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The RtcB protein has recently been identified as a 3’-phosphate
RNA ligase that directly joins an RNA strand ending with a 2',3'-
cyclic phosphate to the 5’-hydroxyl group of another RNA strand
in a GTP/Mn?*-dependent reaction. Here, we report two crystal
structures of Pyrococcus horikoshii RNA-splicing ligase RtcB in com-
plex with Mn?* alone (RtcB/ Mn2*) and together with a covalently
bound GMP (RtcB-GMP/Mn?*). The RtcB/ Mn?* structure (at 1.6 A
resolution) shows two Mn?* ions at the active site, and an array of
sulfate ions nearby that indicate the binding sites of the RNA
phosphate backbone. The structure of the RtcB-GMP/Mn?* com-
plex (at 2.3 A resolution) reveals the detailed geometry of guany-
lylation of histidine 404. The critical roles of the key residues
involved in the binding of the two Mn?* ions, the four sulfates,
and GMP are validated in extensive mutagenesis and biochemical
experiments, which also provide a thorough characterization for
the three steps of the RtcB ligation pathway: (/) guanylylation of
the enzyme, (ii) guanylyl-transfer to the RNA substrate, and (iii)
overall ligation. These results demonstrate that the enzyme'’s sub-
strate-induced GTP binding site and the putative reactive RNA
ends are in the vicinity of the binuclear Mn?* active center, which
provides detailed insight into how the enzyme-bound GMP is tans-
ferred to the 3’-phosphate of the RNA substrate for activation and
subsequent nucleophilic attack by the 5’-hydroxyl of the second
RNA substrate, resulting in the ligated product and release
of GMP.

RNA repair | tRNA splicing | two-metal-ion catalysis

NA ligases join two RNA strands whose ends are produced

by specific RNases in many biological processes during tRNA
processing/splicing, antiphage, or unfolded protein response (1-
3). Most widely studied are the 5’-Phosphate (5'-P) RNA ligases
(4-6) that specifically catalyze the nucleophilic attack of a free 3'-
hydroxyl on an activated 5'-P. However, these ligases cannot
directly join two RNA strands ending with a 2’,3’-cyclic phos-
phate (RNA>p) and with a 5’-hydroxyl group. Before ligation,
these strands require the action of a polynucleotide kinase
(forming a 5’-P) and a phosphoesterase (generating a free 3'-
OH) (6). The joining mechanism of 5’-P polynucleotide ligases
involves a 3’-hydroxyl and an activated 5-P end for in-
ternucleotide phosphodiester bond formation (7, 8). The 5'-P
activation enzymes include group I and II self-splicing introns,
the spliceosomal apparatus, and DNA/RNA polymerases, as well
as other nucleotidyl transferases (9-11). Similarly, the tRNA™
guanylyltransferase ligates the 3’-OH of GTP to the 5’-terminus
of tRNA through its adenylylation-activated 5’-P; this gives the
appearance of reverse polarity of nucleotide addition relative to
normal RNA polymerases (12).

The 3’-Phosphate (3'-P) RNA ligase activities were identified
three decades ago; they use a 3’-P as a donor for joining two RNAs
without involvement of phosphorylation of the 5’-hydroxyl or de-
phosphorylation of the 2’,3’-cyclic phosphate (13, 14). Recently,
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enzymes with this activity were purified from Methanopyrus
kandleri or HeLa cells (15, 16), and then assigned to the RtcB
family. Cloned family members from Pyrococcus horikoshii (PH),
Pyrobaculum aerophilum, Escherichia coli, and Homo sapiens (as
the central component of a four-protein complex) have been
shown to have hgase act1v1ty (15-18). E. coli RtcB is most active in
the presence of Mn?* and stimulated by GTP (17). Biochemical
analysis revealed a covalent RtcB-GMP mtermedlate to an iden-
tified histidine and a mechanism reminiscent of Mg**-dependent
adenylylation of 5’-P DNA and T4 RNA ligases (17, 19, 20). Be-
fore the discovery of the RtcB activity a crystal structure of the
apo-PH RtcB was solved, revealing a unique protein fold with
a putative metal ion-binding site (21). This structure could not
explain the divalent metal ion specificity, nor reveal the RNA and
GTP binding sites. We report here two PH RtcB structures and
present: (i) binding of two Mn®" ions in the single active center,
and (ii) H404 as the site of enzyme guanylylation catalyzed by the
D65-H404 dyad (Fig. 1). Our additional biochemical analysis
reveals a stable 3’-P guanylylated RNA intermediate as an acti-
vation step for the 3'-P ligation.

