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Structural basis of reverse nucleotide polymerization
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Nucleotide polymerization proceeds in the forward (5’-3’) direc-
tion. This tenet of the central dogma of molecular biology is found
in diverse processes including transcription, reverse transcription,
DNA replication, and even in lagging strand synthesis where re-
verse polymerization (3'-5’) would present a “simpler” solution.
Interestingly, reverse (3’-5’) nucleotide addition is catalyzed by
the tRNA maturation enzyme tRNA"* guanylyltransferase, a struc-
tural homolog of canonical forward polymerases. We present
a Candida albicans tRNA™* guanylyltransferase-tRNAM* complex
structure that reveals the structural basis of reverse polymeriza-
tion. The directionality of nucleotide polymerization is determined
by the orientation of approach of the nucleotide substrate. The
tRNA substrate enters the enzyme’s active site from the oppo-
site direction (180° flip) compared with similar nucleotide sub-
strates of canonical 5'-3’ polymerases, and the finger domains
are on opposing sides of the core palm domain. Structural, bio-
chemical, and phylogenetic data indicate that reverse polymer-
ization appeared early in evolution and resembles a mirror
image of the forward process.

Thg1-tRNA complex | crystal structure | tRNA editing

Exclusive forward 5’-3’ elongation by DNA replication poses
severe challenges to the cell. Shortening or “aging” of linear
chromosomes leads to cellular senescence, which is linked to
many aging-related diseases (1). Sophisticated mechanisms are
found in the cell to compensate for the absence of a reverse
(3’-5’) nucleotide polymerase. The multisubunit ribonucleopro-
tein telomerase is used to prevent shortening of chromosomes by
adding DNA sequence repeats and telomeres to hinder the loss
of coding DNA regions from chromosomes (2). Likewise, lagging
strand synthesis involves the elaborate Okazaki fragment
mechanism (3), where reverse polymerization could provide a
simpler mechanism.

Despite the obvious advantages of bidirectional polymeriza-
tion, it has been assumed that reverse (3’-5") elongation was not
maintained or possibly never evolved (1). Although no proc-
essive reverse polymerase has been identified, reverse nucleotide
addition to the 5’-end of RNA is essential for tRNAM® matu-
ration. Eukaryotic tRNAHS guanylyltransferase (Thgl) adds
a single guanylate residue (G~ 1) to the 5'-end of pre-tRNAM,
G™' is the key identity element that allows histidyl-tRNA syn-
thetase (HisRS) to differentiate tRNA™® from the complex pool
of tRNAs present in the cell (4-6). This essential identity ele-
ment is encoded in the pre-tRNA genes of most bacteria and
archaea and is retained during tRNA processing by unusual
RNase P cleavage (7 8). In eukaryotes, however, G~ is not
encoded in the tRNAM™ gene and must be added posttranscrip-
tlonally as part of the tRNA maturation process to ensure His-
tRNAMS formation and accurate decoding of all His codons in
the cell.

Although enzymatic guanylylation activity has been known for
3 decades (9, 10), the respective enzyme, Thgl, was only 1dent1ﬁed
in yeast more recently (11 12). In eukaryotes, addition of G™*
the 5-end of pre-tRNA® requires ATP-dependent activation of
the tRNA substrate, followed by guanylylation and subsequent
dephosphorylation (13) to yield mature 5’ monophosphorylated-
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tRNAMS (Fig. S1). Eukaryotic Thgl specifically recognizes the
anticodon of tRNA™ (14) and relies on ATP for an initial tRNA
activation step, whereas archaeal-type Thgl homologs perform the
activation step with both GTP and ATP and generally appear to
be less stringent in tRNA recognition (15, 16). Although the bona
fide function of Thgl in eukaryotes is undoubtedly the addition
of G™! to the 5'-end of tRNAMS, archaeal-type counterparts
display additional reverse polymerase capacities in vivo and may
also function as tRNA repair or editing enzymes (17, 18).

Despite detailed biochemical and structural data (11, 12, 14—
16, 19-23) accumulated to date, it remains unclear why Thgl
catalyzes reverse polymerization whereas structurally similar
homologs in the polymerase family are capable of only 5'-3’
polymerization. The Thgl-tRNA™® complex structure presented
here reveals the molecular basis of reverse polymerization and
demonstrates that the directionality of polymerization is de-
termined by the orientation of substrate binding.

