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Abstract
RtcB is an atypical RNA ligase that joins either 2′,3′-cyclic phosphate or 3′-phosphate termini to
5′-hydroxyl termini. In contrast to typical RNA ligases, which rely on ATP and Mg(II), catalysis
by RtcB is dependent on GTP and Mn(II) with ligation proceeding through a covalent RtcB–
histidine–GMP intermediate. Here, we present three structures of Pyrococcus horikoshii RtcB
complexes that capture snapshots along the entire guanylylation pathway. These structures show
that prior to binding GTP, a single manganese ion (Mn1) is bound to RtcB. To capture the step
immediately preceding RtcB guanylylation, we solved a structure of RtcB in complex with Mn(II)
and the unreactive GTP analogue guanosine 5′-(α-thio)-triphosphate (GTPαS). This structure
shows that Mn1 is poised to stabilize the pentavalent transition state of guanylylation while a
second manganese ion (Mn2) is coordinated to a nonbridging oxygen of the γ-phosphoryl group.
The pyrophosphate leaving group of GTPαS is oriented apically to His404 with the ε nitrogen
poised for in-line attack on the α phosphorus atom. The structure of RtcB in complex with GTPαS
also reveals the network of hydrogen bonds that recognize GTP and illuminates the significant
conformational changes that accompany the binding of this cofactor. Finally, a structure of the
enzymic histidine–GMP intermediate depicts the end of the guanylylation pathway. The ensuing
molecular description of the RtcB guanylylation pathway shows that RtcB and classical ATP/
Mg(II)-dependent nucleic acid ligases have converged upon a similar two-metal mechanism for
formation of the nucleotidylated enzyme intermediate.

RNA ligases catalyze the formation of a phosphodiester bond between RNA termini that are
generated by specific endonucleases during tRNA splicing, the unfolded protein response
and the antiphage response.1–4 These endonucleases generate 2′,3′-cyclic phosphate and 5′-
OH termini upon cleavage.5, 6 Classical ATP-dependent RNA ligases in bacteria, fungi, and
plants are components of multienzyme pathways that repair RNAs with 2′,3′-cyclic
phosphate and 5′-OH ends.7, 8 Before ligation, the 2′,3′-cyclic phosphate is hydrolyzed to a
3′-OH by a phosphodiesterase and the 5′-OH is phosphorylated by a polynucleotide kinase
to generate a 5′-phosphate (5′-P). Classical ligases then catalyze the ATP/Mg(II)-dependent
joining of 5′-P and 3′-OH termini.1
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The noncanonical RNA ligase RtcB catalyzes an unprecedented reaction: joining 2′,3′-
cyclic phosphate and 5′-OH RNA termini.9–18 RtcB is an essential enzyme for the
maturation of tRNAs in metazoa13 and possibly archaea,11 and shares no sequence or
structural similarity19 with canonical nucleic acid ligases. In marked contrast to classical
ligases, RtcB relies on GTP/Mn(II) for catalysis. Ligation proceeds through three
nucleotidyl transfer steps, with 2′,3′-cyclic phosphate termini being hydrolyzed to 3′-P
termini in a step that precedes 3′-P activation with GMP (Figure 1A).14, 16, 17 In the first
nucleotidyl transfer step, RtcB reacts with GTP to form a covalent RtcB–histidine–GMP
intermediate and release PPi; in the second step, the GMP moiety is transferred to the RNA
3′-P; in the third step, the 5′-OH from the other RNA strand attacks the activated 3′-P to
form a phosphodiester bond and release GMP. Thus, a high-energy phosphoanhydride of
GTP activates a 3′-P for intermolecular attack by a 5′-OH. Here, we provide insight into the
chemical mechanism of an unusual nucleotidyl transfer reaction in this sequence—Mn(II)-
dependent histidine guanylylation.