Results and Discussion

RtcB Structures Have Two Mn?* lons at the Active Site and a Covalently
Bound GMP. The overall structure of the RtcB/Mn* complex with
four sulfate ions (SO4-1 SO4-2, SO4-3, and SOy4-4) bound near
the putative active site is similar to an earher RtcB structure that
lacked metal ions (21). The identity of the two bound Mn>* was
established in anomalous difference Fourier maps with peaks
over 25 6. One Mn®*, Mn(t), is in tetrahedral coordination with
three conserved hgands (D95 (€98, and H203) and a sulfate ion,
SOy4-2, which may mimic the 2’,3’-cyclic phosphate terminus
of the RNA in the ligation reaction (Fig. 2). The second Mn?*,
Mn(o), is in octahedral coordination also with three conserved
ligands (C98, H234, and H329) and three water molecules. The
occurrence of two different coordination states of the divalent
metal ions and the 1nvolvement of the C98 thiol as a ligand ex-
plains the preference of Mn** over Mg**. The sequential distance
from SO4-1 to SO4-2 to SO4-3 is 7.0 and 6.5 A (Fig. S1), respec-
tively, which is consistent with the typical P-P distance of a single-
stranded RNA (ssRNA). Indeed, a 5’-to-3’ ssRNA can be modeled
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Fig. 1.

An overview of structure-derived reaction mechanism of the 3’-P RNA ligation. (A) Composite features of the two PH RtcB structures reported here

with emphasis on the relationship of four sulfates and two Mn?* ions with guanylylated H404 in the catalytic site in ribbons representation along with other
highlighted residues, namely D65 and N202. (B) A summary of the RtcB-catalyzed pathway in three individual steps (described in the main text and sche-
matized in C-E) as deduced from our structures and biochemistry. (C) The RtcB residues that specifically recognize the substrate GTP are shown in green. The
putative PPi site coincides with SO4-4 (orange). The carboxylate group of D65 is hydrogen bonded to H404 N§1-H, thus enhancing the electron negativity of
H404 Ne2 for nucleophilic attack on GTP's a-phosphate that is in contact with the Mn?* in octahedral geometry. (D) Coordination of tetrahedral Mn2* allows
binding the RNA strand ending with the 2’,3"-cyclic phosphate (RNA>p) superimposed with the last two phosphates at the SO4-1 and SO,4-2 sites. (E) Posi-
tioning the "ORNA strand with its first phosphate at the SO,-3 allows the optimal geometry of the 5'-hydroxyl for nucleophilic attack on the 3'-P activated
terminus to form the internucleotide phosphodiester bond with the release of GMP.

with a reasonably good fit in the active site, whereas a modeled 3'-
to-5" ssSRNA results in steric clashes of its bases with the enzyme.
SO441is9.2 A away from SO,4-2 and its location is near to electron
density found in the structure of the GTP-reacted RtcB/Mn>"-
GMP/pyrophosphate (PPi) complex, which can be assigned as PPi
(Figs. S1 and S2).

A disaccharide with unusual linkage was tightly bound to the
enzyme in the RtcB/Mn?* complex. This disaccharide was struc-
turally identified as o-(1,5-anhydro-p-glucopyranosyl)-(1,2)-p-
(2,5-anhydro-p-fructofuranose) (Fig. S3).

