sequence 
homologies between synthetases specific 
for different amino acids from the same 
organism (1). However, as judged by the 
limited polypeptide sequence data that 
have been obtained, such homologies are 
not immediately obvious ( I ) .  

Because of the lack of sequence infor- 
mation, a complete comparison of the 
alanine enzyme with most other tRNA 
synthetases cannot be made. However, a 
computer search (17) for sequence ho- 
mologies was conducted between the 
alanyl-tRNA synthetases and the tyro- 
syl- and tryptophanyl-tRNA synthetases 
from E ,  coli, as well as  the tryptophanyl- 
tRNA synthetases from B ,  stearother- 
mophilus. (The search identifies identi- 
cal amino acids occurring in two se- 
quences, regardless of the location of the 
homologous regions in the two en- 
zymes.) No significant homologies were 
found with two unrelated E,  coli proteins 
(as expected). However, the search re- 
vealed a significant homology between 
the alanyl-tRNA synthetases and the 
partially sequenced E. coli tyrosyl-tRNA 
synthetase. 

The homology (Fig. 3A) is between 
residues 370 to 382 of alanyl-tRNA syn- 
thetase and residues 9 to 25 of tyrosyl- 
tRNA synthetase. Within a stretch of 13 
consecutive residues in alanyl-tRNA 
synthetase, 11 match those in a 17-resi- 

due segment of the tyrosine enzyme. The 
possible significance of this homology is 
apparent when the functions of the vari- 
ous regions of the alanyl-tRNA synthe- 
tase subunit are considered. A 48,000- 
dalton fragment, approximately 75 ami- 
no acids longer than the T-1 fragment, 
which extends from the amino terminus 
to approximately residue 440, has full 
ATP-inorganic pyrophosphate exchange 
activity, in that it forms the aminoacyl 
adenylate just as efficiently, per mole, as 
the native enzyme subunit (2). In addi- 
tion, unlike the native subunit (which 
aggregates to form a tetramer), this frag- 
ment does not associate. More recent 
experiments have shown that when the 
larger fragment is treated with trypsin, 
the T-1 fragment is generated. Measure- 
ment of ATP-inorganic pyrophosphate 
activity revealed that T-1 is only 20 per- 
cent as active as the larger fragment (18). 
This result suggests that the 75 amino 
acids removed to produce the stable T-1 
piece are important for full adenylate 
formation activity (Fig. 3B). 

The section that is homologous to  tyr- 
osyl-tRNA synthetase is contained with- 
in (or is immediately adjacent to) the 75 
amino acids that are cleaved from the 
larger amino terminal fragment to pro- 
duce T-1 (Fig. 3B). Because this region 

Fig. 2. The nucleotide sequence of the struc- 
tural gene for alanyl-tRNA synthetase and the 
translated amino acid sequence. Peptides 
from protein hydrolyzates sequenced by gas 
chromatography-mass spectrometry (GC- 
MS) are underlined, and only GC-MS pep- 
tides that occur once in the sequence are 
included. The undecapeptide at the amino 
terminus was sequenced by Edman degrada- 
tion (2). The last peptide sequenced from the 
T-1 fragment (Glu-Gln-Phe) ends at position 
366 and, therefore, the carboxyl terminus of 
this fragment must be just beyond this point 
(see Fig. 3B). There are significantly more 
peptides underlined in the T-1 than in the T-2 
region because more experiments were done 
with T-1 in developing the methodology. 
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A G C A A G A G C A C C ~ G A G A T C C G T C A G G C G ~ ~ ~ ~ G A C ~ ~ C A T A C T A R G G G A C A T C A G ~ G ~ T G C C A G C A G C T C C A G G T A C C C C A T A A C C G P ~ ~ C C A ~  
Ser Lys Ser Thr Ala Glu I l e  Arg Cin Ala Phe Leu Asp Phe Phe H i s  Ser Lys Gly H i s  Gln Val Val Ala Ser Ser Ser Arg Tyr Pro I l e  Thr Asp Pro Thr 35 - - 
T P G T P G m A C C A A C G C C G G G A T G A A C C A G m A A G W G I G T I I : W C G G C I 1 : W A A G C G T A A T T A T T C C C G C m A C C A C P T C C C A A C G C 1 T r G P G C G T a 3 G  
Leu Leu Phe Thr Asn Ala Gly Met Asn Gln Phe Lys Asp Val Phe Leu Gly Leu Asp Lys Arg Asn Tyr Ser Arg Ala Thr Thr Ser Gln Arg Cys Val Arg Ala 70 