We sought to elucidate the entire pathway of RtcB guanylylation by determining the three-
dimensional structures of key intermediates at atomic resolution. We present three structures
of Pyrococcus horikoshii RtcB complexes: (i) a structure with bound Mn(II) represents the
intermediate that precedes binding of GTP, (ii) a structure with bound Mn(II) and an
unreactive GTP analogue, guanosine 5′-(α-thio)-triphosphate (GTPαS), captures the
reaction step immediately preceding formation of the covalent enzyme intermediate, and
(iii) a structure of the covalent RtcB–histidine–GMP intermediate depicts the end product of
the guanylylation pathway. Our results show that RtcB coordinates a single Mn(II) ion prior
to binding GTP and that GTP binds to RtcB in a complex with a second Mn(II) ion. This
two-manganese mechanism of RtcB guanylylation is analogous to the two-magnesium
mechanism of adenylylation used by canonical ATP-dependent nucleic acid ligases.20, 21

MATERIALS AND METHODS
RtcB Purification

A previously described plasmid expressing P. horikoshii RtcB was used except that the
sequence encoding the hexa-histidine tag was removed via mutagenesis.15 Native P.
horikoshii RtcB was expressed in BL21 cells by growing in Terrific Broth at 37 °C to an
OD600 of 0.6, inducing with IPTG (0.5 mM) and continuing growth for 3 h. Cells were
harvested by centrifugation and resuspended at 8 mL per gram of wet pellet in buffer A (50
mM MES– NaOH, pH 5.6, 45 mM NaCl and 1 mM Cleland’s reagent). Cells were lysed by
passage through a cell disruptor (Constant Systems) at 20,000 psi and the lysate was
clarified by centrifugation at 20,000g for 1h. Bacterial proteins were precipitated and
removed by incubating the lysate at 70 °C for 25 min followed by centrifugation at 20,000g
for 20 min. The clarified lysate was then loaded onto a 5 mL HiTrap HP SP cation-exchange
column (GE Lifesciences). The column was washed with 25 mL buffer A, and RtcB was
eluted with a NaCl gradient of buffer A (45 mM– 1.0 M) over 20 column volumes. Fractions
containing RtcB were dialyzed against 4 L of buffer A overnight at 4 °C. Dialyzed RtcB was
then loaded onto a 5 mL HiTrap heparin column (GE Lifesciences), and purified RtcB was
eluted as described for the cation-exchange chromatography step. Purified RtcB was
dialyzed against 4 L of buffer (10 mM HEPES–NaOH, pH 7.5, 200 mM NaCl) overnight at
4 °C.

14C-labeled GTP Binding Assays
Binding assays were performed in 250 µL of 50 mM HEPES buffer, pH 7.5, containing
NaCl (200 mM), P. horikoshii RtcB (100 µM), various concentrations of MnCl2, and
[8–14C]GTP (Moravek Biochemicals, Brea, CA).22 After incubation, free GTP was removed

Desai et al. Page 2

Biochemistry. Author manuscript; available in PMC 2014 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by applying the reaction to three 5-mL HiTrap desalting columns (GE Lifesciences)
connected in series. The desalting columns were equilibrated with elution buffer (50 mM
HEPES, pH 7.5, 200 mM NaCl), and protein was eluted in 0.5-mL fractions. Absorbance
readings at A260 and A280 were obtained for each fraction. The protein fractions have high
A280 readings, whereas the fractions with free GTP have higher A260 readings. In fractions
containing protein, the RtcB concentrations were calculated from the A280 reading using an
extinction coefficient of 62,340 M−1cm−1 (ExPASy). The concentration of [8–14C]GTP in
the protein fractions was determined by liquid scintillation counting. Each 0.5-mL fraction
was mixed with 3.5 mL of Ultima Gold MV liquid scintillation cocktail (Perkin Elmer) in a
4-mL vial, and counts were read on a MicroBeta TriLux liquid scintillation counter (Perkin
Elmer). The concentration of GTP in each fraction was determined by comparing the counts
per minute (cpm) in these samples to the cpm values obtained from standards of known
concentration. Optimal formation of the RtcB–GMP complex was found to occur in reaction
mixtures that included 1 mM GTP and 2 mM MnCl2. The optimal incubation conditions
were found to be at 70 °C for 45 min. Under these conditions, the GTP:RtcB molar ratio was
determined to be (0.76 ± 0.02):1. No binding of GTP to RtcB was detected in the absence of
Mn(II).

