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ATP-dependent RNA ligases are agents of RNA repair that join 3'-OH
and 5’-PO4 RNA ends. Naegleria gruberi RNA ligase (NgrRnl) exemplifies
a family of RNA nick-sealing enzymes found in bacteria, viruses, and
eukarya. Crystal structures of NgrRnl at three discrete steps along the
reaction pathway—covalent ligase-(lysyl-N¢)-AMPeMn?* intermediate;
ligasee ATPe(Mn>*), Michaelis complex; and ligaseeMn®* complex—
highlight a two-metal mechanism of nucleotidyl transfer, whereby (i)
an enzyme-bound “catalytic” metal coordination complex lowers the
pK, of the lysine nucleophile and stabilizes the transition state of the
ATP o phosphate; and (ii) a second metal coordination complex bridges
the - and y-phosphates. The NgrRnl N domain is a distinctively embel-
lished oligonucleotide-binding (OB) fold that engages the y-phosphate
and associated metal complex and orients the pyrophosphate leaving
group for in-line catalysis with stereochemical inversion at the AMP
phosphate. The unique domain architecture of NgrRnl fortifies the
theme that RNA ligases have evolved many times, and independently,
by fusions of a shared nucleotidyltransferase domain to structurally
diverse flanking modules. The mechanistic insights to lysine adenylyla-
tion gained from the NgrRnl structures are likely to apply broadly to
the covalent nucleotidyltransferase superfamily of RNA ligases, DNA
ligases, and RNA capping enzymes.

RNA repair | covalent nucleotidyltransferase | lysyl-AMP

Biochemically diverse RNA repair systems rely on RNA ligases
to maintain or manipulate RNA structure in response to
purposeful RNA breakage events (1-5). RNA breaks destined
for repair are inflicted by sequence-specific or structure-specific
endoribonucleases during physiological RNA processing (e.g.,
tRNA splicing; kinetoplast mRNA editing) and under conditions
of cellular stress (e.g., virus infection, starvation, unfolded protein
response). RNA cleavage can occur either: (i) by a transesterification
mechanism (generally metal-independent) that yields 2’,3'-cyclic-PO,
and 5’-OH ends; or (ii) via a hydrolytic mechanism (typically metal-
dependent) that leaves 3'-OH and 5’-PO,4 ends. RNA repair enzymes
capable of sealing 2',3'-cyclic-PO,/5'-OH breaks or 3’-OH/5’-PO,
breaks are distributed widely in all phylogenetic domains of life.

ATP-dependent RNA ligases join 3'-OH and 5'-PO, RNA
termini via a series of three nucleotidyl transfer steps similar to
those of DNA ligases (6). In step 1, RNA ligase reacts with ATP
to form a covalent ligase-(lysyl-NC)-AMP intermediate plus pyro-
phosphate. In step 2, AMP is transferred from ligase-adenylate to
the 5-PO, RNA end to form an RNA-adenylate intermediate,
AppRNA. In step 3, ligase catalyzes attack by an RNA 3’-OH on
the RNA—adenylate to seal the two ends via a phosphodiester bond
and release AMP.

The autoadenylylation reaction of RNA ligases is performed
by a nucleotidyltransferase (NTase) domain that is conserved in
ATP-dependent and NAD"-dependent DNA ligases and GTP-
dependent mRNA capping enzymes (6, 7). The NTase domain
includes six peptide motifs (I, Ia, III, IIla, IV, and V) that form
the nucleotide-binding pocket (Fig. S1). Motif I contains the
lysine that becomes covalently attached to the NMP. It is thought
that modern RNA and DNA ligases and RNA capping enzymes
evolved from an ancestral stand-alone ATP-using NTase domain
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via clade-specific acquisitions of flanking domain modules (7).
DNA ligases and RNA capping enzymes have a shared core
domain structure in which a conserved oligonucleotide-binding
(OB)—fold domain is linked to the C terminus of the NTase
domain (8-14). The scheme depicted in Fig. 1 posits that: (i) ATP-
dependent DNA ligases evolved before divergence of bacteria, ar-
chaea, and eukarya; (i) NAD*-dependent ligases evolved in bac-
teria by acquisition of a signature N-terminal module that confers
NAD™ specificity (15, 16); and (iii) capping enzymes evolved
uniquely in eukarya, via innovations within the NTase and OB
domain that impart GTP specificity and recognition of diphosphate-
terminated RNA ends.