G G T C C P A A A C P I : A A C G P I : C P G G A A A A C O n : C C P T A C A C c a G ~ C A C C A T R C C m m G A A A T G C P G G G C x m A G C m G G C G A C T m m A A A C A C a T  
Gly Gly Lys H i s  Asn Asp Leu Glu Asn Val Gly Tyr Thr Ala Arg H i s  H i s  Thr Phe Phe Glu Met Leu Gly Asn Phe Ser Phe Gly Asp Tyr Phe Lys H i s  Asp 105 

G C C A T P C A G m G C A T G G G A A C P G C P G A C C A G C G A A A A A T G G T I T G C C C P G C C G A A A G A G C G T C P G T G G G l T A C C O n : T p r r G A A A G C G A C G A C G A A G C C T A C G A A  
Ala I l e  Gln Phe Ala Trp Glu Leu Leu Thr Ser Glu Lys Trp Phe Ala Leu Pro Lys Glu Arg Leu Trp Val Thr Val Tyr Glu Ser Asp Asp Glu Ala Tyr Glu 140 

1 

F l l t : T G G C A A A A A G A A C P A G G G A T C C C G C G C G A A C G T A m A T P C G C A T C N W A A C A A G G G P G C G C C A T A C G C A m G G C A A C m m C G G A E C C P G G C A C P  
I l e  Trp Glu Lys Glu Val Gly I l e  Pro Arg Glu Arg I l e  I l e  Arg I l e  Asn Asp Asn Lys Gly Ala Pro Tyr Ala Ser Gly Asn Phe Trp Arg Met Gly Gly Thr 175 
F 

G G T C C G T G C G A C c C G 1 T r A C C G A A A T C m T A c w w G G C G A C C A c A T P n r ; G G G G G C m C C G G G A A G C C C G G A A G A A G A C G G C G P l C C G C T A c A T P G A G A T C  
Gly Pro Cys Asp Pro Cys Thr Glu I l e  Phe Tyr Asp H i s  Gly Asp H i s  I l e  Trp Gly Gly Pro Pro Gly Ser Pro Glu Glu Asp Gly Asp Arg Tyr I l e  Glu I l e  210 

n r ; A A C A T C ~ m A T G C A G m A P E C G C C A G G C C G A T G G C A C G A T G G A A C C G m C C G A A G C C G m m G A T x C C C P A T G m C P G G A G ~ A T P m G C G  
Trp Asn I l e  Val Phe Met Gln Phe Asn Arg Gln Ala Asp Gly Thr Met Glu Pro Leu Pro Lys Pro Ser Val Asp Thr Gly Met Gly Leu Glu Arg I l e  Ala Ala 245 - 

7 

G P G C P G C A A ~ C I T A A C m A A C T A T G P I : ~ G P I : C P G ~ C G C A C G C P G A T C C A G G C G ~ G C G A A A O n : A C P G G C G C A A C C W C P G A G C A A T A A A 1 T X ; C P G  
Val Leu Gln H i s  Val Asn Ser Asn Tyr Asp I l e  Asp Leu Phe Arg Thr Leu I l e  Gln Ala Val Ala Lys Val Thr Gly Ala Thr Asp Leu Ser Asn Lys Ser Leu 280 - 
7 

C G C m A ' I C G C T G P I : W A T P C G T m W G C G m C P G A T C G C G G A T G G C C P A A T G C C G T C C A P l P G A A A A C C G P C C P T m m C P G C G T C G T F l l t : A T P C D P C G C  
Arg Val I l e  Ala Asp H i s  I l e  Arg Ser Cys Ala Phe Leu I l e  Ala Asp Gly Val Met Pro Ser Asn Glu Asn Arg Gly Tyr Val Leu Arg Arg I l e  I l e  Arg Arg 315 

P 

G C A G I G C G T C A C C C P A A T A T G C r C G G C G C G A A A G A A A C C T R : m T A C A A A C P G C I T C C P C C G C P G P I P C G P I : G l T A T G G G C m G C G G G T G A A G A C C P G A A A C G C  
Ala Val Arg H i s  Gly Asn Met Leu Gly Ala Lys Glu Thr Phe Phe Tyr Lys Leu Val Gly Pro Leu I l e  Asp Val Met Gly Ser Ala Gly Glu Asp Leu Lys Arg 350 