RtcB Crystallization
RtcB was concentrated to 200 µM (11 mg/mL) by ultrafiltration using a spin concentrator
(5,000 MWCO, Amicon) and passed through a 0.2-µm filter. To prepare the RtcB/Mn(II)
complex, MnCl2 (1 mM) was added to the concentrated protein. For preparation of the
RtcB/GTPαS/Mn(II) complex, MnCl2 (2 mM) and a 1:1 mixture of RP and SP diastereomers
of GTPαS (1 mM) was added to the concentrated protein, and the resulting solution was
incubated at 70 °C for 15 min. For preparation of the RtcB–GMP/Mn(II) complex, the
covalent intermediate was formed as described above, and the solution was subjected to gel-
filtration chromatography on a Superdex 16/60 column (GE Lifesciences) to remove PPi and
excess MnCl2 and GTP. Each of the protein complexes was flash-frozen in liquid nitrogen
and stored at −80 °C. Protein samples were crystallized using the hanging drop vapor
diffusion method. Crystals were grown by mixing 1 µL of sample solution with 1 µL of
reservoir solution. The RtcB/Mn(II) and RtcB/GTPαS/Mn(II) complexes were crystallized
using identical reservoir solutions consisting of Bis–Tris (0.1 M, pH 5.5) and ammonium
sulfate (2.1 M), the RtcB– GMP/Mn(II) complex used HEPES–NaOH (0.1 M, pH 7) and
ammonium sulfate (2 M). Trays were incubated at 20 °C and crystals appeared within one
week. Crystals were harvested and cryoprotected in reservoir solution containing sucrose
(20% w/v) and cryopreserved in liquid nitrogen.

Data Collection, Structure Determination and Refinement
X-ray diffraction data were collected at 100 K at the Life Science Collaborative Access
Team at the Advanced Photon Source at Argonne National Laboratory. Datasets were
indexed and scaled using HKL2000.23 The apo-RtcB structure19 was used as a starting
model and the structures were completed using alternating rounds of manual model building
using COOT24 and refinement with phenix.refine.25 Structure quality was assessed by
MolProbity26 and figures were generated using PyMOL.27 The GMP in the RtcB–GMP
structure was fitted into the difference density and refined using phosphoramidate bond
distance and angle values derived from the small-molecule X-ray crystal structure of 1-
carboxymethyl-2-imino-3-phosphonoimidazolidine.28 Omit maps were calculated using
Phenix.
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RESULTS
A Structure with Mn(II) Represents the Intermediate that Precedes GTP Binding

For crystallization of the RtcB/Mn(II) complex, MnCl2 (1 mM) was added to the
concentrated protein solution (200 µM) before crystallization. Crystals of this complex
diffracted to a resolution of 2.34 Å, and the apo-RtcB structure19 was used as a starting
model for refinement (Table S1 of the Supporting Information). The omit density map
shows a single Mn(II) ion (Mn1) in a tetrahedral coordination complex with three amino
acid residues (Cys98, His234, and His329) and a water molecule (Figure S1A of the
Supporting Information and Figures 1B and 2A). Sulfate ions present in the structure
substitute for putative RNA phosphoryl group-binding sites.

An earlier crystal structure of RtcB indicated the presence of two manganese ions in the
active site, the second manganese ion being coordinated to three amino acid ligands (Asp95,
Cys98 and His203) and inorganic sulfate.18 The intracellular concentration of Mn(II) is low
(~0.1 mM),29 and its inclusion at 1 mM in our study (5× the RtcB concentration) should
saturate the relevant coordination sites within the enzyme in the absence of GTP.