In contrast, ATP-dependent RNA ligases appear to have evolved
many times, and independently, by NTase fusions to structurally
diverse C-terminal domain modules (Fig. 1). There are presently
four structurally characterized RNA ligase families, exemplified by:
(¢) bacteriophage T4 RNA ligase 1 (Rnll family) (17); (ii) T4 RNA
ligase 2 (Rnl2 family) (18); (iii) Pyrococccus abyssi RNA ligase
(Rnl3 family) (19); and (iv) Clostridium thermocellum RNA ligase
(Rnl4 family) (20, 21). The C-domain folds of these four RNA
ligases are unrelated to one another and to the OB domains of
DNA ligases or capping enzymes. The physiology and biochemistry
of the Rnl families suggest a division of labor in RNA repair,
whereby Rnll and Rnl4 are tailored to seal single-strand breaks in
the loop of RNA stem-loops (22, 23), whereas Rnl2 is designed to
seal 3'-OH/5’-POy nicks in duplex RNAs and RNA:DNA hybrids
(24). The specificity of T4 Rnll for tRNA repair is conferred by its
C domain (22). T4 Rnl2 depends on its C domain for binding and
sealing a duplex RNA nick (7, 25). Our hypothesis is that there are
more RNA ligase families to be discovered and that new flavors of
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Fig. 1. Scheme of ligase evolution. RNA ligases, DNA ligases, and mRNA cap-
ping enzymes comprise a superfamily of covalent nucleotidyltransferases that
act via enzyme-(lysyl-NZ)-NMP intermediates. They are thought to descend from
an ancestral ATP-using NTase domain (turquois oval) by fusions to structurally
diverse flanking domain modules (depicted in various shapes and colors), as
discussed in the text.

RNA ligases will inform the biochemistry, biology, and evolutionary
history of RNA repair.

Deinococcus radiodurans RNA ligase (DraRnl) and Naegleria
gruberi RNA ligase (NgrRnl) represent a recently appreciated,
though structurally uncharacterized, Rnl5 family of ATP-dependent
RNA ligase (26-29). DraRnl and NgrRnl are template-directed
RNA ligases capable of sealing nicked duplexes in which the 3-OH
strand is RNA. DraRnl and NgrRnl can join a RNApy end to a
5’-pRNA or 5’-pDNA strand, but are unable to join when the 3-OH
strand is DNA. In this respect, they are similar to T4 Rnl2. However,
unlike members of the four known RNA ligase families, DraRnl and
NgrRnl lack a C-terminal appendage to their NTase domain. In-
stead, they contain a defining N-terminal domain that is important
for overall 3'-OH/5’-POy nick sealing and ligase adenylylation (step
1), but dispensable for phosphodiester synthesis at a preadenylylated
nick (step 3). DraRnl and NgrRnl prefer manganese as the metal
cofactor for nick sealing, although either Mg?* or Mn** can support
the formation of the Rnl-AMP intermediate (26, 29). Manganese
exerts profound effects on Deinococcus resistance to high-dose ion-
izing radiation and oxidative stress (30, 31). The gene encoding
DraRnl is transiently up-regulated during recovery of Deinococcus
from radiation exposure (32). It was speculated that DraRnl might
contribute to the extreme radiation resistance of Deinococcus, by
either repairing broken RNAs or by sealing broken DNAs that have
acquired 3'-OH RNA termini by ribonucleotide addition (perhaps as
a stop-gap measure during break and gap repair) (28).