C A G C A G G C G C A G C I T G A G C A G G I G C P G A R G m G A A G A A G A G C A G m W C G T A C P C P G G A G C G C C C P C P G G C G T P G C P G G A T G A A G A G C P G G C A A A A C I T T C P  
Gln Gln Ala Gln Val Glu Gln Val Leu Lys Thr Glu Glu Glu Gln Phe Ala Arg Thr Leu Glu Arg Gly Leu Ala Leu Leu Asp Glu Glu Leu Ala Lys Leu Ser 385 

C C P G A T A C G C P G W G G P G A A A C P m m m C P G T A C G A C A C C T A T G G C m C C G G l T G A C C P G A C G m G A T G l T m C G T G A G C G C A A C A T C A A A C I T G A c  
Gly Asp Thr Leu Asp Gly Glu Thr Ala Phe Arg Leu !Iyr Asp Thr !Iyr Gly Phe Pro Val Asp Leu Thr Ala Asp Val Cys Arg Glu Arg Asn I l e  Lys Val Asp 420 

G A A G C P G G T m G A A m G C A A T G G A A G A G C A G C G T C G T C G C G C G C G C G A A G C C A G C G G C m G G P G C C W T A C A A C G C A A T G A T C C G T G l T G A C A C T G C A m  
Glu Ala Gly Phe Glu Ala Ala Met Glu Glu Gln Arg Arg Arg Ala Arg Glu Ala Ser Gly Phe Gly Ala Asp Tyr Asn Ala Met I l e  Arg Val Asp Ser Ala Ser 455 

G W I ~ ~ G G C T A T G A C C A T ~ G A A ~ ~ G G C ~ ~ A C T G C G C P G ~ ~ G A T ~ A A A G C G G ~ T G A T G C C A T C A A T G C A G G C C A G G A A ~ ~ ~  
Glu Phe Lys Gly Tyr Asp H i s  Leu Glu Leu Asn Gly Lys Val Thr Ala Leu Phe Val Asp Gly Lys Ala Val Asp Ala I l e  Asn Ala Gly Gln Glu Ala Val Val 490 

7 
7 

~ ~ ~ C A A R C G C C A ~ T A T G C G G A A ~ G G C ~ C A G ~ G G C ~ T A A A G G C G A A C P G ~ G G C ~ ~ ~ ~ ~ ~ ~ G ~ G A A G A T A C G C A G ~  
Val Leu Asp Gln Thr Pro Phe Tyr Ala Glu Ser Gly Gly Gln Val Gly Asp Lys Gly Glu Leu Lys Gly Ala Asn Phe Ser Phe Ala Val Glu Asp Thr Gln Lys 525 
.F- 
7 

T A C G G C C A G G C G A T P G G P C A C A T C G G T A A A m m G C G G G T m C P G A A A G P G G G C G P I : G C G G I G C A G m G A T C I T G A T G A G m C C P C G C a C C G T A A T T C G P  
Tyr Gly Gln Ala I l e  Gly H i s  I l e  Gly Lys Leu Ala Ala Gly Ser Leu Lys Val Gly Asp Ala Val Gln Ala Asp Val Asp Glu Ala Arg Arg Ala Arg I l e  Arg 560 

C P G A A T C I Y : m G C A A C G w C P G A T G C I Y : m G C G C P G C G C C A G G l T c n ; G G P A ~ C A T m m C A T A A A C C P T C A C P G C I T A A C G P I : A A G G I G C P G C G C m  
Leu Asn H i s  Ser Ala Thr H i s  Leu Met H i s  Ala Ala Leu Arg Gln Val Leu Gly Thr H i s  Val Ser H i s  Lys Gly Ser Leu Val Asn Asp Lys Val Leu Arg Phe 595 