Results

Reverse Polymerization Requires Reverse Substrate Orientation. The
crystal structure of the human Thgl (HsThgl) apoenzyme (19)
showed that the catalytic core of Thgl shares structural homol-
ogy with canonical forward nucleotide polymerases, such as T7
DNA polymerase (19, 24, 25). In lieu of a cocrystal structure of
Thgl with its substrate tRNA, however, the mechanism allowing
the same enzymatic core to catalyze both forward and reverse
polymerization is unclear. We here present the cocrystal struc-
ture of Candida albicans Thgl (CaThgl) in complex with tRNA
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(Fig. 1). Like its forward polymerase relatives, each CaThgl sub-
unit can be described as a hand shape, consisting of a palm domain
including the catalytic core (residues 1-137) and the finger domain
(residues 138-268) (19, 26) (Fig. 2B). A comparison of Thgl-tRNA
with the T7 DNA polymerase-DNA structure allows a direct as-
sessment of differences between reverse and forward polymerases,
which illuminates how the shared enzymatic core can catalyze
polymerization in opposite directions. Strikingly, we found that the
direction of substrate approach to the catalytic core correlates
with the direction of polymerization (Fig. 1). In the forward T7
DNA polymerase-DNA complex (PDB ID 1T7P) (25), the 3’-end
of the primer strand is situated near a magnesium ion (Mg**A)
to promote deprotonation of 3'OH, and the triphosphate of the
incoming nucleotide is coordinated to Mg?*B, which facilitates
release of pyrophosphate. The substrate DNA approaches the
catalytic core from the direction of Mg”*A (Fig. 14). In compari-
son, the tRNA substrate in the Thgl-tRNA complex approaches
the catalytic core from the opposite direction (Fig. 1B). A struc-
tural alignment of the forward and reverse palm domains shows
a clear reversal of substrate binding.

Reflecting the opposing substrate orientation, the overall do-
main organization of forward and reverse polymerases can also
be described as a mirror image. The finger domain of forward
polymerases binds the template polynucleotide strand and forms
the incoming nucleotide-binding site with the palm domain (27).
The finger domain of Thgl likewise interacts with the template
strand and contributes to formation of the incoming nucleotide-
binding site. Although the palm domains are highly similar be-
tween forward and reverse polymerases, the respective finger
domains are on opposing sides of the palm domain, accommo-
dating the reversed approach of the polynucleotide template
and substrate (Fig. 1). The overall domain organization of T7

B Reverse polymerase
(Thg1)

A  Forward polymerase
(T7 DNA polymerase)

incoming
nucleotide

catalytic core

incoming
nucleotide

catalytic core

Fig. 1. Reverse polymerization is a mirror image of forward polymerization.
In forward and reverse polymerases, the approach of nucleic substrate
binding is concurrent with the direction of polymerization. The catalytic core
and the finger domain of the polymerases are shown as blue and cyan
cartoon models, respectively. Stick models indicate specific base pairing and
incoming nucleotides. Magnesium ions are shown as green spheres. (A) Di-
rection of substrate binding and domain organization of T7 DNA polymerase
as a forward polymerase. (B) The direction of substrate binding and domain
organization of Thg1 as a reverse polymerase. The triphosphate moiety of
the ppp-tRNA model was generated based on that of ATP in the CaThg1-ATP
structure.
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DNA polymerase excludes a reversed substrate binding, and Thgl
cannot accommodate a forward substrate.

Four Thg1 Molecules Coordinate Two tRNA Molecules by Cross-
Subunit Interaction. Previous studies and our data show that
Thgl catalyzes guanylylation of tRNAP™ with the His anticodon
GUG (tRNA™ ) (16) (Fig. S2 A and B). The yield of in vitro
transcripts for tRNAP®L 6 was ~10-fold higher than that
of tRNAMSAG™!. Therefore, initial large-scale crystallization
screening of C. albicans Thgl (CaThgl) in complex with tRNA
was carried out with tRNAP™5u6. Crystals of both artificial
CaThgl-tRNA"™ ;6 and native CaThgl-tRNA™"SAG™ com-
plexes were obtained under the same conditions. Both structures
were determined at resolutions of 3.6 and 4.2 A, respectively
(Table S1). The two tRNA complex structures were almost
identical with an rmsd of 0.29 A (Ca atoms of CaThgl) and 1.37
A (P atoms of tRNA), excluding the D- and variable-loops, which
do not interact with Thgl (Fig. S2 C and D). Throughout this
paper the higher-resolution CaThgl-tRNAF™; complex struc-
ture will be used to describe the structural features. Within the
asymmetric unit of the CaThgl-tRNA complex, four CaThgl as-
semble as a dimer of dimers (AB and CD). Two tRNA molecules
bind to a Thgl tetramer in a parallel orientation (Fig. 24 and Fig.
S3B). Gel filtration analysis and small-angle X-ray scattering
(SAXS) confirm an estimated molar ratio of 4:2 of Thgl and
tRNA in solution (Figs. S3 and S4; Table S2; ST Text).