Rnl5 homologs are encoded by 35 bacterial genera, representing
10 different phyla (28). Bacteriophages that prey on Aeromonas,
Caulobacter, Mycobacterium, and Sinorhizobium also encode Rnl5
homologs. An archaeal homolog is present in Methanobrevibacter
ruminantium. We were especially intrigued by the presence of Rnl5
homologs in many unicellular eukarya, including 13 genera of
fungi, the amoebae Dictyostelium and Polysphondylium, and the
amoebo-flagellate N. gruberi. (N. gruberi is an avirulent cousin of
the human pathogen Naegleria fowleri, known as the “brain-eating
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amoeba,” which causes a devastating infection, primary amoebic
meningoencephalitis.) We have purified and characterized recombi-
nant NgrRnl, the exemplary eukaryal Rnl5 ligase (29). Here we
report atomic structures of NgrRnl, captured at three discrete
steps along the lysine-adenylylation reaction pathway. The struc-
tures suggest a two-metal mechanism of nucleotidyl transfer, in
which a catalytic metal coordination complex lowers the pK, of the
lysine nucleophile and stabilizes the transition state of the ATP
a-phosphate, and a second metal coordination complex bridges
the ATP f- and y-phosphates. The NgrRnl N domain is a uniquely
embellished OB-fold that binds the ATP y-phosphate and asso-
ciated metal complex and orients the pyrophosphate leaving group
for in-line catalysis.

Results

Overview of the NgrRnl Structure. Crystallization of native and
SeMet-substituted NgrRnl and structure determination of the
native enzyme at 1.7 A resolution are described in Methods and
summarized in Table S1. A stereoview of the NgrRnl tertiary
structure is shown in Fig. 24. It is composed of 21 B-strands,
seven a-helices, and two 3¢ helices, which are displayed over the
amino acid sequence in Fig. 2B. NgrRnl consists of two domains.
As expected, the C-terminal module (amino acids 123-339) is a
classic NTase domain. A DALI search (33) of the PDB recovered
the NTase domain of T4 Rnl2 as the top “hit,” with a z-score of
18.4 and 2.4 A rmsd at 186 Cu positions (Table S2). The aligned
tertiary structures of the NgrRnl and T4 Rnl2 NTase domains are
shown in Fig. S14. The primary structure alignment in Fig. S1B
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Fig. 2. Overview of NgrRnl structure. (A) Stereoview of the tertiary structure
of NgrRnl, which consists of an OB-containing N domain and a C-terminal NTase
domain, depicted as a ribbon model with magenta f strands, cyan a helices, and
blue 3¢ helices. The lysylFAMP adduct in the active site is rendered as a stick
model. Mn?* is depicted as a green sphere. (B) Secondary structure elements
(colored as in A) are displayed above the NgrRnl amino acid sequence.
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Fig. 3. Structural insights to the mechanism of lysine adenylylation. (A and
B) Stereo views of the active site of the NgrRnl-(lysyl)~AMPeMn2* in-
termediate in different orientations highlighting the Mn?* coordination
complex and enzymic contacts to the AMP ribose and phosphate (A) and
contacts to the adenine nucleobase (B). Amino acids and AMP are shown as
stick models with beige and gray carbons, respectively. A single Mn* ion
and associated waters are depicted as green and red spheres, respectively.
Atomic contacts are indicated by dashed lines. (C) Stereoview of the active
site of the NgrRnl-K170MeATPe(Mn?*), Michaelis complex. Amino acids and
ATP are shown as stick models with beige and blue carbons, respectively; the
ATP phosphorus atoms are colored yellow. Two Mn?* ions and associated
waters are depicted as green and red spheres, respectively. Atomic contacts
are indicated by dashed lines. The superimposed lysyl-AMP adduct from the
covalent intermediate structure is shown with gray carbons and a green «
phosphorus atom (to highlight the stereochemical inversion of the phos-
phorus center after lysine adenylylation).