For determination of the second structure, the PH RtcB pro-
tein preparation was preincubated with Mn** and GTP before
crystallization (SI Methods). Unbiased residual difference Fourier
maps showed that RtcB has reacted with GTP to form a covalent
link with Ne2 of H404 at its a-phosphate, forming a 5'-GMP-His
(GPH) intermediate (Fig. 3 and Fig. S2). The GPH phosphate is
in contact with N202 and Mn(o) in the active site (Fig. 3). All
RtcB residues interacting with the G nucleobase are conserved,
which include eight well-defined hydrogen bonds. At the Watson—
Crick base-pairing face of the guanine, E206 and S385 of RtcB
recognize the N1 and N2 hydrogen bond donors, and K480 rec-
ognizes the O6 hydrogen bond acceptor. In addition, E446 inter-
acts with N7 of the guanine in which E446 has to be protonated,
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likely through interactions with three positively charged residues,
K480, R408, and R412. The ligase also binds the O2" and O3’
hydroxyls of the guanosine ribosyl moiety through hydrogen bonds
to backbone amides of A406 and G407. Because the guanine is
completely sandwiched in a hydrophobic cleft composed of the
F204 side chain and the main chain of the P378-G379-S380-M381
residues (Fig. S2), most of the guanosine-recognition hydrogen
bonds benefit from a hydrophobic effect.

Substrate-Induced GTP-Binding Site and Guanylylation Active Site.
Structural comparison of the two RtcB complexes reported
here reveals GTP-induced conformational changes that include
repositioning of the f13 and f14 hairpins with the largest Ca
displacement of 3.0 A at $380 and an alignment of the D65-H404
dyad, which is important for RtcB guanylylation (Fig. 4). This
induced-fit feature prevented us from predicting GTP binding
and the guanylylation site at H404 from the RtcB/Mn?* complex
or from any previous structure (21). For formation of guanosine
ribosyl O2’ and O3’ hydrogen bonds, the backbone amides of
A406 and G407 were flipped with the maximal Ca displacement
of 34 A. In the Mn*"-bound RtcB complex, multiple con-
formations of the backbone peptide bonds in this region have also
been observed. Moreover, the hydrophobic walls sandwiching the
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Fig. 2. The Mn2*-bound RtcB complex. (A) Overview of the secondary structures of RtcB in rainbow colors from the N-to-C terminus in stereo. Active site
residues, metal ions, four sulfate molecules, and (1,5-anhydro-p-glucose)-a182-(2,5-anhydro-L-fructose) (labeled as dGIF) are shown in balls-and-sticks. (B)
Close-up view on the RtcB/Mn?* active site. Residues cordinating the two Mn?* ions in octahedral and tetrahedral geometry are highlighted. SO,-2 and three

ordered water molecules serve as additional ligands.

G nucleobase seen in the RtcB-GMP/Mn** complex are col-
lapsed in the RtcB/Mn** complex, burying the two negatively
charged residues E206 and E446 and a few ordered water mol-
ecules. Backbone conformational changes near H404-G405 are
likely to be critical for the alignment of the D65-H404 dyad for
activation of H404. In the RtcB/Mn** complex, D65 interacts
with the backbone amide of G405 and does not align with H404.
In the RtcB-GMP/Mn?* complex, D65 has been reoriented so
that it now interacts with N81-H of H404 as well as its backbone
amide. With the D65-H404 hydrogen bond (Fig. 1), D65 removes
a proton from N&1 and makes Ne2 more nucleophilic for protein
guanylylation in a mechanism reminiscent of the D-H catalytic
dyad of RNase A (22).

The GTP-induced conformational changes extend to the metal
ion binding site, suggesting possible multiple reaction steps in
the single catalytic site. In the RtcB-GMP/Mn** complex, only
one Mn>* was observed at the equivalent location of Mn(o) in
the RtcB/Mn>* complex, and the second Mn?* corresponding to
Mn(t) along with bound SO4-2 (the 2’,3’-cyclic phosphate mimic
for later steps) was missing. In both complexes, Mn(o) has the
same three protein ligands (C98, H234, and H329); but in

K480
s ﬁ////_/,\ 3

E206

S§385

Fig. 3. GTP substrate recognition revealed from the RtcB-GMP/Mn?* struc-
ture. RtcB has reacted with GTP to covalently bind GMP to H404. Annotated
PPi (Fig. S2) interacts with R408 and R412. Residues specifically recognizing
the guanine base and the ribose are indicated.
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the RtcB-GMP/Mn>* complex, this Mn>* ion interacts with the
nascent phosphate of GPH, implying that it may have a catalytic
role in the guanylylation reaction, perhaps by stabilizing the
transition state.

