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T

he primary transcripts of transfer
RNA (tRNA) molecules undergo extensive processing and
chemical modiﬁcation to become
functional components of the protein
synthesis apparatus. Some of these reactions are common to all tRNAs in a particular cell, whereas others are speciﬁc to
a subset of the species or even to just
a single amino-acid–accepting class (1). In
some organisms the maturation of histidine-speciﬁc tRNAs (tRNAHis) includes
the unique addition of guanosine (G−1) to
the 5′ terminus of tRNA (2). This G−1
addition step is a phosphodiester bond
formation reaction that operates in a
unique 3′-5′ direction, opposite to all
conventional DNA and RNA polymerases.
In PNAS, Hyde et al. (3) unveil crystal
structures of a Thg1 enzyme that catalyzes
G−1 addition. The structures show that the
catalytic domain of Thg1 shares both
a common architecture and a two-metal
ion-dependent mechanism with canonical
5′-3′ DNA polymerases. These remarkable
ﬁndings open new vistas in tRNA enzymology and the evolution of nucleic acid
polymerases.
The addition of G−1 at the 5′ terminus
of tRNAHis is essential to protein synthesis
and cell viability (4), because this guanosine is a key determinant required for
recognition by histidyl-tRNA synthetase
(HisRS)—the enzyme responsible for the
covalent attachment of histidine to the
tRNAHis 3′ terminus (5, 6). The HistRNAHis product of the HisRS reaction is
then a substrate for elongation factormediated protein synthesis on the ribosome. Interestingly, in most bacteria and
some archaea, G−1 is not added by Thg1
but is instead encoded at the 5′ end of the
tRNAHis gene. The elongated 5′ end is
then generated via cleavage at a distinct
position by the endonuclease RNase P (7)
(Fig. 1). By contrast, in all eukaryotes,
some archaea, and a few groups of bacteria, RNaseP-mediated cleavage of the
primary tRNAHis transcript produces the
usual 5′ end found in all other tRNAs,
generating a common 7-bp acceptor stem
(2, 8). The Thg1-catalyzed G−1 addition
at the tRNAHis 5′ end in these organisms is
in the 3′-5′ direction, in contrast to the 5′3′ polymerization reaction catalyzed by
tRNA nucleotidyltransferase (tRNA
NTase), which adds (or repairs) the CCA
trinucleotide at the 3′ end of all tRNAs
(9) (Fig. 1).
www.pnas.org/cgi/doi/10.1073/pnas.1015283107

Fig. 1. Unusual RNA polymerase reactions at the 5′ and 3′ termini of tRNA: Thg1 and tRNA nucleotidyltransferase.

In all eukaryotes, tRNAHis possesses an
unpaired A73 nucleotide at the position
opposite to G−1 (Fig. 1). In this domain,
Thg1 catalyzes nontemplated G−1 addition
by a three-step reaction that ﬁrst features
ATP-mediated adenylylation of the 5′
monophosphorylated tRNA to generate
an Ap-p-tRNA intermediate, with release of pyrophosphate. The 3′ ribose hydroxyl of GTP then attacks the phosphate
proximal to the tRNA, forming 5′ triphosphorylated G−1-tRNAHis, which
is further processed by a Thg1-associated
pyrophosphatase activity to generate
the mature product (3, 4, 10, 11). However, if the 5′ tRNA terminus is triphosphorylated, Thg1 adds G−1 by a different
mechanism that does not require ATP:
the 3′ OH of GTP directly attacks the
α-phosphate group, and the reaction is
powered instead by the energy liberated
upon generation of pyrophosphate (4).
This reaction is similar to that catalyzed by
conventional 5′-3′ polymerases, except
that the attacking oxygen nucleophile is
the GTP 3′ OH moiety instead of the
3′ OH group of the elongating primer
strand (Fig. 2). Strikingly, both yeast and
archaeal Thg1 enzymes are able to catalyze in vitro template-directed addition of
multiple nucleotides to the tRNA 3′ end,
with native or variant tRNA 3′ terminal
sequences serving as the template (12,
13) (Fig. 1). This 3′-5′ polymerase activity
also functions in vivo in yeast, but only
if the tRNAHis substrate is mutated to
contain C73 (14). Thus, eukaryotes may
conserve A73 in tRNAHis to prevent
this polymerization reaction, possibly enhancing the performance of His-tRNAHis
on the ribosome.
The Thg1 sequence had revealed no
detectable homology or motifs common to

