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Collaboration Between CC- and are essential in organisms where not every 
tRNA gene encodes CCA (7). The CCA- 

A-Adding Enzymes to  Build and adding enzyme is unique among nucleotidyl- 
transferases (6, 8, 9) because it adds an or- 
dered nucleotide sequence to a specific prim- 

Repair the 3'-Terminal CCA of er without using a nucleic acid template; 
moreover, the enzyme is sensitive to register, 

tRNA in Aquifex ~ ~ O ~ ; C U S  plete and can 3' faithfully ends rebuild (tRNAD, tRNAs ~RNADC, with incom- and 
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The universal 3'-terminal CCA sequence of all transfer RNAs (tRNAs) is repaired, 
and sometimes constructed de novo, by the CCA-adding enzyme [ATP(CTP)$RNA 
nucleotidyltransferase]. This RNA polymerase has no nucleic acid template, yet 
faithfully builds the CCA sequence one nucleotide at a time using cytidine triphos- 
phate (CTP) and adenosine triphosphate (ATP) as substrates. All previously char- 
acterized CCA-adding enzymes from all three kingdoms are single polypeptides 
with CCA-adding activity. Here, we demonstrate through biochemical and genetic 
approaches that CCA addition in Aquifex aeolicus requires collaboration between 
two related polypeptides, one that adds CC and another that adds A. 

The 3'-terminal CCA sequence (positions 74, peptide bond formation by the ribosome (2- 
75, and 76) found on all mature tRNAs is 4). CCA-adding enzymes (5) have been iden- 
required for tRNA aminoacylation (I) and for tified in each of the three kingdoms (6) and 

Fig. 1. C- and A-addition to tRNA are carried out by 
distinct, but related polypeptides in A. aeolicus. (A) Aquifex 
aeolicus nucleotidyltransferase homologs and the domains 
used in this study. Aa.L, the large polypeptide; Aa.LN, 
NH,-terminal region of Aa.L; Aa.LC, COOH-terminal region 
of Aa.L; and Aa.S, the small polypeptide. The T. maritima 
nucleotidyltransferase is shown for comparison. DVD and 
DID indicate the active site signature found in all nucleoti- 
dyltransferase family members (8); His6 is the hexahisti- 
dine tag; striped boxes denote NH,-terminal similarity, 
black boxes strong COOH-terminal similarity, and the gray 
box weaker COOH-terminal similarity. (B) Hexahistidine- 
tagged proteins were resolved by 12% SDS-polyacrylam- 
ide gel electrophoresis and stained with Coomassie Brilliant 
Blue. (C) Aa.L and Aa.LC have A-adding activity and Aa.S 
has C-adding activity. (D) The T. maritima nucleotidyltrans- 
ferase is a CCA-adding enzyme and activity resides within 
the COOH-terminal region. 

~ N A D C C .  where D is the discriminator 
base). Several models have been proposed to 
explain these properties (10-14), but the mo- 
lecular details remain unknown. Compound- 
ing the mystery, all CCA-adding enzymes 
characterized to date consist of a single 
polypeptide with dual specificity for adeno- 
sine monophosphate and cytosine monophos- 
phate incorporation. 
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tRNA nucleotidyltransferase homologs can CCA or CA, but does add ATP (and not CTP) to 
be identified in almost every new genomic se- tRNA lacking a terminal A (Fig. 1C) (15, 16). 
quence, but we were surprised to find two po- 
tential CCA-adding enzyme homologs in the 
genome of Aquife aeolicus (NC-000918), a 
eubacterium where some tRNA genes do not 
encode CCA. The shorter homolog of 5 12 res- 
idues (Aa.S, GenBank AAC07883) is compara- 
ble in size to most archaeal and eubacterial 
CCA-adding enzymes, whereas the longer ho- 
molog of 824 residues (Aa.L, GenBank 
AAC06692) possesses an NH2-terminal exten- 
sion of unknown function (Fig. 1A). Homologs 
of the Aa.L polypeptide are readily identified in 
the X4ermotoga rnaritima, Synechocystis sp., 