7 

~ m T C A C R C A R C G A A G C G A T G A A A C C A G A A G A G A m ~ G C G G l C G A A G A C C P G G I G ~ A C A ~ A T P C G T C G C A A T T P G C C G A ' I C G A A F C C A A C A ' I C A T G  
Asp Phe Ser H i s  Asn Glu Ala Met Lys Pro Glu Glu I l e  Arg Ala Val Glu Asp Leu Val Asn Thr Leu I l e  Arg Arg Asn Leu Pro I l e  Glu Thr Asn I l e  Met 630 
'7 - 
G A T C P C G A A G C G G C G A A A G C G A A A G G P G C G A T G G C G ~ ~ G G C G A G A A G T A T W G A G C G C C T A C G C G I G C P G A G C A T G G G C G A T ~ ~ A C C G A G T P G W  
Asp Leu Glu Ala Ala Lys Ala Lys Gly Ala Met Ala Leu Phe Gly Glu Lys Tyr Asp Glu Arg Val Arg Val Leu Ser Met Gly Asp Phe Ser Thr Glu Leu Cys 665 
=?---- 

a ; c C C P A C T w G C C A G C C G C m G G P G A T A T P G G P C P G m C G C A T C A T C m G A A m G G T A C P m G C A G G C G l T C G T C G T A T C G A A G C G G P A A C C G G A G A A  
Gly Gly Thr H i s  Ala Ser Arg Thr Gly Asp I l e  Gly Leu Phe Arg I l e  I l e  Ser Glu Ser Gly Thr Ala Ala Gly Val Arg Arg I l e  Glu Ala Val Thr Gly Glu 700 

C C P ~ A ' I C G C C A C C G l T C A T G C A G A C A G C G A T C G C T P A A G C G A A O n : ~ G C A T C P G C P G A A A G G C G A T A G C A A T A A T C P G ~ ~ A A A G I G C G C T C A ~ C P G  
Gly Ala I l e  Ala Thr Val H i s  Ala Asp Ser Asp Arg Leu Ser Glu Val Ala H i s  Leu Leu Lys Gly Asp Ser Asn Asn Leu Ala Asp Lys Val Arg Ser Val Leu 735 

G A A C G T x G ~ C A G C P G G A A A A A G A G T P A C A A C A G m A A A G A A C A A G C P G C C G C A C A G G A G A G C G C A A A T m m A m A R G G C A A m G A T G l T ~ G G P G l T  
Glu Arg Thr Arg Gln Leu Glu Lys Glu Leu Gln Gln Leu Lys Glu Gln Ala Ala Ala Gln Glu Ser Ala Asn Leu Ser Ser Lys Ala I l e  Asp Val Asn Gly Val 770 

MG CPG TPG GlT AGC GAG CIT AGC CCP GlT GAG CCG AAA ATG TPG CGT ACC ATG GlT GAC GAT TIZ\ AAA AAT CAG CPG GGG 'ICG ACA ATP A'IC GIG CPG GCA ACG 
Lys Leu Leu Val Ser Glu Leu Ser Gly Val Glu Pro Lys Met Leu Arg Thr Met Val Asp Asp Leu Lys Asn Gln Leu Gly Ser Thr I l e  I l e  Val Leu Ala Thr 805 

L T A O n : G A A G G T A A G G l T m C P G A T P G C A G G C C P A m A A G G A C G l C A C A G A T C G T G I G A A A G C A G G G G A A C P G A T P G G P A T G O n : m C A G C A G G I G G G C G G C  
Val Val Glu Gly Lys Val Ser Leu I l e  Ala Gly Val Ser Lys Asp Val Thr Asp Arg Val Lys Ala Gly Glu Leu I l e  Gly Met Val Ala Gln Gln Val Gly Gly 840 

AAG GCr GGT GGA CGT CCT GAC ATG GCG CAA GCC GCP GGP ACG GAT W GCG GCC TPA CCT GCA GCG TPA GCC AGT GIG AAA GGC Ta; GlC AGC GCG AAA TIG CAA 
Lys Gly Gly Gly Arg Pro Asp Met Ala Gln Ala Gly Gly Thr Asp Ala Ala Ala Leu Pro Ala Ala Leu Ala Ser Val Lys Gly Trp Val Ser Ala Lys Leu Gln 875 
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adenylate formation activity 
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Fig. 3. (A) Homology between E. coli alanyl (Ala)- and tyrosyl (Tyr)-tRNA synthetases. The 
sequence on top is that of Ala-tRNA synthetase, and that on the bottom is from the Tyr-tRNA 
synthetase. The homologous region begins in Ala-tRNA synthetase at residue 370, ends at  
residue 382, and covers residues 9 to 25 in the tyrosine enzyme. The residues at either side of 
the dashes are actually adjacent in the linear sequence, but were separated here in order to 
achieve maximum homology. Amino acids that are identical in both sequences are boxed. (B) 
Structure and function map of alanyl-tRNA synthetase polypeptide. The horizontal line 
represents the subunit, and the vertical bar in the very center of this line indicates the carboxyl 
terminus of the 48,000-dalton amino terminal proteolytic fragment. The location of the T-l  
fragment is indicated, and the asterisk is placed at the region of the subunit having homology 
with a portion of E. coli tyrosyl-tRNA synthetase. 