A Structure with GTPαS Captures the Step Immediately Preceding RtcB Guanylylation
We reported previously that RtcB is unreactive when the GTP analogues guanosine 5′-(α-
thio)-triphosphate (GTPαS) and guanosine 5′-(α,β-methyleno)-triphosphate (GpCpp) are
used as cofactors in ligation reactions, as the bond between the α- and β-phosphoryl groups
is recalcitrant to cleavage by RtcB.15 We chose to pursue structural studies with GTPαS
because the modification of a nonbridging oxygen causes minimal perturbation to the
phosphoryl groups. To obtain the RtcB/GTPαS/Mn(II) complex, MnCl2 (2 mM) and
GTPαS (1 mM) were added to a concentrated solution of protein (200 µM), and the
resulting solution was incubated at 70 °C for 15 min to facilitate any conformational
changes in the hyperthermophilic enzyme that are necessary for cofactor binding. The RtcB/
GTPαS/Mn(II) complex was subsequently maintained at temperatures which disallow
formation of the covalent intermediate. Crystals of this complex diffracted to an effective
resolution of 2.45 Å (I/σI = 2); however, all data to 2.3 Å was used in refinement (Table S1
of the Supporting Information).

The omit density map of the RtcB/GTPαS/Mn(II) complex indicated the presence of
GTPαS and two manganese ions in the RtcB active site (Figure S1B of the Supporting
Information and Figures 1C and 2B). Mn1 remains in tetrahedral coordination geometry
with ligands that include the same three amino acid residues as the structure with manganese
only; however, the water molecule has been replaced with the nonbridging α-thiophosphate
oxygen of GTPαS. A second manganese ion (Mn2) is in tetrahedral coordination geometry
with ligands that include a nonbridging oxygen of the γ-phosphoryl group of GTPαS, as
well as three amino acid residues (Asp95, Cys98, and His203). The β-phosphoryl group of
GTPαS is oriented apically to His404, and its Nε is poised for in-line attack on the α-
phosphoryl group.30 Furthermore, H–Nδ of His404 forms a hydrogen bond with Oδ1

 of
Asp65, which is strictly conserved and appears to orient and activate Nε for attack. A main-
chain H–N forms a hydrogen bond with Oδ2

 of Asp65, stabilizing an anti orientation of the
carboxylate in the His⋯Asp dyad.

The presence of a cysteine residue bridging two manganese ions in the RtcB active site is
unique. The Mn1⋯S and Mn2⋯S coordination distances in the RtcB/GTPαS/Mn(II)
complex are 2.3 Å and 2.4 Å, respectively, and the Mn1⋯S⋯Mn2 angle is 100°. Thus, the
two Mn(II) ions are separated by only 3.6 Å. This distance is similar to the 3.3 Å distance
separating the Mn(II) ions of the renowned binuclear manganese cluster in the active site of

Desai et al. Page 4

Biochemistry. Author manuscript; available in PMC 2014 April 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



arginase, where the Mn(II) ions are bridged by two aspartate residues.31 The manganese ion
coordination distances in the RtcB/GTPαS/Mn(II) complex are listed in Table 1.

