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Figure 4. RNA ligation reactions demonstrating the NTP cofactor specificity of RtcB and an active-site view of the RtcB-pG intermediate.
(A) Reactions testing NTP cofactor specificity with RtcB alone or RtcB with 100nM Archease. NTP cofactors were tested at 0.10mM, and
reaction mixtures were incubated at 70°C for 30min. (B) Graph of the ligation product obtained for each NTP cofactor. Values are the
mean + SE for two separate experiments. (C) ATP-dependent RtcB-catalyzed RNA ligation reactions titrated with increasing concentrations of
Archease, as specified. Reaction mixtures were incubated at 70°C for 20 min. Values are the mean + SE for three separate experiments. (D) Crystal
structure of the P. horikoshii RtcB—pG intermediate (PDB entry 4it0) illustrating the residues that contact the guanine nucleobase. (E-I) Michaelis—
Menten plots of reaction rate versus NTP cofactor concentration for RtcB-catalyzed RNA ligation reactions under single-turnover conditions. Where
indicated, Archease was included at a concentration of 100 nM for reactions with GTP, dGTP and ITP, while reactions with ATP included 800 nM
Archease. Values are the mean + SE for three separate experiments. (J) Single-turnover kinetics of ATP-dependent RNA ligation catalyzed by RtcB
with the inclusion of Archease (800 nM). Values are the mean + SE for two separate experiments. Ligation reaction mixtures contained 50 mM Bis—
Tris buffer (pH 7.0), NaCl (300 mM), MnCl, (0.25mM), NTP as indicated, P. horikoshii RtcB (S5uM), 5 RNA fragment (1.0 uM) and 3" RNA
fragment (1.0 pM).

variants of RtcB were assayed in ligation reactions with these substitutions rendered RtcB alone inactive. Yet,
and without the inclusion of Archease. The RtcB amino- when Archease was included, the F204A, E206A and
acid substitutions assayed were D65A, D95A, N202A, K480A variants were rescued—they became active cata-
H203A, F204A, E206A, H404A and K480A. Each of lysts of the ligation reaction (Figure 7A). These three
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Figure 5. Crystal structure of P. horikoshii Archease. (A) A cartoon representation of the four Archease subunits per asymmetric unit with the Ca(1l)
ions represented as spheres. (B) The Ca(Il) ion-binding site at the interface of subunits A and B. The Ca(II) ion-binding residues are depicted as
sticks, and the Ca(Il) ion and water molecules are shown as spheres. (C) Archease subunit A depicting the Ca(1l) ion-binding site at the base of the
N-terminal protrusion. A turn of 90° demonstrates the slenderness of the protein. (D) Electrostatic surface potential of Archease subunit A with blue

and red indicating regions of positive and negative charge, respectively.

variants had substitutions of residues that interact directly
with the guanine base in the RtcB—pG structure (11,12)
(Figure 4D). The ligation activity of RtcB variants with
substitutions of residues involved directly in binding
Mn(1l) (D95A and H203A), interacting with the triphos-
phate moiety (N202A), and forming the histidine-GMP
covalent bond (H404A and D65A) were unable to be
rescued by Archease. We did, however, observe that
Archease rescued the RNA 3'-P guanylylation activity
of D95A RtcB (Figure 7A), a variant perturbed in
the binding site for the second Mn(Il) ion, Mn2
(Figure 4D). The rescue of ligation activity with GTP as
a cofactor was recapitulated with ATP as a cofactor,

except for undetectable activity with F204A RtcB
(Figure 7B and C). When assayed with ATP as a
cofactor, K480A RtcB catalyzed the formation of
~2-fold more ligation product than did the wild-type
enzyme in the presence of Archease during incubation of
the reaction mixtures at 70°C for 30 min. This finding sug-
gested that eliminating the clash between the amino group
of Lys480 and the adenine exocyclic amine facilitates ATP
utilization by lowering its Ky value. Yet, the ATP Ky *
value for K480A RtcB was nearly identical to the ATP
Ky* value for wild-type RtcB when 800 nM Archease was
included (Figure 7D and E). Instead, the increased ligation
product formed by K480A RtcB can be explained by an
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Figure 6. Structure-guided mutagenesis of conserved Archease residues. (A, B) Archease variants with alanine substitutions were tested for their
ability to activate RtcB in RNA ligation reactions with GTP (A) or ATP (B) as a cofactor. Reaction mixtures included 100nM Archease where
specified and were incubated at 70°C for 30 min. (C) Graph of the ligation product obtained for each Archease variant. Values are the mean + SE for
two separate experiments. Ligation reaction mixtures contained S0 mM Bis—Tris buffer (pH 7.0), NaCl (300 mM), MnCl, (0.25mM), GTP or ATP
(0.10mM), P. horikoshii RtcB (5uM), 5 RNA fragment (1.0 uM) and 3" RNA fragment (1.0 pM).