of the subunit is important for full 
adenylate formation activity, and be- 
cause adenylate formation is a reaction 
common to all tRNA synthetases, it is 
perhaps significant that homology is 
found in this region. Further evidence of 
the importance of this homology is the 
extensive homology (1 1 of 17 amino ac- 
ids are identical) in this region between 
the tyrosine enzymes from E. coli and B. 
stearothermophilus (11). Because this 
homology occurs in an important region, 
it may be found between other tRNA 
synthetases. 

As for comparisons with the E. coli 
tryptophanyl-tRNA synthetase, 15 nu- 
cleotides in a block of 18 in the carboxyl 
terminal half of the tryptophan enzyme 
are identical to the sequence of nucleo- 
tides 2221 to 2238 in the carboxyl termi- 
nal half of alanyl-tRNA synthetase. The 
resulting amino acid sequences for these 
codons are 

Leu-Glu-Ly s-Glu-Leu-Gln 
Leu-Glu-Lys-Glu-Phe-Glu 

where the top sequence is the alanine 
enzyme. Therefore this match in the 
nucleotide sequences occurs in the same 
reading frame, but we do not know 
enough about the enzymes to comment 
further on this match. 

Because lengthy internal repeats are 
thought to  occur in tRNA synthetases 

I500 

with subunits larger than molecular 
weight 60,000 (1, 5-9), we expected the 
alanine enzyme to contain similar re- 
peats. However, repeated sequences 
longer than tetrapeptides are not pres- 
ent, and only five tetrapeptides occur 
twice in the sequence. The lack of 
lengthy sequence repeats may mean that 
gene duplication and fusion were not 
part of the history of this tRNA synthe- 
tase. It also raises questions about earli- 
er assertions of sequence repeats, be- 
cause such assertions were not based 
upon complete sequence information. 

Another notable feature of the se- 
quence is the clustering of charged ami- 
no acids. For example, there are clusters 
of arginine residues (four of the five at 
positions 432 to 436, and four of the six 
at positions 555 to 560). Such charged 
areas could interact with the tRNA or 
ATP and may be present in other amino- 
acyl-tRNA synthetases; they may also 
participate in binding to specific DNA 
segments (13). In addition, there are 
groups of mixed charged residues (for 
instance, positions 133 to 140,201 to 206, 
346 to 350, and 645 to 650). Yeast aspar- 
tyl-tRNA synthetase has such clusters of 
charged residues (19) as  does the S7 
ribosomal protein which interacts with 
16s RNA (20). 

Because of the speed and reliability of 
recently developed methods for se- 

quencing DNA (14, 21), it is attractive to 
use these techniques to  determine pri- 
mary sequences of encoded polypep- 
tides. This practice, however, can lead 
to erroneous protein sequences. For  ex- 
ample, there is at least one instance 
where different laboratories determined 
the DNA sequence of the same gene and 
from it deduced the amino acid sequence 
without direct data from the protein 
(22-24). Although the DNA sequences 
agreed at more than 98 percent of the 
nucleotides, only about 71 percent of the 
translated amino acids were the same. 
Almost all of the disagreement stemmed 
from the accidental insertion or  deletion 
of a single nucleotide, which altered the 
reading frame for long stretches of amino 
acids. 