Each tRNA molecule is coordinated by three subunits of the
tetramer (Fig. 2 4 and C). The acceptor stem of tRNAL is sit-
uated between subunits A and B. Both backbone structures of
the acceptor stem and the TYC arm are located near several
polar residues on the rear surface of the catalytic core of subunit
B (Fig. S2D). This indicates that the surface interaction is in-
volved in the stabilization of tRNA binding in a manner analogous
to the thumb domain in canonical forward polymerases (27). The
guanylylation of tRNAI occurs in subunit A and B, yet the an-
ticodon loop is bound to subunit D, thus aiding in the correct
positioning of the tRNA molecule (Fig. 2C). The CaThgl-tRNA
structure revealed a dual function of the fingers domain in tRNA
binding (Fig. 2D). The first RNA-binding surface, composed of
a5, a6, and following loop (loop a6—«7), binds to the end of the
acceptor stems’ sugar phosphate backbone. The second RNA-
binding surface composed of a5, «7, and a8 forms base-specific
interactions with the anticodon loop. The structural superposition
of the CaThgl subunits from the obtained structures revealed the
flexibility of the finger domain, especially in the helix bundle
formed by a5, a6, and o7.

Recognition of the Anticodon Leads to Correct Substrate Positioning.
Biochemical analysis showed that Thgl specifically recognizes
the anticodon of its cognate substrate tRNAM™SAG™! (14) (Fig.
S24). Interestingly, binding of Thgl to the tRNA leads to
a major distortion of the anticodon loop (Fig. 3). In the native
yeast tRNAF™ structure, anticodon loop nucleotides 34-38 form
a continuous base stack with the anticodon stem (28). This
stacking interaction is disrupted by binding to Thgl, resulting in
a flip of anticodon bases G34, U35, and G36 out of the anticodon
loop toward Thgl (Fig. S5D). Our data show that all three an-
ticodon bases are specifically recognized by Thgl.

The first anticodon base, G34, is recognized by aromatic
stacking of the purine ring between Phe194 and the guanine base
of G37 (Fig. 34 and Fig. S64). A tRNA G34C mutant cannot be
guanylylated by Thgl, confirming a purine-specific recognition at
position 34 (Fig. 3E). The importance of aromatic stacking is
further emphasized by the fact that the Thgl mutant Phe194Ala
as well as a tRNA G37C mutation decreased the guanylylation
activity to 10% of the wild type (Fig. 3E). The Phe194Tyr mu-
tation, which confers the aromatic stacking interaction, had little
effect on the activity that was observed. Consistently, position 37
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Fig. 2. The crystal structure of the CaThg1-tRNA complex. Shown is the structural arrangement and domain organization of Thg1 in complex with tRNA. (A)
The overall structure of the CaThg1-tRNA complex consists of a CaThg1 tetramer and two tRNA molecules (tRNA1 and tRNA2). The subunits of Thg1 are
colored as follows: cyan, subunit A; orange, subunit B; green, subunit C; and magenta, subunit D. tRNA1 and tRNA2 are colored yellow and light yellow,
respectively. (B) The domain organization of CaThg1. The palm domain (residues 1-137) and finger domain (residues 138-268) are colored in blue and cyan,
respectively. (C) One tRNA molecule is recognized by cross-subunit interactions of three Thg1 molecules. The CaThg1 tetramer is displayed as a surface model.
The 2mFo-DFc map for tRNA1 is colored in blue and is contoured at 1.0 . (D) Dual RNA-binding surface (a5, a6, and «7) of the finger domain. The helix bundle
a5-a7 of subunit D with tRNA1 (magenta) was superposed onto that of subunit A (cyan). The binding of tRNA induced the conformational change of the

finger domain.

of eukaryotic tRNA™® is well conserved as a purine base (29).
Anticodon base G34 forms a guanine-specific hydrogen to U35
(Fig. 3 4 and B), and Thgl activity toward a G34A mutant is
negligible, demonstrating that Thgl specifically recognizes G34
by aromatic stacking and hydrogen bond interactions (Fig. 3D).