RtcB is the only known enzyme catalyzing nucleotidyl transfer that requires a NTP/Mn(II)
complex rather than a NTP/Mg(II) complex as a cofactor. Indeed, RtcB is not active with
Mg(II),12, 14 which is much more abundant than Mn(II) in both cells and the environment.
The structure of the RtcB/GTPαS/Mn(II) complex provides an explanation for this unusual
requirement. First, the ligands of the two bound Mn(II) ions have a tetrahedral geometry,
which is disfavored by Mg(II). Second, the side chain of a cysteine residue interacts with
both Mn(II) ions, which are more thiophilic than Mg(II) ions. This essential cysteine residue
is strictly conserved throughout evolution and likely serves as a gatekeeper that selects for
Mn(II) in each metal binding site. Third, Coulombic repulsion deters the close placement of
two Mg(II) ions, which have a high charge density. Indeed, the two Mg(II) ions used by T4
RNA ligase are separated by 7.4 Å,21 a distance that is twofold greater than that of the
Mn(II) ions in RtcB. The two Mg(II) ions in the active site of xylose isomerase, which are
bridged by a glutamate carboxylate, have a shorter internuclear distance of 5.1 Å.32 More
polarizable Mn(II) ions, however, can be accommodated in even closer proximity.

An intricate array of hydrogen bonds explains the specificity and high affinity for GTP. The
triphosphate moiety forms hydrogen bonds with H–Nδ of two asparagine residues. Asn202
has now adopted a different conformation, and its H–Nδ forms a hydrogen bond with the β-
phosphoryl group. Likewise, H–Nδ of Asn330 forms a hydrogen bond with the γ-
phosphoryl group. The guanosine nucleoside is bound in an anti conformation with the
guanine base stacked on Phe204 and with Tyr451 forming an edge of the guanine-binding
pocket. Each carboxylate oxygen of Glu206 forms a hydrogen bond with guanine, one with
H–N1 and the other with H– N2; Ser385 also interacts with the H–N2, while H–Nε of
Lys480 forms a hydrogen bond with O6. The guanosine ribose 2′- and 3′-oxygens form
hydrogen bonds with the main-chain H–N of Ala406 and Gly407, respectively.

The binding of GTPαS elicits significant conformational changes in the RtcB active site
(Figure 3A). The loop that is displaced by the guanine base has a maximal Cα displacement
of 2.5 Å at Ser380. In addition, the loop containing Ala406 and Gly407 changes
conformation around the ribose 2′-OH and 3′-OH with a maximal Cα displacement of 1.4 Å
at Ala406.

Structure of the RtcB–Histidine–GMP Covalent Intermediate
To determine the optimal reaction conditions that enable formation of the RtcB–GMP
covalent intermediate, 14C-labeled GTP binding studies were performed.22 The optimal
reaction conditions were found to contain purified RtcB (100 µM), GTP (1 mM), and MnCl2
(2 mM), with incubation at 70 °C for 45 min. Under these conditions, the maximal
GMP:RtcB molar ratio was determined to be (0.76 ± 0.02):1. No binding of GTP to RtcB
was detected in the absence of Mn(II). Using these reaction conditions, we formed the
RtcB–GMP intermediate and removed unbound Mn(II), GTP, and PPi by gel-filtration
chromatography. The protein was concentrated to 200 µM, and crystals of this complex
diffracted to a resolution of 2.4 Å (Table S1 of the Supporting Information).

The omit density map indicated the presence of a covalent histidine–GMP and two
manganese ions in the RtcB subunit A active site (Figure S1C of the Supporting Information
and Figure 1D and 2C). The GMP density present in subunit B was too weak to model
confidently. The guanine and ribose interactions are essentially identical to those in the
RtcB/GTPαS/Mn(II) complex. Asn202, however, has shifted to a position near the nascent
phosphoramidate bond (Figure 3B). The labile histidine–GMP33 is stabilized by
coordination of one nonbridging oxygen of the GMP to Mn1 and the formation of a
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hydrogen bond of the other nonbridging oxygen with a water molecule. The
phosphoimidazolium form of His404 is stabilized by a hydrogen bond from its H–Nδ to the
carboxylate side chain of Asp65. Mn2 remains bound in tetrahedral coordination geometry;
however, the metal contact to the γ-phosphoryl group has been replaced with a water
molecule. Alanine-scanning mutagenesis of GMP-interacting residues revealed their
importance for RNA-ligation activity, consistent with a previous report18 (Figures S2 and S3
of the Supporting Information).