Enzymatic Identification of RtcB Reaction Intermediates. To establish
the catalytic importance of the structural findings described here,
biochemical studies were undertaken to unravel the 3’-P RNA
ligation mechanism catalyzed by this enzyme, particularly on the
role of guanylylation (Fig. 5). We first defined the guanylylated
enzyme, then the guanylylated RNA intermediate, and finally the
overall ligation reaction in three steps (Fig. 1). For this purpose, a
nonradioactive RNA substrate was incubated with o-[**P]GTP
and RtcB, not only to label the enzyme, but also to catalyze the
transfer of [**P]JGMP from the enzyme-bound into the RNA-bound
form (i.e., to capture the RNA-3'p-5'-[**P]-G intermediate) (Fig.
5). The radioactive [**P]JGMP bound to the RNA migrated more
slowly than the 21-nt RNA substrate, but was at the same position
as that of an intermediate from an internally labeled RNA sub-
strate synthesized by RtcB with nonradioactive GTP (Fig. 5).
Hence, the RNA ligase-activity assay included not only the over-
all RNA ligation, but also the formation of the RNA inter-
mediate. Together with the SDS/PAGE analysis that monitored
the RtcB-[>*’PJGMP formation, these three activity assays, as
outlined in Fig. 1B, were used to characterize RtcB variants with
alterations in structurally-identified important amino acid resi-
dues (Table S1).

Enzymatic Characterization of RtcB Active Site Residues Using Site-
Directed Mutagenesis. All metal ion-binding residues in the active
site are important for catalysis, as demonstrated by single sub-
stitutions with alanine that severely reduced the extent of overall
RNA ligation (Table S1). C98 coordinates both Mn** ions as
C98A abolishes all three enzymatic activities. D95 and H203
coordinate Mn(t) as D95SA or H203A completely abolishes RNA
ligation, even though they have only minor effects on protein
guanylylation. H329 is a ligand for Mn(o). However, H329A
remained active in RNA guanylylation, but produced just barely
detectable amount of the guanylylated RtcB intermediate. These
results suggest a possible subtle division of the two metal ions in
individual steps of reaction [i.e., Mn(0) is important for protein
guanylylation, but Mn(t) is essential for overall RNA ligation].
Based on coordination geometry, Zn>* could substitute for Mn(t)
(for RNA ligation reaction), but not for Mn(o) (for protein gua-
nylylation). This finding may explain an unusual Zn**-dependent
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Fig. 4. Induced GTP-binding pocket as revealed from structural comparison.
Superpositon of the RtcB/Mn?* (blue) and RtcB-GMP/Mn2* (turquois) struc-
ture shows opening of the cleft for the guanine base. The peptide backbone
of A406 and G407 reorientate to allow amide interactions with the hydroxyl
groups of the ribose.

Pyrobaculum RtcB RNA ligation activity independent of either
ATP or GTP (15), because of preguanylylation before purification,
a hypothesis that now can be tested. Furthermore, octahedrally
coordinated Mn** was implicated in the adenylylation reaction
from the crystal structure of E. coli RNA 3’-terminal phosphate
cyclase RtcA in complex with ATP and Mn** (23).