increased reaction rate under single-turnover RNA
ligation conditions (Figure 7F). The apparent overall
ligation rate constant for K480A RtcB with ATP was
(0.032 + 0.004) min~', a value 33% greater than that
obtained for wild-type RtcB with ATP under identical
reaction conditions (Figure 4J).

DISCUSSION

We have demonstrated the evolutionary rationale for
organizing rtcB and archease into an operon in diverse
bacteria and archaea. Likewise, the E. coli operon organ-
ization of rtcA (RNA 3'-terminal phosphate cyclase A)
and rtcB was initially used as a rationale to test RtcB
for the ability to ligate RNA 2’,3'-cyclic phosphate and
5-OH termini (28), an activity which was confirmed
later (6). RtcB and Archease are highly conserved in all
three domains of life, and RtcB is known to be the essen-
tial catalytic component of a tRNA splicing complex in
humans (4). Our functional studies of Archease and RtcB
from P. horikoshii have shown that Archease modulates
all three nucleotidyl transfer steps during catalysis by
RteB. It is especially notable that Archease converts
RtcB from a ligase that displays no ATP-dependent
activity to a ligase displaying low micromolar Ky*
values for GTP, dGTP, ITP and ATP. This demonstrates
that Archease affects binding not only to the nucleobase,
but also to the ribose. The ability for Archease to endow
RtcB with altered NTP specificity, as well as recover the

activity of RtcB variants with substitutions in the guanine-
binding pocket, suggests that there might be a purine-
binding pocket on Archease. We were, however, unable
to detect direct binding of ["*C]GTP to Archease.
Alternatively, a novel composite purine-binding pocket
could form on interaction of the two proteins, or
Archease could enforce an alternative nucleoside binding
conformation within the RtcB active site. The small size
and negative surface charge of Archease are consistent
with its binding in the positively charged cleft of RtcB,
which is also presumed to be the binding site for substrate
RNA. Elucidation of the mechanism of altered NTP spe-
cificity will likely require obtaining a crystal structure of
the RtcB—pA * Archease complex.

Although we have identified an essential metal-binding
site in Archease, we cannot ascertain if that site binds to
its own metal ion or to one of the two Mn(Il) ions in the
RtcB active site. We do note that a metal-binding site
consisting of absolutely conserved carboxylates located
at the tip of Archease is reminiscent of GreB, a bacterial
RNA polymerase transcription factor (29). GreB is a small
(18.5kDa) protein that functions to rescue a stalled RNA
polymerase complex. RNA polymerase arrests when the
transcript 3’-end loses base-pair contact with the DNA
template, thereby disengaging the 3’-OH from the active
site. GreB stimulates endonucleolytic cleavage of the tran-
script 3’-end, allowing RNA polymerase to restart. GreB
has two conserved carboxylates at the tip of a coiled-coil
that are placed into the polymerase active site and stabilize
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Figure 7. Effect of Archease on the activity of active-site variants of RtcB in RNA ligation assays with GTP or ATP as a cofactor. (A) Reactions
with GTP (0.10mM) as a cofactor. (B) Reactions with ATP (0.10mM) as a cofactor. Reaction mixtures included 100 nM Archease where indicated,
and were incubated at 70°C for 30min. (C) Graph of the ligation product obtained for each RtcB variant. Values are the mean + SE for two
separate experiments. (D) ATP-dependent K480A RtcB-catalyzed RNA ligation reactions titrated with increasing concentrations of Archease, as
specified. ATP was included at 0.10mM, and reaction mixtures were incubated at 70°C for 15min. Values are the mean + SE for three separate
experiments. (E) Michaelis—-Menten plot of reaction rate versus ATP cofactor concentration for K480A RtcB-catalyzed RNA ligation reactions under
single-turnover conditions. Values are the mean + SE for three separate experiments. (F) Single-turnover kinetics of ATP-dependent RNA ligation
catalyzed by K480A RtcB with the inclusion of Archease (800 nM). Values are the mean = SE for two separate experiments. Ligation reaction
mixtures contained 50 mM Bis-Tris buffer (pH 7.0), NaCl (300 mM), MnCl, (0.25mM), NTP as indicated, P. horikoshii RtcB (5uM), 5 RNA