The A-adding activity of Aa.L resides entirely 
within the COOH-terminal region, and C-add- 
ing activity is not observed when the NH,- 
terminal extension is deleted (Fig. 1C; Aa.LC, 
residues 442 through 824). We next investigated 
whether the smaller A. aeolicus homolog might 
have full CCA-adding activity; however, recom- 
binant Aa.S adds only CTP (and not ATP) to 
tRNA lacking CCA and CA, and does not add 
CTP or ATP to tRNA lacking a terminal A (Fig. 
1C; Aa.S). CCA-adding activity could be recon- 
stituted by mixing the two A. aeolicus polypep- 
tides in vitro (Fig. 2A) where Aa.L (or Aa.LC) 

and Deinococctis radiodurans genomes (Gen- adds a single A at position 76 only, and Aa.S 
Bank AAD35797, BAA18195, and AE001950, adds C at positions 75 and 74 only (Fig. 2, B and 
respectively). Synechocystis spp. and D. radio- 
dtirans also contain homologs of the short Aa.S 
polypeptide (GenBank BBA10528 and 
AE001968, respectively), but T. maritima does 
not. Initially, we found that the recombinant T. 
maritima homolog of the long Aa.L polypeptide 
has full CCA-adding activity, and that this ac- 
tivity resides entirely within the COOH-terminal 
region (residues 436 through 863) (Fig. 1, A and 
D). We therefore expected that Aa.L would also 
have full CCA-adding activity; however, Aa.L 
adds neither CTP nor ATP to tRNA lacking 

CTP* - + I  . ATP 

C). These two peptides do not interact with each 
other, and no ternary complex was formed in the 
presence of tRNA (17), suggesting that CCA 
addition by these peptides occurs by a dissocia- 
tive rather than processive mechanism. 

We expressed the two proteins in Escherich- 
ia coli strain CA244cca-(IacZ, trp, relA, spoz 
cca::cam) canying a disrupted CCA-adding 
gene (It?), and then analyzed the 3'-terminal 
status of tRNAs in vitro (19). Expression of the 
A-adding enzyme Aa.LC reduced the level of 
tRNAs lacking A, and also tRNAs lacking CA 

Fig. 2. Reconstitution of CCA-adding activity in vitro by two distinct A. aeolicus polypeptides. (A) 
Nucleotide specificity of Aa.L and Aa.S. The polypeptides were mixed pairwise and assayed as in Fig. 
1C. (B) Sequence specificity of Aa.L and Aa.S. Uniformly [a-3ZP]UTP-labeled tRNA lacking CCA, CA, 
or A (2 pM) was incubated with the polypeptides singly or in combination (12.5 nM each protein) 
in the presence of all of four nucleoside triphosphates (NTPs) (1 mM each), and products were 
resolved by 12% polyacrylamide gel electrophoresis. (C) Nucleotide and sequence specificity of 
Aa.L and Aa.LC. Assays contained 2 p M  nonradiolabeled tRNA, 1 mM all four unlabeled NTPs, and 
one [a-32P]-labeled NTP (indicated by an asterisk) (100 nM, 3000 Cilmmol). Aa.L and Aa.LC add 
only ATP to  tRNA and Aa.S adds only CTP. 