The matched spacing of the observed sulfates on RtcB to the
phosphates in ssSRNA suggests possible RNA binding at these
sulfate locations. RtcB variants with alterations at these sites
were enzymatically characterized (Table S1). The R238A sub-
stitution at the SO4-1 site allows RtcB guanylylation but prevents
the transfer of GMP to the 3’-terminal phosphate of the RNA
substrate. Similarly, any disruptive substitutions at the SO,4-3 site
reduces the extent of overall ligation by as much as 50-fold,
whereas protein guanylylation and RNA guanylylation that is
independent of 3’-RNA binding to this site are unaffected. With
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Fig. 5. Activity assays for PH RtcB. (A) The 21-nt RNA with 5’-hydroxyl and
2',3’-cyclic phosphate temini is incubated with WT or mutant RtcB proteins
and separated on PAGE for Phosphorimager analysis. WT RtcB allows not
only formation of the faster migrating circular RNA, but also cumulation of
a slower migrating RNA. The same nonradioactive RNA incubated with o[32P]
GTP identifies this species as guanylylated RNA intermediate. (B) WT and
three RtcB variants are incubated with «[>2P]GTP and separated on SDS PAGE
for Phosphorlmager analysis indicating protein guanylylation.
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experimentally confirmed binding sites for 5’ and 3’-RNA:s, it is
immediately apparent that the 2’,3'-cyclic phosphate must bind
at the SOy4-2 site at the binuclear metal ion center.

Our RtcB-GMP/Mn?" structure shows that guanylylation at
HA404 is through the Pa-Ne2 bond formation when H404 N&1-H
is aligned with D65 for deprotonation (Fig. 1). Consistent with
this proposal, either H404A or D65A substitution completely
abolishes RtcB’s protein guanylylation (Table S1). In an H404-
D65 independent reaction, H404K restores some protein gua-
nylylation activity but fails to carry out subsequent transfer of
GMP to the RNA. As in any phosphoryl-transfer reaction in-
volving concerted bond breakage and bond formation with in-
version of the phosphoryl center, the bonds to be broken and
formed have to be linearly aligned (9). Extrapolation of the
newly formed Pa-Ne2 bond of GPH directs the orientation of the
leaving PPi toward the Mn(t) site. Unfortunately, both PPi and
Mn(t) were missing in the complex, presumably removed by
centrifugation before crystallization when the PPi product pre-
cipitated with Mn** (SI Methods).

Interestingly, residual Fo-Fc difference Fourier maps have
shown that a minor fraction of either unreacted RtcB/GTP/Mn**
complex or the reacted RtcB/GMP/PPi/Mn?* complex might
exist in a given crystal where two phosphates of GTP or PPi
occupied near the SO4-4 site. When we made substitutions near
the SO4-4 site, such as R408A or R412A, the enzyme guany-
lylation was impaired, suggesting an important role of these
residues in the catalytic cycle (Table S1). However, the precise
functional role of this site remains to be further char3acter-
ized because it is not aligned with the formed Pa-Ne2 bond
opposite the phosphoryl center.

Enzyme Specificity: GTP vs. ATP, 3'-P Activation vs. 5'-P Activation,
and Ligation vs. Hydrolysis. Almost all residues in the induced
GTP-binding pocket contribute to GTP recognition, as judged by
disruptive effects of any substitutions on protein guanylylation as
well as on the remaining two steps of RtcB’s reaction pathway
(Table S1). All substituted residues are highly conserved, in-
cluding E206, S385, and K480, which specifically recognize
guanine through its hydrogen bond donor and acceptor pattern
(Fig. 3). However, this finding presents a problem: namely, why
the 3’-P RNA ligase activity purified from HeLa extracts
appeared to be ATP-dependent in contrast to PH RtcB (24).
Nevertheless, we found two homologous variations in the GTP-
binding pocket between bacteria/archaea (F204 and P378) and
eukaryotes (Y204 and G378). We wanted to know whether they
were sufficient to confer the nucleotide specificity. Accordingly
we made one F204Y/P378G double substitution in PH RtcB to
mimic those found in eukaryotes, but unfortunately they failed to
switch the requirement of activation cofactor from GTP to ATP
(Table S1). Therefore, further studies on the human tRNA
splicing ligase complex are necessary to understand the apparent
ATP-dependent activity. There are a few probable reasons: (i)
other subunits within the complex such as DDX1 may confer the
ATP specificity (16); (i7) there might be a different ATP induced-
fit mechanism; or (iii) the residual activity may result from pre-
guanylylated RtcB that occurs before purification. If the third
theory is the case, any inadvertent contamination of preguanyly-
lated enzymes (or any other forms of preactivation) could be
misleading during the enzymatic characterization process.