Thg1 recognizes the second anticodon base, U35, via hydrogen
bonds with Asn202 (Fig. 3B and Fig. S6 A and B). A purine base
at position 35 is excluded by steric hindrance with the loop a7-
a8. U35 is further stabilized by hydrogen bonds with Asn190 and
G34, and corresponding mutations (Thgl Asn190Ala and tRNA
U35C) lead to decreased guanylylation (Fig. 3E). The highly
conserved Asn200 is crucial for stabilization of the anticodon
loop structure (Fig. 3D) and interacts with the phosphate and
ribose group of U35. A Thgl Asn200Asp mutation completely
abolishes enzyme activity (Fig. 3E).

The third anticodon base, G36, is coordinated in a groove
formed by o5 and o8 (Fig. 3C and Fig. S6B). Stacking interaction
between His154 (Fig. S7), as part of the eukaryotic-specific se-
quence motif H;5,INNLY (30), and G36 facilitates specific
recognition of the purine base, and a corresponding His154Ala
mutation decreases guanylylation activity to 50% (Fig. 3E).
G36 is further coordinated via hydrogen bonds with Lys209
and Lys210 (Fig. 3C). Consequently, mutants Lys209Ala and
Lys209GIn showed a decrease to 15% in guanylylation activity
and Lys209Glu is inactive (Fig. 3E). In summary, binding of
the GUG anticodon by the finger domain of subunit D places
the acceptor stem and thus the 5’-end of the tRNA in the
catalytic pocket composed of subunits A and B, demonstrating
why the His anticodon is essential for catalytic activity.

Coordination of the Acceptor Stem. Binding of the anticodon ap-
propriately places the acceptor stem to interact with the loop
between a5 and a6 of the finger domain. In subunit A, the tRNA
5’-end is positioned in the catalytic pocket composed of subunits
A and B (Fig. 44 and Fig. S6C). On the “template” side of the
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tRNA substrate, acceptor stem bases C75 and A76 were dis-
ordered in the structure. C74 is located between the N-ter-
minal helix ol of subunit B and the loop a5-a6 of the finger
domain of subunit A. The main chain of the loop a5-u6
interacts with the backbone of the 3’ terminus of the tRNA via
hydrogen bonds with the phosphate group of C74 and the ri-
bose group of C72. tRNA deletion mutants lacking ACCA-3’
(tRNAPSAG™-AACCA) and CCA-3' (tRNA™SAG™'-ACCA)
showed decreased guanylylation activity of 30%, whereas the
deletion mutant CA-3' (tRNA™SAG™'-ACA) maintained
wild-type activity levels (Fig. 4B). This data indicated that C75
and A76 are unlikely to participate in the catalytic reaction.
On the “primer side” of the tRNA substrate, only weak
interactions were observed between the 5’-end of tRNA and the
long helix a5 of the finger domain (Fig. 44). The highly con-
served residues Tyr159 and Glul78 form hydrogen bonds with
the backbone of tRNA bases G2 and G3, but no interactions
were observed between the 5-G™' and the finger domain. The
correct positioning of the primer for nucleotide addition is ac-
complished mainly through base pairing with the template strand
and not by direct interaction of Thgl with the primer strand. The
tRNA mutant C72A, which is defective in Watson—Crick base
pairing with the 5'-G™ base, decreased guanylylation activity to
the level of tRNA"™AG™'-AACCA and tRNA"™AG™'-ACCA
(Fig. 4B). Taken together, these observations indicate that the
interaction between the Thgl and the 3’-end of tRNA and G1-
C72 Watson—Crick base pairing are required to localize the
5'-G*! of tRNA close to the catalytic core of the palm domain.
Base A73, the template base for G~ reverse polymerization, is
placed within base-pairing distance of the incoming nucleotide.