highlights the conservation of the signature NTase motifs. The
NgrRnl NTase domain consists of two central antiparallel p-sheets, a
six-strand sheet (with topology p15|ep14tep13|ep16tep17|ep181)
and a four-strand sheet (with topology 3211320/ ef3121e(319]) that
form the adenylate-binding pocket. Six a-helices decorate the lateral
surfaces of the NTase domain. Electron density showed that AMP is
covalently linked to the motif I Lys170 side-chain in the active site
of the NTase domain (Fig. S2), consistent with our biochemical
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evidence that at least half of the recombinant NgrRnl protein was
NgrRnl-AMP (29). The adenosine nucleotide is in the syn confor-
mation. The AMP phosphate is coordinated by a divalent cation
(green sphere), which we modeled as Mn>* in light of the anomalous
difference electron density overlying the metal atom (Fig. S2).

Adenine Nucleotide Specificity. Enzymic contacts to the adenine
base are highlighted in Fig. 3B. The purine ring is sandwiched
between the aromatic ring of Phe248 and the hydrophobic side
chain of Val315. Adenine specificity is conferred by amino acid
side-chain hydrogen bonds from adenine-N6 to Thr168-Oy and
from Lys317-NC to adenine-N1. There are additional main-chain
hydrogen bonds from adenine-N6 to Val169 carbonyl and from
Leul71 amide to adenine-N7. The ribose 2’-OH and 3’-OH make
hydrogen bonds to Glu227 and Thr145, respectively (Fig. 34).

Key Role of the Metal lon in Cataly5|s Waters occupy five of the
ligand sites in the octahedral Mn>* coordination complex in
the NgrRnl-AMP structure (Fig. 34). The ligase binds the Mn**
complex via water-mediated contacts to Glu227, Glu312, and
Aspl72. [Glu227 and Glu312 are conserved in DraRnl as Glu230
and Glu305, respectively; their mutation to alanine in DraRnl
effaced nick ligation and ligase adenylylation activity (27).] The
sixth Mn”" ligand site entails direct metal contact to one of the
nonbridging AMP phosphate oxygens. The two other AMP
phosphate oxygens are contacted by Lys326. The structure sug-
gests that Lys326 and the metal stabilize a pentavalent transition
state of the ATP a-phosphate during the lysine-adenylylation
reaction. Our structure also reveals a likely role for the metal
complex in stabilizing the unprotonated state of the lysine nu-
cleophile before catalysis, via atomic contact of Lys170-N¢ to one
of the waters in the metal complex (indicated by the blue dashed
line in Fig. 34).

The N Domain Is a Distinctively Embellished OB-Fold. A DALI search
of the NgrRnl N domain (amino acid 1-122) retrieved a C-terminal
domain of a “putative tRNA binding protein” from Staphylo-
coccus saprophyticus (PDB ID code 3BU2) as the top hit, with a
z-score of 9.4 and 2.9 A rmsd at 93 Ca positions. The aligned
tertiary structures of the NgrRnl N-domain and 3BU2 are shown
in Fig. 44; the aligned secondary and primary structures are
shown in Fig. 4B. The shared segment (formed by seven of the
NgrRnl p-strands) is an OB-fold, an ancient domain found in
many nucleic acid binding proteins. Indeed, the second best
DALI hit against the NgrRnl N domain, with a z-score of 8.8, is
an OB module found in Thermus thermophilus phenylalanyl-
tRNA synthetase (34) (Table S3). NgrRnl’'s OB-fold is embel-
lished by a distinctive insert module (in blue in Fig. 44), con-
sisting of a three-strand antiparallel B-sheet (B61ep7/ep51) and a
30 helix. To our knowledge, this is the first example of an RNA
ligase that contains an OB domain and the first instance in which
an OB domain is situated upstream of an NTase domain in a
member of the covalent NTase superfamily. It is to be empha-
sized that the N-terminal NgrRnl domain has minimal structural
similarity to the C-terminal OB-folds of DNA ligases and mRNA
capping enzymes. For example it aligns very weakly to the OB
domains of Chlorella virus DNA ligase (9) (z-score 2.8; rmsd
6.5 A at 60 Ca positions) and Chlorella viras mRNA capping enzyme
(12) (z-score 2.1; rmsd 4.9 A at 58 Ca positions). Moreover, there is
virtually no amino acid identity between the NgrRnl N domain and
the OB domains of DNA ligase and mRNA capping enzyme. This
signifies to us that the N-terminal domain of the Rnl5 family of
RNA ligases evolved separately from the C-terminal OB domains of
DNA ligases and capping enzymes.