In the sequence determination of ala- 
nyl-tRNA synthetase we found that, 
even though more than 80 percent of the 
DNA was sequenced on both strands, 
the protein is so large that frameshift 
errors did occasionally occur, and pre- 
mature termination codons did not al- 
ways reveal the mistake. Having inde- 
pendently derived data from the protein 
greatly increased our confidence in the 
polypeptide sequence. 
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Familial Retinoblastoma and Chromosome 13 Deletion 
Transmitted via an Insertional Translocation 

Abstract. Surviving persons from a kindred in which retinoblastoma occurred over 
four generations, transmitted by eight unaffected individuals, underwent chromo- 
somal analysis. The results revealed that the development of retinoblastorna was 
associated with a constitutional chromosome deletion de1(13)(q13.lq14.5) and that 
the unaffected transmitting state was associated with a balanced insertional translo- 
cation. These jindings indicate that predisposition to retinoblastoma may he 
attributed to the loss of spec$c genetic material and that a chromosomal mecha- 
nism may explain apparent lack of gene penetrance in certain families. The 
development of unilateral, and not bilateral, retinoblastoma suggests either that the 
chromosome deletion is different from the mutation of herituble retinohlastoma in 
general, or that the chromosome deletion lessens the probability of subsequent 
somatic carcinogenic events. 

Familial retinoblastoma has generally 
been attributed to an autosomal domi- 
nant mutation, with high penetrance and 
expressivity (unilateral as opposed to 
bilateral involvement) noted in prospec- 
live studies. However, low penetrance 
and expressivity have been described in 
some families and attributed to host 
resistance genes, gonadal mosaicism, o r  
delayed mutation ( 1 4 ) .  We have used 
chromosomal and biochemical markers 
to define more precisely the genetics of 
retinoblastoma in a family with unilateral 
retinoblastoma and many unaffected 
transmitting relatives. 

This family, which has been described 
(3, was brought to our attention through 
an unaffected individual who expressed 
concern over the frequency of retino- 
blastoma in his family. H e  reported that 
retinoblastoma had occurred in nine rela- 

tives over three generations, transmitted 
by seven unaffected individuals. Com- 
mon ancestors of the affected individuals 
were identified and medical records, vi- 
tal statistics, and church records were 
sought to verlfy all reported births, 
deaths, and illnesses in those ancestors 
and their descendants. Medical histories, 
physical examinations, and peripheral 
blood samples for chromosomal and bio- 
chemical, genetic markers were sought 
for all living kindred members and 
spouses. Chromosomal analysis includ- 
ed high-resolution banding techniques, 
with amethopterin cell synchronization 
being used for prometaphase and pro- 
phase preparations (6). Esterase D was 
examined by electrophoresis and its 
quantitative activity was determined as  
described (7). Twenty-five other bio- 
chemical markers were analyzed by 

standard electrophoretic and immuno- 
logic methods (8). 

The family (Fig. 1) was traced to indi- 
viduals 1-1 and 1-2 who immigrated to the 
United States from Ireland in the mid- 
1800's. Among their descendants nine 
cases of retinoblastoma were confirmed, 
and an additional case was detected dur- 
ing the study. The ages at  diagnosis of 
retinoblastoma ranged from 14 to 48 
months, with a median of 31 months. 
Two affected patients had prior negative 
examinations under anesthesia between 
1 and 9 months of age. Retinoblastoma 
was reported as  unilateral in all cases. 
The presence of an unaffected retina was 
confirmed by ophthalmologic examina- 
tion in the four living patients, and by 
postmortem examination in two patients 
(IV-21 and IV-22). Clinical characteris- 
tics of the retinoblastoma patients in- 
cluded failure to thrive in infancy, devel- 
opmental delay, and mild to severe men- 
tal retardation. N o  consistent malforma- 
tions were present. Six of the patients 
died within the year of the diagnosis of 
retinoblastoma, of postoperative compli- 
cations (11-9, IV-21, and IV-22), progres- 
sive retinoblastoma (111-5, 111-17), or 
whooping cough (111-3). 

There was no evidence of retinoblas- 
toma or retinal anomalies in any other 
individuals, including the parents of the 
affected patients. Adult onset cancers 
occurred in three individuals, including 
cancer of the liver (I-1), cancer of the 
cervix (111-2), and cancer of the prostate 
(111- 16). 

Chromosomal analysis of the three liv- 
ing patients with retinoblastoma and an 
infant hospitalized for failure to  thrive at 
3 months of age revealed an interstitital 
deletion of the long arm of chromosome 
13, de1(13)(q13.lq14.5), in all cells ana- 
lyzed. The infant (V-12) was examined 
under anesthesia soon after the chromo- 

Fig. 1. Pedigree of the kindred by clinical phenotype and karyotype. 
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