Nucleotide Recognition for Adenylylation and Guanylylation. In
contrast to archaeal Thgl, which can use both ATP and GTP,
eukaryotic Thgl requires ATP for the activation step (23). To
determine how eukaryotic Thgl differentiates ATP from GTP,
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Fig. 3. CaThg1 specifically recognizes the three anticodon bases of tRNA",
Anticodon bases G34 (A), U35 (B), and G36 (C) are tightly coordinated by the
finger domain. Amino acid residues interacting with the substrate tRNA are
displayed as stick models; dashed lines indicate hydrogen bonds. (D) Sche-
matic representation of anticodon loop recognition by the finger domain.
Blue and red arrows show hydrogen bond interactions between Thg1 and
the anticodon loop mediated by the protein main chains and side chains,
respectively. A cyan arrow indicates RNA-RNA interactions; parallel hori-
zontal lines represent stacking interactions. (E) Mutational analysis of the
interface region between the finger domain and the anticodon loop. The
rate of guanylylation activity using [a->2P]GTP, wild-type CaThg1, and wild-
type CatRNAM*AG™" is denoted as 100. The error bars show the SD of three
independent experiments.

we solved the structures of CaThgl-ATP and CaThgl-GTP. In
the ATP complex structure, two ATP molecules (ATP1 and
ATP2) were observed at the catalytic pocket with clear electron
densities as well as two GTP (GTP1 and GTP2) in the CaThgl-
GTP structure (Fig. S8 4 and B). Furthermore, in both struc-
tures, three magnesium ions (Mg”*A, Mg**B, and Mg**C) were
observed at the same position previously identified by a manga-
nese ion soaking in the HsThgl structure (19). Superposition of
CaThgl-GTP and CaThgl-ATP shows that the adenine base of
ATP1 is more deeply embedded into the nucleotide-binding
pocket than GTP1 and recognized by hydrogen bonds with the
main chain of Asp47 (Fig. 4C). The base of GTP1 forms hy-
drogen bonds with the main-chain atoms of Glu43 and Asp47,
which are also observed in the HsThgl-dGTP structure (19).
Remarkably, unlike the CaThgl-GTP structure, electron density

Nakamura et al.

maps in the CaThgl-ATP structure clearly show that the side
chain of Lys44 interacts directly with ATP1 (Fig. 4C and Fig.
S84). The mutant Lys44Ala of Saccharomyces cerevisiae Thgl
decreased the catalytic efficiency for the adenylylation step
2,000-fold (21).

Discussion

Thg1: A Mirror Image of Forward Polymerization. In all known living
organisms, nucleotide polymerization occurs exclusively in a 5'-3’
direction, adding 5’ nucleotide triphosphates to the 3’ hydroxyl
group of the growing polynucleotide chain. Two divalent metal
cations (Mg”") facilitate the transfer of an electron pair from the
free 3’ hydroxyl group to the a-phosphate of the incoming nu-
cleotide. The required catalytic energy for this elongation re-
action is derived from the hydrolysis of the triphosphate group of
the incoming nucleotide. For reverse polymerization, the in-
coming nucleotide is added to the 3’-end of the polynucleotide
substrate. In this reaction, the nucleotide addition to the 5’
monophosphate of the RNA requires an initial activation step,
yielding a hydrolyzable di- or triphosphate. All following nucle-
otide additions can than be achieved by hydrolysis of the 5’ tri-
phosphate of the previously added nucleotide. Thus, reverse
polymerization requires an initial activation step, followed by
chain elongation similar to forward polymerization.

In the reverse polymerase Thgl, the activation step is either an
adenylylation reaction (eukaryotic Thgl) or, alternatively, a gua-
nylylation reaction (archaeal Thgl) (16). In comparison with ca-
nonical forward polymerases, Thgl contains an additional Mg**
binding site, which accommodates the activation step. Mg?*A and
Mg”*B participate in the initial activation step, whereas Mg*"C
coordinates the incoming nucleotide-binding site for reverse po-
lymerization. This additional nucleotide-binding site may allow
template-dependent reverse polymerization without steric hin-
drance. With the means to accommodate the initial activation
step, the structural components to adequately position the sub-
strate polynucleotide in the reverse orientation, and the catalytic
palm domain capable of carrying out extended polymerization,
Thgl contains all factors required to promote reverse nucleotide
polymerization. Although most Thgl variants seem limited to
single-nucleotide addition, a few variants have been shown to
promote an extended reverse polymerization (16, 18). These
variants are candidates for future protein engineering toward
a high-efficiency reverse polymerase, which will impact diverse
areas of biotechnology and biochemical investigation including
sequencing, 3" UTR analysis, and 3' DNA and RNA labeling.