In the RtcB-GMP/Mn** complex (Fig. 3), N202 interacts with
the a-phosphate of GMP, which will be attacked by the nucle-
ophile oxygen of the 3’-P for 3’-P activation. This complex might
be more relevant to the RNA guanylylation than to the protein
guanylylation because the N202A substitution abolishes the
RNA guanylylation, but not protein guanylylation (Table S1).
Thus, some structural rearrangements may have already occurred
after the protein guanylylation, which prevents us from defining
the precise protein guanylylation mechanism. Nevertheless, this

Englert et al.
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complex provides a clue as to why RtcB exclusively guanylylates
the RNA 3’-P but not the RNA 5'-P (Fig. 1). During the guanylyl
transfer from the protein to RNA, the attacking nucleophile
must be located on the opposite side of the leaving group of
HA404 relative to the phosphoryl center [i.e., the phosphate that
interacts with Mn(t) as revealed by SO,-2 in the RtcB/Mn**
complex] (Fig. 1). Based on our RNA binding model, the
phosphate of 3'-P of the 5'-RNA is in better aligned than that of
5’-P of the 3’-RNA. The alignment is defined by the orientation
of an attacking oxygen atom on the phosphate relative to Pa of
H404-GMP with the alignment angle for 3'-P of the 5-RNA of
145° from SO4-1 to SO4-2 and to Pa of H404-GMP, and the
angle for 5’-P of the 3’-RNA of 98° from SOy4-3 to SO4-2 and to
Pa of H404-GMP. Moreover, the attacking oxygen atom on this
phosphate to the o-phosphate of H404-GMP also has the
shortest interatomic distance when it is 3'-P of the 5'-RNA. In
contrast, the RNA phosphate activation by T4 RNA ligase 1 is
more promiscuous than PH RtcB, where T4 RNA ligase 1 pre-
fers to adenylylate a 5’-P, but can also adenylylate 3’-P when 5'-P
is not present (25). Similarly, E. coli RtcA can also adenylylate
a 5’-P when a 3’-acceptor is missing (26). The promiscuity of
phosphate activation by these enzymes is likely the result of
a more symmetric nature of the formed phosphoanhydride bond
relative to activation cofactors (AMP or GMP) than PH RtcB.
After 3’-P activation, the next step is the attack of the RNA 5'-
hydroxyl on the activated RNA 3'-P for RNA ligation. However,
the activation of the 3’-P by the phosphoanhydride bond to GMP
and coordination to Mn(t) might also allow water as a nucleo-
phile (Fig. 1). The hydrolytic product is RNA 3’-P, which is also
a substrate for bacterial/archaeal RtcB, but not for the human
RtcB complex. With the RNA>p ligase-enriched HeLa fraction
(24, 27), only 30% of RNA>p led to the ligation product and the
remaining 70% of RNA>p was converted to the inactive RNA 3'-
P through the hydrolytic pathway. Thus, the 3’-terminal phos-
phate RNA cyclase is required to ensure efficient RNA>p liga-
tion in eukaryotes. Interestingly, RtcA and RtcB copurified after
three chromatographic steps during RNA>p ligase activity puri-
fication and during affinity purification of a 42-protein kinesin-
cargo complex from mouse brain extracts (16, 28). The biological
role of RtcA was previously overlooked either because it was
redundant in the bacterial/archaeal RtcB system or because the
RNA substrates produced by the Irel or the tRNA splicing
endonucleases always contain the 2’,3’-cyclic phosphate termini.