fragment (1.0 uM) and 3’ RNA fragment (1.0 uM).
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binding of the polymerase Mg2 ion, which stimulates
an intrinsic endonucleolytic transcript cleavage activity
(29,30).

Previously, we showed that RtcB uses a two-metal
mechanism during reaction with GTP, a mechanism that
is similar among all nucleotidyl transferases, including
RNA polymerase (12,31). By analogy to GreB, the
‘sticky finger’ carboxylates of Archease might function
to position or reposition an Mn(Il) ion in the RtcB
active site. The structure we present of Archease appears
to capture it in a position appropriate for ‘handing off” its
metal ion to a partner protein (Figure 5B). A role for
Archease in positioning Mn(II) in the Mn2 site is sug-
gested by the observation that Archease can rescue the
RNA 3'-P guanylylation activity of an RtcB variant that
has an inactive D95A substitution in that site (Figure 7A).
During the RtcB histidine-guanylylation reaction, Mn(II)
in the Mn?2 site reduces the negative charge on the GTP
triphosphate moiety and orients the PP; leaving group
apically to the histidine nucleophile. The subsequent
RNA 3-P guanylylation reaction would require the
RNA 3-P to bind where PP; was located, directly
adjacent to the Mn2 site, such that an in-line attack can
occur on the phosphorous atom of GMP. It is unknown
whether Mn(I1) leaves the Mn2 site along with PP; or stays
bound to RtcB. If Mn(II) is indeed displaced after histi-
dine guanylylation, then the remarkable rescue of RNA
3’-P guanylylation activity by Archease could be explained
by an effect on the Mn2 site. Additionally, the finding
that only catalytic concentrations of Archease are
required for RtcB activation suggests that the two
proteins interact only transiently, with RtcB recruiting
Archease as necessary.

An alternative hypothesis is that Archease assists in the
release of GMP or ligated RNA formed as a product of
the RtcB ligation step (Figure 1A). Product release is
thought to be the rate-limiting step for nick-sealing by
T4 DNA ligase (32). Yet, the rate accelerations we
observed were under single-turnover conditions—the
reaction rates were not dependent on GMP or ligated
RNA product release. Also pertinent to consider is that
Archease could affect the release of PP; generated on for-
mation of RtcB—pG. Obtaining a crystal structure of the
RtcB+Archease complex will likely be important for
understanding the mechanism of RtcB activation.

Activators of enzymatic activity are typically small mol-
ecules (33). Posttranslational modifications such as phos-
phorylation and acetylation can also enhance enzymatic
activity (34-36). Protein activators of enzymes are
rare, though the activation of a nucleic acid ligase by a
protein partner is known. The bacterial proteins poly-
nucleotide kinase-phosphatase (Pnkp) and hua enhancer
1 (Henl) form a complex that repairs ribotoxin-cleaved
RNAs. The Pnkp/Henl complex has evolved such that
the methyltransferase Henl is required for activating the
ligase activity of Pnkp. This requirement ensures that
Henl has the opportunity to methylate the 2'-OH at the
repair junction, thus preventing future ribotoxin-cleavage
at the same site (37). The activity of eukaryotic DNA
ligase IV, involved in nonhomologous end-joining, is
activated by the proteins XRCC4 and XLF (38,39).

Nucleic Acids Research, 2014, Vol. 42, No.6 3941

The previous demonstration that Archease also modulates
the specificity of a tRNA m’C methyltransferase (2)
strengthens our conclusion that Archease is a critical
factor for tRNA maturation. Here, we have demonstrated
that Archease not only activates a tRNA ligase, but also
broadens its NTP specificity.
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