Mechanistic Insights into Reverse Polymerization. Following tRNA
binding, reverse nucleotide addition of Thgl requires three
distinct catalytic steps: adenylylation, guanylylation, and de-
phosphorylation (13) (Fig. S1). By combining structural in-
formation from CaThgl-tRNA, -ATP, and -GTP complexes,
we constructed the reaction model of the adenylylation and
guanylylation steps (Fig. 5 and Fig. S9 4 and B).

Preceding the adenylylation step, Thgl binds to the substrate
tRNAM® and differentiates substrate from nonsubstrate tRNA
by recognition of the GUG anticodon (Fig. 54). Previous bio-
chemical data showed that the activating adenylylation of
tRNA by Thgl is strongly dependent on anticodon recognition;
guanylylation using 5'-ppp-tRNA as the substrate, however, is
not (22). Our data indicate that anticodon binding by the finger
domain is crucial for correctly positioning the tRNA base 5'-G™
into the catalytic pocket for adenylylation of the 5’-monophosphate
group (Fig. 5B). Binding of the anticodon leads to a major dis-
tortion of the tRNA anticodon, which may provide the binding
energy required for the activation reaction to occur.

The first catalytic step, adenylylation, is mechanistically very
similar to the nucleotide addition carried out by forward poly-
merases (Fig. 5C). The CaThgl-ATP structure indicates that the
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Fig. 4. The finger domain of Thg1 tightly coordinates the 3' RNA end. (A) Interactions between the finger domain of subunit A and the 3'-end of tRNA. The
residues interacting with tRNA are shown as stick models; dashed lines indicate hydrogen bonds. (B) Guanylylation activity of 3’-end deleted variants of
tRNAYSAG™" (lane 1); tRNA"SAG™'-AACCA (lane 2), tRNA"AG™'-ACCA (lane 3), tRNA"SAG™"-ACA (lane 4), tRNA"*AG™"-C72A (lane 5), and tRNA" with G~
(lane 6). The rate of guanylylation activity using [o->2P]GTP, wild-type CaThg1, and wild-type tRNA™AG™" is denoted as 100. The error bars show the SD of
three independent experiments. (C) Superimposed ATP1 and GTP1 by alignment of Thg1. The yellow and magenta dashed lines indicate hydrogen bonds in

the nucleotide-binding pocket with ATP and GTP, respectively.

invariant Lys44 recognizes the base and ribose of ATP. Among
all forward polymerases, the two-metal-ion mechanism is con-
served, with Mg?*A contributing to the positioning and depro-
tonation of the 3'OH of the primer strand (27). In the Thgl
reaction model, the 5’-phosphate moiety of the tRNA is located
between Mg”A and Mg**B. Such coordination adequately posi-
tions the 5’-phosphate for attack on the ATP a-phosphate. Con-
sistent with the reaction mechanisms deduced from the HsThgl
structure, the initial activation of tRNA is similar to the general
polymerase mechanism (19).

The subsequent guanylylation is directed from the second
nucleotide-binding site (ATP2/GTP2) (Fig. 5D). Although the
triphosphate group of GTP is tightly coordinated between Mg**
C and conserved Arg92, Arg312, Lys10, and Lys95 (Fig. S7), the
base moiety of GTP is not specifically recognized, so conceivably
any nucleotide could be accommodated in the second nucleo-
tide-binding site. This is the key finding for ongoing engineering
efforts to develop a versatile reverse polymerase. We propose
that, during the reaction, the 3’OH of GTP could be coordinated
by Mg®*A and deprotonated to attack the activated 5’-end (tri-
phosphate group) of the tRNA during reverse polymenzatlon
Although the 3'OH of GTP is ~7-10 A from Mg>*A in the
CaThgl-GTP structure, a slight rotation of GTP would allow
the coordination of the GTP 3’OH to Mg**A without steric
hindrance (Fig. S94). Interestingly, the base m01ety of rotated
GTP would accommodate base stacklng with G*'. Base flipping
of GTP would further result in the formation of hydrogen
bonds of GTP with the conserved side chain Asn156 in the

HIN;5,NLY motif (Fig. 5D and Fig. S94). Although Bacillus
thuringiensis Thgl (BtThgl) does not feature the eukaryote-
specific HINNLY motif, the structural arrangement is very
similar (20), with Asn154 likely assuming the role of Asn156
in CaThgl.