other nucleic acid enzymes. The crystal
structure of human Thg1 now solved
by Hyde et al. (3) therefore provides a
remarkable dénouement by showing
that Nature accomplishes 3′-5′ nucleic
acid polymerization using a structural
fold homologous to the palm domain of
canonical 5′-3′ DNA polymerases (15).
Moreover, superpositions of Thg1 with
DNA polymerase locate three common
carboxylate groups in the predicted active
site. Using a cocrystal structure of Thg1
with bound dGTP together with metal
ion soaking experiments, Hyde et al.
(3) further show that these catalytic residues bridge to the substrate α- and
β-phosphates via two divalent metal ions
that are oriented similarly to those bound
in substrate complexes of T7 DNA polymerase (16). Thus, both the palm domain
fold and classic two-metal ion mechanism
for 5′-3′ nucleotide addition by DNA
polymerases appear to be conserved in the
3′-5′ phosphodiester bond formation reaction catalyzed by Thg1.
Based on mutational experiments, Hyde
et al. (3) suggest that the dGTP nucleotide
bound to human Thg1 may correspond
to the position of ATP used in the initial
activation step that produces the adenylylated intermediate. The triphosphate
portion of a second bound nucleotide is
also observed in the active site (3), where
it coordinates a number of basic residues
important to catalytic efﬁciency in the
yeast homolog (17). Thus, several pieces
Author contributions: J.J.P. and J.P.O. wrote the paper.
The authors declare no conﬂict of interest.
See companion article on page 20305.
1

To whom correspondence should be addressed. E-mail:
perona@chem.ucsb.edu.

PNAS | November 23, 2010 | vol. 107 | no. 47 | 20149–20150

COMMENTARY

Crystal structure of a reverse polymerase

Downloaded by guest on September 27, 2021

of the overall reaction scheme may already be in place, but a full understanding
of the stereochemical mechanism of catalysis will require additional structures,
including a tRNA-bound complex. Thg1 is
known to recognize the GUG anticodon
of tRNAHis, located at the opposite end of
the L-shaped molecule with respect to
the site of G−1 addition (Fig. 1) (18). A
small, helical subdomain located 20–30 Å
from the nucleotide binding site also
contains highly conserved residues critical
to catalysis (3, 17), and may be a key determinant of tRNA binding.
The ﬁnding that 5′-3′ and 3′-5′ nucleic
acid polymerization reactions are catalyzed by the same protein fold and metaldependent mechanism may ultimately
offer additional perspective on why 5′-3′
polymerases predominate in Nature even
though the two schemes are equally
favored on thermodynamic grounds (Fig.
2) (3). Interestingly, archaeal Thg1 enzymes are highly inefﬁcient in G−1 addition opposite the A73 eukaryote-speciﬁc
determinant, yet the yeast homolog
catalyzes template-dependent reverse
polymerization opposite C73 with efﬁciency comparable to ATP-dependent
nucleotidyl transfer (12, 13). Thus, it appears that reverse polymerization is the
more deeply rooted mechanism, and
that the ATP-dependent reaction is a recent eukaryotic innovation coevolving
with the transition from C73 to A73 in
tRNAHis. Further, a different 3′-5′ polymerization catalyzed by a still-unknown
enzyme is responsible for a remarkable 5′
tRNA editing mechanism occurring in
the mitochondria of lower eukaryotes, in
which the 3′ portions of tRNA acceptor

stems function as templates (19). These
editing reactions mirror the repair function of tRNA NTase (Fig. 1) in those organisms in which the 3′ terminal CCA is
encoded (13). The pioneering work of
Hyde et al. (3) now offers a landmark
structural paradigm by which 3′-5′ poly-
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Fig. 2. Isoenergetic mechanisms for canonical 5′-3′ nucleic acid polymerization (A) and for polymerization
in the reverse 3′-5′ direction (B).
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merization in these and perhaps other
as-yet uncharacterized systems will be
evaluated.
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