Functional and Mechanistic Implications to Archaeal and Human RtcB.
Taking together all individual steps of the RtcB-catalyzed 3'-P
RNA ligation reaction (Fig. 1), striking similarities of the 5'-P
and the 3’-P ligation pathway emerge on the mechanistic level.
Both enzymes covalently bind AMP or GMP to transfer them to
the RNA-terminal phosphate of either the 5’- or 3’-end for ac-
tivation, followed by nucleophilic attack by the RNA-encoded
hydroxyl group from the opposite end to form a canonical 3',5'-
phosphodiester bond. Why is there a unique fold and active site
of RtcB? This occurance might be because of the characteristic
feature of RNAs having a 2’-hydroxyl and a 3’-hydroxyl next to
one another with two possibilities of phosphodiester bond for-
mation when 3’-P is activated, one intrastrand 2’,3’-cyclization
and the other interstrand ligation, specifically catalyzed by RtcA
and RtcB, respectively. Interestingly, archaea and animals have
both 3’-P and 5’-P RNA ligation pathways, of which the 3’-P
pathway has posttranslational regulations identified. For exam-
ple, the phosphorylation site S439 of human RtcB (29) can be
mapped onto the PH RtcB 415 position, next to the two essential
R408 and R412 residues. This location coincides with regions
involved in GTP-induced conformational changes, immediately
suggesting a possible regulatory mechanism for the enzymatic
activity. RtcB from the archaeon Thermococcus kodakarensis
also has an unidentified tyrosine phosphorylation site (30).
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Additionally, in the Caenorhabditis elegans Parkinson disease
model, RtcB (F16A11.2) depletion by RNAi was correlated with
Parkinson symptoms and neurodegeneration, whereas RtcB
overproduction resulted in neuroprotection (31). Thus, the
tightly regulated eukaryotic RtcB pathway has more important
functions than just resealing broken tRNAs.

In conclusion, our structural findings for PH RtcB with two
Mn?*, four sulfates, and GMP bound are supported by a com-
prehensive biochemical analysis. This work brings together the
features of a protein with unique sequence/fold, and the recently
identified enzymatic activity of 3’-P RNA ligation. The active site
has been established as the center for two Mn** ions with tet-
raheadral and octaheadral coordination geometry, thus explain-
ing the Mn** specificity for the three-step reaction pathway.
Three sulfates are bound by RtcB next to the binuclear Mn**
center; their significance as RNA phosphate backbone binding
sites is enzymatically validated in this work. The modeled 5'- to
3’-direction is confirmed by biochemical dissection of the pro-
tein’s individual enzymatic activities. The guanylylated H404 is in
contact with one Mn?" ion at the active site, and next to the
proposed substrate RNA termini. These findings are summarized
in a reaction scheme (Fig. 1); they now provide a framework for
further characterization of the eukaryotic RtcB pathway.

Methods

RtcB-Coding Plasmid Constructs, Protein Expression and Purification, and
Crystallization of RtcB Complexes. Two extein-coding sequences of PH RtcB
(PH1602) were assembled by overlap PCR extension, as previously described
(21). The coding plasmids were modified to have a Hisg-tag for rapid protein
purification, first with an additional 11-amino acid residue carboxyl-terminal
Hise-tag (for the first RtcB/Mn?* structure, RtcB-1) (S/ Methods) and then with
a tobacco etch virus protease-cleavable amino-terminal Hisg-tag (for the
second GTP-reacted RtcB/Mn2* structure, RtcB-2) (SI Methods).

For the first RtcB complex, PH RtcB-1 was transformed into E. coli Rosetta
(DE3) pLysS (Novagen). Cells were grown in LB with Studier auto-induction
supplements NPS and 5052 (32) at 37 °C to an optical density of 0.8 and
continued at 18 °C for 16 h. Harvested cells were disrupted in Ni-NTA lysis
buffer [20 mM Tris-HCl, pH 8, 500 mM NacCl, 3 mM MnCl,, 10 mM imidazole,
10 mM B-mercaptoethanol (B-ME)] at 4 °C with Roche complete EDTA-free
protease inhibitor mixture by lysozyme and sonication. Standard Hise-tag
and Superdex 200 gel-filtration procedures were applied to purify RtcB,
which was then stored in final buffer, 10 mM Tris-HCI pH 8, 200 mM Nacl,
3 mM MnCl, 10 mM B-ME. The RtcB/Mn?* complex was crystallized using the
sitting-drop vapor-diffusion method with 1.5 M (NH,),SO4, 75 mM NadCl, and
0.1 M Hepes-NaOH pH 7.5 in reservoir solution.