DISCUSSION
RtcB Guanylylation Mechanism

Histidine guanylylation is expected to proceed through an associative mechanism with the
accumulation of negative charge on the nonbridging oxygens of the α-phosphoryl group in
the pentavalent transition state.30 In the RtcB active site, guanylylation is promoted by
neutralization of this negative charge by coordination to Mn1 and hydrogen bonds with
water molecules. The PPi leaving group of GTP is oriented apically to Nε of His404 by
coordination to Mn2. This orientation allows for in-line attack by Nε. The formation of a
hydrogen bond between H–Nδ of His404 and the side-chain carboxylate of Asp65 orients Nε

for attack on the α-phosphorus atom of GTP and stabilizes the phosphoimidazolium group
in the ensuing intermediate. Similar hydrogen bonds are common features of other enzymes
that are known to proceed through a phosphorylated/nucleotidylated histidine
intermediate.34–38 In RtcB, the H–Nδ proton also serves to make the side chain of His404
into a much better leaving group during the subsequent step in which the GMP moiety is
transferred to an RNA 3′-P (Figure 1A).

Our structural characterizations show that RtcB and classical ATP-dependent nucleic acid
ligases share a similar metal-assisted mechanism for formation of the nucleotidylated
enzyme intermediate (Figure 4), despite using a different metal ion. A structure of T4 RNA
ligase bound to the ATP analogue adenosine 5′-(α,β-methyleno)-triphosphate (ApCpp) is
consistent with a mechanism analogous to the one put forth here for RtcB guanylylation.21

In the T4 RNA ligase structure, a calcium ion is bound in place of one magnesium ion
(Mg1) and coordinates to a nonbridging oxygen of the ApCpp α-phosphonate and a
magnesium ion (Mg2) coordinates to the β-phosphonate group. Mg1 in the T4 ligase
structure and Mn1 in the RtcB structure both promote enzyme nucleotidylation by
neutralizing the negative charge on the α-phosphoryl group in the pentavalent transition
state. The second metal ion observed in both T4 ligase and RtcB enters the active site in a
coordination complex with the NTP cofactor and promotes catalysis by orienting the PPi
leaving group and neutralizing the charge on the phosphoryl groups. Despite the absence of
sequence or structural similarity between RtcB and classical ATP-dependent nucleic acid
ligases, Nature has converged on analogous two-metal dependent nucleotidylation
mechanisms.

The structures presented here resolve key issues about RtcB guanylylation. In particular, the
structure of the RtcB/GTPαS/Mn(II) complex has revealed the orientation of the bound
triphosphate cofactor and the role of Mn2. The consequent molecular description of the two-
metal RtcB guanylylation mechanism contrasts with one put forth previously,18 which
depicted an incorrect orientation for its β- and γ-phosphoryl groups.