A Michaelis Complex of NgrRnl with ATP and Manganese. To capture

a mimetic of the Michaelis complex, we exploited a mutated ver-
sion, K170M, in which the lysine nucleophile was replaced with
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Fig. 4. The N domain is a distinctively embellished OB-fold. (A) The tertiary
structures of the NgrRnl N domain and the top DALI hit S. saprophyticius
3BU2 were aligned and then offset horizontally. The N- and C-terminal
amino acid numbers are italicized. The NgrRnl secondary structure elements
are labeled. The magenta f-strands are common to both proteins; the blue
B-strands and the 344 helices are unique to NgrRnl. (B) The NgrRnl and 3BU2
primary structures are aligned according to DALI. Gaps in the alignment are
indicated by dashes. Positions of amino acid side chain identity/similarity are
indicated by a dot (e) above the sequence. The secondary structure elements
of NgrRnl and 3BU2 (colored as in A) are shown above and below the re-
spective amino acid sequences.

methionine (effectively isosteric to lysine, minus the e-amino
group). NgrRnl-K170M was preincubated with 2 mM ATP and
5 mM MnCl, before crystallization. The refined 1.9 A structure
(R/Rgree = 0.176/0.247) (Table S1) comprised the entire NgrRnl
polypeptide, with electron density for ATP and two manganese ions
in the active site (Fig. S3). The tertiary structure of the ligase pro-
tomer in the ATP complex was essentially identical to that of the
ligase~AMP intermediate (z-score 51.0; rmsd of 0.6 A at 339 Ca
positions). Fig. 3C shows a stereoview of the active site of the ATP
complex (ATP rendered with cyan carbons and yellow phosphorus
atoms; Mn** as green spheres; water as red spheres) highlighting
atomic interactions relevant to catalysis. For comparison, we included
just the lysyl-FAMP adduct from the NgrRnl-AMP structure (AMP
with gray carbons and green Pa atom in Fig. 3C). The adenosine
nucleosides superimpose almost perfectly and the Met170 side-chain
is indeed virtually isosteric to Lys170. The salient mechanistic insights
are summarized below.

Geometry and Stereochemistry of Lysine Adenylylation. The Lys170-
N¢ is situated 2.9 A from the ATP « phosphorus, in an apical
orientation to the pyrophosphate leaving group (N{-Po—O3a
angle = 169°). Consistent with a single-step in-line mechanism,
we see that the a-phosphate undergoes stereochemical inversion
during the transition from ATP Michaelis complex to lysyl-AMP
intermediate (Fig. 3C).

Two-Metal Mechanism of Nucleotidyl Transfer. The “catalytic” octahe-
dral Mn** complex (Mnl) that engages the ATP a-phosphate in the
Michaelis complex is identical to that seen in the lysyFAMP in-
termediate. The ATP-bound structure revealed a second Mn** atom
(Mn2), coordinated octahedrally to four waters and to ATP f- and
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y-phosphate oxygens. We infer that the second Mn®" promotes ly-
sine adenylylation by ensuring a proper conformation of the ATP
triphosphate moiety conducive to expulsion of the pyrophosphate
(PP;) leaving group.