Taken together, our reaction model indicates that tRNA
binding and hydrogen bonding stabilize the conformational
change of GTP, which allows the coordination of GTP 3'OH
with Mg**A for the subsequent nucleophilic attack of the acti-
vated tRNA, the same mechanisms used by canonical forward
polymerases. The presented structure gives detailed information
on substrate binding, but deciphering the complete reaction
mechanism, including pyrophosphate removal, will require fur-
ther structural analysis of Thgl with nonhydrolyzable ATP, GTP,
and tRNA.

Evolution of Forward and Reverse Polymerization. A structure-based
phylogeny of palm domain—containing enzymes reveals a “star”
phylogeny, indicating that polymerases likely diverged very early
in evolution into families with distinct functions (Fig. 6). The
various palm-domain—containing proteins, including DNA and
RNA polymerases, adenylyl cyclases, and reverse transcriptases,
form separate phylogenetic clades that are as distantly related to
each other as they are to Thgl. Thgl is a separate group that is
not recently derived from modern canonical polymerases. Thgl,
or a reverse polymerase Thgl ancestor, is thus an early invention
in evolution. This is also reflected in the observation that the
polymerase clades share little amino acid sequence identity.

Anticodon recognition

Fixing 5 -end of tRNA

Adenylylation step Guanylylation step

Fig. 5. Proposed reaction model for Thg1. (A) The finger domain of Thg1 specifically recognizes the anticodon bases of tRNA"*AG™~". (B) Next, the 5-end of

tRNAMSAG™!

is indirectly coordinated through base pairing with the 3’-end of the acceptor stem, which interacts with the reverse side of the finger domain.

(C) The tRNA 5’ phosphate group is coordinated by a magnesium ion (Mg?*A) and subsequently attacks the a-phosphate of ATP, which is activated by two
magnesium ions. The hydrogen bonding between Lys44 and ATP is critical for the adenylylation of tRNA"AG™". (D) The tRNA binding induces the co-
ordination and deprotonation of 3'OH of GTP through Mg?*A. Amino acid residue Asn156 specifically recognizes the base moiety of GTP.
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Fig. 6. Structural phylogeny of palm domains from the reverse polymerase
Thg1 and canonical forward polymerases. For the identification of palm
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played and color-coded by structural conservation (from blue indicating
highly conserved to red indicating little structural conservation).

Although the palm domain core is structurally well-conserved,
additional domains, such as the finger and thumb domain, were
likely added to refine polymerase function including the di-
rection of polymerization. Within most subgroups, proteins from
archaea, bacteria, eukaryotes, and viruses can be found, in-
dicating that the functions of the various families evolved before
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the split of these taxonomic domains (14). This agrees with the
sequence-based phylogeny of Thgl proteins, which showed that
Thgl groups in accordance with accepted taxonomy (16). It is
therefore likely that a Thgl-like reverse polymerase existed in
the last universal common ancestor. Indeed, an extended re-
verse polymerization function, as occurs in certain modern Thgl
variants (16, 18), evolved but was restricted to the tRNA matu-
ration role, possibly because 5’-3" polymerases developed selec-
tively advantageous capabilities such as proofreading and effective
processing. The Thgl-tRNA complex shows that reverse poly-
merization is a molecular mirror image of the more common 5’-3’
process, and it is conceivable that, given the ancient emergence of
reverse polymerization, this activity evolved before the biological
cell was fully committed to forward nucleotide polymerization for
its most basic processes.

Materials and Methods

The preparation of CaThg1, tRNA and their mutants, and the details of
crystallization and structure determination is covered in S/ Materials and
Methods. Structures of the CaThg1-tRNA, CaThg1-ATP, and CaThg1-GTP
complexes were solved by molecular replacement methods. Atomic coor-
dinates and structure factors have been deposited in the Protein Data Bank
under accession numbers 3WBZ (CaThg1-ATP), 3WCO0 (CaThg1-GTP), 3WC1
(CaThg1-tRNAMAG™"), and 3WC2 (CaThg1-tRNAP"¢yc). The details of SAXS
experiments, gel filtration analysis, Thg1 assay, and phylogenetic tree analysis
(31) are provided in SI Materials and Methods.
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