For the second RtcB complex, PH RtcB-2 (SI Methods) was transformed into
E. coli B834 (DE3)-plus-pRARE2. Cells were grown in LB medium containing
30 pg/mL kanamycin and 34 pg/mL chloramphenicol at 37 °C to an optical
density of 0.5-0.6. Isopropyl-p-p-thiogalactopyranoside was then added to
a final concentration of 1 mM and incubated for 5 h at 37 °C for induction.
Harvested cells were disrupted using sonication and incubated for 30 min at
70 °C (heat denaturation) in buffer containing 50 mM Na-phosphate pH 8.0,
500 mM NacCl, 60 mM KCl, 5% (wt/vol) sucrose, and 5 mM p-ME before the
cell debris was removed using centrifugation at 45,000 x g for 30 min.
Standard Hisg-tag procedures were applied to purify RtcB (SI Methods) in
final buffer, 20 mM Hepes-NaOH pH 7.5, 200 mM NacCl, 10% glycerol, and
1 mM DTT. For activation, 12 mg/mL RtcB was incubated with 12 mM MnCl,
at 80 °C for 15 min and centrifuged at 20,000 x g for 15 min at 20 °C to
remove any precipitate. The cleared supernatant was incubated with GTP
and MnCl; for 40 min at 80 °C with the final concentrations: 10 mg/mL for
RtcB and 10 mM for both MnCl, and GTP. The reaction mixture was again
centrifuged at 20,000 x g for 15 min to remove any new precipitate. The 10-
mg/mL RtcB-GMP/Mn?* complex was crystallized using the hanging-drop
vapor-diffusion method at 20 °C for about 10 d when mixed with equal
volume (2.9 pL) of reservoir solution containing 2 M Na-malonate pH 7.0,
20% glycerol, and 10 mM MnCl,.

X-Ray Diffraction, Data Collection, and Structure Determination. For the RtcB/
Mn?* complex, crystals were cryoprotected with additional 50% (wt/vol)
sucrose in the crystallization reservoir solution before freezing in liquid N,.
Diffraction data were collected using synchrotron radiation sources at beam
line 24ID-E, Northeast Collaborative Access Team, Advanced Photon Source,

PNAS | September 18,2012 | vol. 109 | no.38 | 15239

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213795109/-/DCSupplemental/pnas.201213795SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213795109/-/DCSupplemental/pnas.201213795SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213795109/-/DCSupplemental/pnas.201213795SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213795109/-/DCSupplemental/pnas.201213795SI.pdf?targetid=nameddest=STXT

L T

/

1\

=y

Argonne National Laboratory, Chicago, IL. For the RtcB-GMP/Mn?* complex,
crystals were directly picked from crystallization droplets and flash-frozen
under a stream of liquid N, gas at 100 K. Data were collected at beam line
BL-1A, Photon Factory. Data were processed as summarized in Table S2.
Starting with our previous apo-RtcB structure of 1UC2 (21), structure de-
termination and refinement of the two RtcB complexes described here are
summarized in Table S2.

Preparation of tRNA Splicing Intermediates and RNA Ligase-Activity Assays.
The tRNA splicing intermediates were obtained by T7 transcription of the
intron-containing Archeuka pretRNA and cleaved with Mjan EndA, as de-
scribed elsewhere (15). In vitro RNA ligase assays were carried out at 37 °C
for 30 min in 50 mM Tris-HCl pH 7.4, 3 mM MnCl,, 0.1 mM GTP, 10 mM
B-ME, with [32P]-labeled 40 fmol RNA substrate (40,000 cpm) and 5 pg PH
RtcB-1 enzyme. The labeled RNA products were phenol-extracted, ethanol-
precipitated, and separated using urea PAGE (12.5%), then visualized/
quantified using Phosphorlmager analysis (Fig. 5). For identification of
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a guanylylated RNA intermediate, nonradioactive tRNA splicing inter-
mediates (400 ng) were incubated in 50 mM Tris-HCl pH 7.4, 3 mM MnCl,,
10 mM p-ME, 13 pmol o[*?P]GTP, and 10 pg PH RtcB-1 for 20 min at 37 °C.
The RNA products were phenol extracted, ethanol precipitated and sepa-
rated by PAGE for Phosphorlmager analysis (Fig. 5).
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