Role of the N Domain in Orienting the PP; Leaving Group. There are
no direct enzymic contacts to the ATP B-phosphate. Lys326 and
Arg149 are the only side chains of the NTase domain that engage
the ATP phosphates, via a bifurcated interaction of Lys326 with
a- and y-phosphates and a bidentate interaction of Argl49 with
the y-phosphate. The structure highlights direct contacts to the
ATP y-phosphate from the N domaln of NgrRnl, via Arg4 and
Lys121, and to the second Mn”*" coordination complex via
Asp53. The N domain contacts to ATP and Mn2 in the Michaelis
complex aid in orienting the PP; leaving group during step 1 ly-
sine adenylylation, and account for the severe decrement in step
1 activity when the N domain is deleted (29).

“Who's on First"—Does Manganese Precede ATP? Because the catalytic
Mn”* complex makes only one contact to the ATP a-phosphate,
versus five ligand sites filled by waters, four of which are coordinated
by NgrRnl active site side chains (Aspl72, Glu227, Glu312), we
hypothesize that the first metal cofactor Mnl binds to the ligase
before ATP. Because the second Mn®* complex that bridges the
f- and y-phosphates makes only one water-mediated contact to the
ligase (Asp53), and because a second metal is absent from the ligase-
AMP intermediate (presumably having departed in a complex with
the PP; leaving group), we envision that ATPeMn(2) binds to
hgaseoMn(l) to form a 11gaseoATPo(Mn2+)2 Michaelis complex. To
test the “Mnl1 first” hypothesis, we grew crystals of NgrRnl-K170M
that had been preincubated with 5 mM MnCl, (without ATP), col-
lected diffraction data to 2.2 A resolution, and refined the structure
t0 R/Rgee of 0.190/0.266 (Table S1). The difference density maps
indicate that there is a smgle manganese ion, but no nucleotide, in
the active site. The Mn?" is coordinated to three waters, signifying
that the metal coordination complex is incomplete in the absence of
nucleotide.

Fig. 5 shows a stereoview of the metals and metal ligands in the
superimposed NgrRnleMn>* (colored blue) NgrRnleATPeMn?*
(colored gold), and Ngarl AMPeMg" (colored green) structures.
The five waters in the Mn?* coordmatlon complex of the adenylate-
bound ligases are labeled “a” to “e.” The three water sites that are
occupied in the NgarloMn + bmary complex are “a,” “b,” and “c.”
Water sites “d” and “e” that are vacant in the NgrRnleMn?* blnary
complex occupy apical positions in the octahedron. Water “d” is
coordinated jointly by Glu227-O¢ and the adenosine ribose O2’,
which might explain why this site is not filled before ATP binding.
Two of the sites that are filled in the NgrRnleMn** binary complex
make pairwise contacts with the ligase. Water “b” is engaged by
hydrogen bonds to Asp172-O8 and the Glyl73 main-chain car-
bonyl. Water “a” (the one that contacts Lys170-NC) is engaged via
hydrogen bonds to Glu312-O¢ and the Leul71 main-chain car-
bonyl. We surmise that the initial binding of the catalytic metal Mn1
to the ligase stabilizes the unprotonated form of the lysine nucle-
ophile in advance of ATP binding.

Discussion

The present study provides new insights to the structure, mecha-
nism, and evolution of RNA ligases. We report the atomic structure
of NgrRnl, the eukaryal founder of a Rnl5 family of nick sealing
enzymes. The distinctive domain composition of NgrRnl fortifies
the theme that multiple different clades of RNA ligases emerged by
fusions of diverse accessory modules to a shared NTase domain. To
our knowledge, NgrRnl is the first instance in which an OB domain
is intrinsic to an RNA hgase polypeptide.