All known nucleotidyl transferases require complexation of a nucleotide triphosphate
cofactor to a metal ion. The roles of the metal ion in the NTP/metal complex include
orientating the phosphoryl groups, neutralizing their charge, and enhancing their
reactivity.39 Accordingly, many enzymes that catalyze the cleavage of a NTP α–β
phosphoanhydride bond employ two Mg(II) ions, one that coordinates to the high-affinity
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site between the β- and γ-phosphoryl groups and a second that coordinates to the α-
phosphoryl group.39–43 We have revealed how an enzyme can, instead, employ two Mn(II)
ions in analogous roles to catalyze nucleotidyl transfer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RtcB stepwise ligation reaction pathway and electron density maps of the RtcB active sites.
(A) RtcB joins RNA in three nucleotidyl transfer steps, with 2′,3′-cyclic phosphate termini
being hydrolyzed in a step preceding RNA 3′-P activation. The three nucleotidyl transfer
steps are: (1) RtcB guanylylation, (2) RNA 3′-P activation, and (3) phosphodiester bond
formation. The RNA 3′-P at the ligation junction is indicated in red to ease visualization of
its incorporation into the newly generated 3′,5′-phosphodiester bond. (B) The RtcB/Mn(II)
complex with red mesh representing a composite simulated annealing omit map contoured at
5.6σ to show the presence of one Mn(II) ion. (C) The RtcB/GTPαS/Mn(II) complex with
blue mesh denoting an omit map (Fo – Fc) of the GTPαS density contoured at 2.6σ. (D) The
RtcB–GMP/Mn(II) complex with blue mesh denoting an omit map (Fo – Fc) of the GMP
density contoured at 3.5σ.
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Figure 2.
Wall-eyed stereo views of the active sites of RtcB complexes (subunit A). (A) The RtcB/
Mn(II) complex (PDB ID 4isj). (B) The RtcB/GTPαS/Mn(II) complex (PDB ID 4isz).
GTPαS is modeled as the RP diastereomer. (C) The RtcB–GMP/Mn(II) covalent
intermediate (PDB ID 4it0). Hydrogen bonding to the guanosine ribose 2′-OH and 3′-OH
with the backbone amides of Ala406 and Gly407, respectively, is not shown.
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Figure 3.
Wall-eyed stereo views of conformational changes in the RtcB active site along the
guanylylation pathway. (A) Pairwise superpositions of the RtcB/Mn(II) (light blue) and
RtcB/GTPαS/Mn(II) (light green) complexes; (B) pairwise superpositions of the RtcB/
GTPαS/Mn(II) (light green) and RtcB–GMP/Mn(II) (light pink) complexes. Upon binding
of GTPαS, two active-site loops make significant conformational rearrangements, Lys480
changes conformation to form hydrogen bonds with the guanine C6 carbonyl, and Asn202
changes conformation to accommodate the triphosphate moiety. After formation of the
covalent intermediate and release of PPi, Asn202 again changes conformation to a position
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directly above the nascent phosphoramidate linkage. The amino acids, Mn(II) ions, and
nucleotide from the antecedent step in each depiction are rendered transparent.
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Figure 4.
Proposed mechanism of RtcB guanylylation and comparison to the adenylylation
mechanism of classical ATP-dependent ligases. (A) RtcB active site. Potential hydrogen
bonds and metal contacts are indicated with dashed lines. Structure–function analyses
suggest a mechanism in which nucleophilic attack by Nε of His404 on the α-phosphorus of
GTP is promoted by: (i) orientation and stabilization of His404 by a hydrogen bond with H–
Nδ of Asp65; (ii) orientation of the PPi leaving group apical to Nε of His404 by Mn2; and
(iii) charge neutralization of the pentavalent transition state by Mn1 and two water
molecules. (B) The two-metal mechanism of adenylylation used by T4 RNA ligase based on
a structure in complex with magnesium ions and the non-hydrolyzable ATP analogue
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ApCpp (PDB ID 2c5u). Hydrogen bonds with ApCpp are not shown, and only the inner
sphere ligands of Mg1 and Mg2 are shown. In the crystal structure, the Mg1 site was
occupied by a Ca(II) ion, which was present at high concentration in the crystallization
solution. Mg1 and Mg2 serve essentially identical mechanistic roles to Mn1 and Mn2,
respectively, in the RtcB guanylylation mechanism.
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Table 1

Manganese coordination distance in the RtcB/GTP?S/Mn(II) complex.

Mn⋯ligand r (Å)

Mn1⋯Sγ (Cys98) 2.3

Mn1⋯Nε (His234) 2.4

Mn1⋯Nε (His329) 2.4

Mn1⋯OPα (GTP?S) 2.2

Mn2⋯Oδ2 (Asp95) 2.1

Mn2⋯Sγ (Cys98) 2.4

Mn2⋯Nε (His203) 2.3

Mn2⋯OPγ (GTP?S) 2.8
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