or CCA, whereas expression of the CC-adding 
enzyme Aa.S increased the level of tRNAs lack- 
ing A, CA, and CCA (Fig. 3, A and B). We 
interpret the latter result to mean that the CC- 
adding enzyme rescues tRNAs lacking CA or 
CCA from complete degradation by 3' exo- 
nucleases, but endogenous polyadenylate 
[poly(A)] polymerase I or a similar activity (20) 
cannot repair tRNAs lacking A as rapidly as the 
CC-adding enzyme generates them. When both 
Aa.LC and Aa.S are expressed, the level of 
defective tRNAs decreases, as expected 
(Fig. 3, A and B; Aa.LC/S and Aa.S/LC). Next, 
we coexpressed Aa.LC and Aa.S indivi- 
dually, or both Aa.LC and Aa.S, in CA244cca- 
along with the conditional amber suppressor 
tRNASup3+(CGGoH) with 3'-terminal CGG at 
positions 74 to 76 (21). Only when the 3'- 
terminal GG sequence is resected, and CA is 
added, will suppression of the lacZ amber mu- 
tation be observed (22). Consistent with recon- 
stitution, coexpression of the A- and CC-adding 
enzymes (Aa.LC and Aa.S) with tRNASup3+- 
(CGG,,) suppressed the amber mutation (Fig. 
3D; pMAa.LC/S and pMAa.S/LC), whereas ex- 
pression of tRNASup3+(CGGoH) alone did not 
suppress (Fig. 3C). However, slight but signifi- 
cant suppression was observed when the CC- 
adding enzyme Aa.S alone, but not the A-add- 
ing enzyme Aa.LC alone, was coexpressed with 
tRNASup3+(CGGoH) (Fig. 3D; pMAa.S and 
pMAa.LC). This must reflect a low level of 
3'-terminal A addition by endogenous poly(A) 
polymerase I or a similar activity (20), because 
a variant tRNASup3+ gene with 3'-terminal 
CCG exhibits suppressor activity in the absence 
of both the A- and CC-adding enzymes (Fig. 
3C). We conclude that the A- and CC-adding 
enzymes collaborate to reconstitute CCA-add- 
ing activity in vivo as well as in vitro (Figs. 1 
and 2) and that CCA-adding activity in A. ae- 
oliczls is the joint responsibility of two distinct 
but related polypeptides with different specific- 
itv and activitv. 
- All characterized CCA-adding 

enzymes are composed of a single kind of 
polypeptide with dual specificity for CTP and 
ATP addition. In fact, even the T. maritima 
enzyme, which is highly homologous to both 
the NH2- and COOH-terminal regions of the A. 
aeoliczis A-adding polypeptide, has fill CCA- 
adding activity. Thermotoga maritima and A. 
aeolictrs are among the most deeply rooted, 
slowly evolving eubacteria (23, 24); thus, sep- 
arate CC- and A-adding activities may be the 
more primitive state, and presence of dual-spec- 
ificity polypeptides capable of full CCA-adding 
activity is a derived state. The T. maritima 
CCA-adding enzyme is more closely related to 
the A-adding enzyme of A. aeoliczls than to the 
CC-adding enzyme, suggesting that the T. ma- 
ritima CCA enzyme may have arisen from a 
primitive A-adding enzyme. The division 
of CCA-adding activity into two different 
polypeptides is not unique to A. aeolictrs, but 
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Fig. 3.'The A. aeolicus Aa.LC and Aa.S polypeptides collaborate to  repair 
the 3' end of tRNA in vivo. '(A) A biochemical assay for CCA-addition in 
vivo. The 3'-terminal status of bulk tRNA in vivo was analyzed (19). 
Upper two panels show assays for 3'-terminal ATP and CTP incorpora- 
tion, where the asterisk indicates the labeled NTP. The lower two panels 
show an identical gel stained with ethidium bromide, and subjected to  
Northern blotting for tRNAPhe, as a control for equal loading. (B) The 
3'-terminal status of tRNAs in vivo. (Top) Relative levels of tRNA lacking 
3'-terminal A; (bottom) relative levels of tRNA lacking CA or CCA. The 
tRNA concentrations were normalized relative t o  ~ R N A ~ ~ ~ ;  data were 
normalized relative to  tRNA prepared from the cca- strain carrying an 

is also found in D. radiodurans and Synecho- 
cystis (17, 25). Strong sequence homology be- 
tween ribonucleotidyltransferases of different 
function-poly(A) polymerases, CCA-adding 
enzymes, and now CC- and A-adding en- 
zymes-also imposes significant new con- 
straints on possible mechanisms for CCA addi- 
tion (10-14) by a single active site (26) in the 
absence of a nucleic acid template. 
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