The Ngarl-ATPo(Mn *), structure, when superimposed on
the NgrRnl-AMPeMn?" structure, captures (for the first time to
our knowledge) a mimetic of the Michaelis complex of the ligase
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Fig. 5. Comparison of the catalytic Mn?* site with and without adenylate.
Stereoview of the superimposed active sites of the NgrRnl-K170MeMn>*
binary complex (with carbon atoms, waters, and Mn2* colored blue), the
NgarI—K17OM-ATP-Mn2+ Michaelis complex (gold), and the NgrRnl-(lysyl)-
AMPeMn?* intermediate (green). The five waters in the octahedral MnZ*
complex of the ATP and lysyl-AMP structures are labeled “a” to “e.” Only
the “a,” “b,” and “c” water sites are occupied in the Mn?* binary complex.
Atomic contacts to the metal and waters are shown as dashed lines.

adenylylation reaction in which the nucleophile and PP; leaving
group are oriented correctly for catalysis and the proper catalytic
metal cofactor is coordinated in a mechanistically instructive
fashion to ATP, the lysine nucleophile, and essential carboxylate
side-chains of the NTase domain. Early structures of the covalent
ligase—AMP intermediates of Chlorella virus DNA ligase (9)
and Mycobacterium tuberculosis DNA ligase D (35) obtained
from crystals that were soaked or grown in the presence of non-
physiological metals (e.g., lutetium or zinc) suggested the location of
a “catalytic” metal near the AMP phosphate (corresponding to Mn1
in the NgrRnl structures). The structure of T4 Rnll with the
unreactive analog AMPCPP in the active site obtained from crystals
grown in the presence of calcium revealed a calcium ion in the
catalytic metal site, coordinated to six waters and one AMPCPP
a-phosphate oxygen (17). The closest counterpart to the present
NgrRnl structures is that of the bacterial Rnl4 family RNA ligase—
AMPeMg*" covalent intermediate formed in crystallo (21), in which
a catalytic Mg>" ion contacts the AMP phosphate directly and the
remaining five positions in the octahedral metal complex are filled
by waters, two of which are engaged by motif III and IV glutamate
side chains (the equivalents of Glu227 and Glu312 in NgrRnl).

In addition to highlighting how direct metal interaction with
the ATP a-phosphate would stabilize the transition state during
lysine adenylylation, the NgrRnl structures offer clues to a long-
standing conundrum in ligase biochemistry. As Robert Lehman
pointed out in 1974 (36), it is a mystery how lysine (with a predicted
pK. value of ~10.5) loses its proton at physiological pH to attain the
unprotonated state required for attack on the a-phosphorus of ATP
or NAD™. In principle, ligase might use a general base to deprot-
onate the lysine. Alternatively, the active site milieu lowers the pK,
of the lysine so that a significant fraction of the side-chain is
unprotonated at physiological pH. Reduction of the lysine pK,
could be driven by positive charge potential surrounding lysine-Ng,
analogous to how the pK, of the cysteine nucleophile in Yersinia
protein tyrosine phosphatase is lowered to 4.7 by a network of
positive potential from main-chain amides surrounding the sulfur
(37, 38). Several crystal structures of ligase and capping enzyme
absent metals (7, 12, 16, 19) provided scant support for either
explanation. In these structures, the motif I lysine nucleophile is
located next to the motif IV glutamate or aspartate side-chain (7,
12, 16, 19). The lysine and the motif IV carboxylate form an ion
pair, the anticipated effect of which is to increase the pK, of lysine by
virtue of surrounding negative charge. It is unlikely that a glutamate

13872 | www.pnas.org/cgi/doi/10.1073/pnas.1516536112

or aspartate anion could serve as general base to abstract a proton
from the lysine cation. A potential solution to the problem would be
if a divalent cation (coordinated by the motif IV carboxylate and the
ATP o phosphate) abuts the lysine-N¢ and drives down its pK,.

An explicit model was proposed for the atomic contacts of the
catalytic metal in the transition state of T4 DNA ligase (39), al-
though there is no direct structural information on this enzyme in
any state along its reaction pathway. According to the model, the
catalytic metal makes direct contacts with lysine-N¢ (the nucleo-
phile) and with the o—f bridging oxygen of ATP (the leaving group)
as two of the component ligands of an octahedral metal coordina-
tion complex that also includes four waters. The model does not
mandate a direct contact between the metal and nonbridging ATP
a-phosphate oxygens; instead the nonbridging phosphate oxygens
are depicted as accepting hydrogen bonds from two of the metal-
bound waters (39). The NgrRnl structures presented here militate
strenuously against such a model. Our structures implicate a metal-
bound water, coordinated by the motif IV glutamate and situated
within hydrogen-bonding distance of the lysine-N, in stabilizing the
unprotonated state of the lysine before ATP binding. Also, our
structures are not consistent with the catalytic metal being in-
volved in expulsion of the PP; leaving group, with which it
makes no contacts.

Indeed, the NgrRnl structures instate a two-metal mechanism
of lysine adenylylation, in which a second Mn®* ion engages the
ATP B- and y-phosphates to attain a catalytically conducive ori-
entation of the PP; leaving group apical to the lysine nucleophile.
An earlier crystal structure of the isolated NTase domain of try-
panosome RNA editing ligase 1 (TbrRELI, an Rnl2-family en-
zyme) in complex with ATP had revealed a single Mg?* ion bridging
the p- and y-phosphates (40), analogous to the second metal in
the NgrRnleATP structure. However, the TbrREL1 NTasce ATP
structure is missing a catalytic metal ion that engages the o phos-
phate, and it represents an off-pathway state in which: (i) the
noncatalytic Mg?* ion occupies the position of the catalytic metal in
the NgrRnl Michaelis complex; (ii) the ATP - and y-phosphates
are in an unreactive orthogonal orientation to the lysine nucleophile
(N¢-Pa—O3a angle = 96°); and (iii ) the motif IV glutamate forms a
salt bridge with the lysine nucleophile that disfavors its deproto-
nation (Fig. S4).

In NgrRnl, the Mn?*-bound y-phosphate makes electrostatic
and hydrogen-bonding interactions with the signature N-terminal
domain of NgrRnl, thereby explaining the importance of the N
domain for ligase adenylylation via its role in binding ATP and
orienting the PP; leaving group. [A second metal was seen pre-
viously in the T4 RnlleAMPCPP structure (17). Modeled as
magnesium, it makes direct contact to just one of the AMPCPP
B-phosphate oxygens; this Mg?* ion is coordinated directly and
via water to amino acids in the distinctive C-terminal domain of
T4 Rnll.]

Our findings highlight how Nature has adopted diverse structural
solutions to the problem of leaving group geometry in the chemistry
of lysine nucleotidylylation. In the case of NgrRnl and NAD*-
dependent DNA ligases, the respective PP; and NMN leaving
groups are oriented for in-line catalysis by clade-specific modules
fused to the N terminus of the NTase domain: a unique OB domain
in NgrRal (29) and a unique “Ia domain” in NAD*-dependent
DNA ligases (15, 16, 41). In the case of exemplary ATP-dependent
DNA ligases and GTP-dependent RNA capping enzymes, the
PP; leaving group is positioned by a conserved motif VI (RxDK)
that defines a clade-specific OB module fused to the C terminus
of the NTase domain (12, 42, 43).

Methods

NgrRnl and NgrRnl-K170M crystals were grown by hanging-drop vapor dif-
fusion after mixing purified recombinant protein with 0.1 M Hepes pH 6.5,
30% PEG6000 precipitant solution. The crystals belonged to space group P3,
and had one ligase protomer per asymmetric unit. The structure of native
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NgrRnl-AMP was solved using single-wavelength anomalous dispersion data
from a single crystal of SeMet-NgrRnl. The final model of native NgrRnl-
AMP was refined to Ryork/Riree Of 0.167/0.209 (Table S1). The NgrRnl struc-
ture was used as a starting model against which the diffraction data for
single NgrRnl-K170MeATPeMn?* and NgrRnl-K170MeMn?* crystals were
refined (Table S1). Full details of protein purification, crystallization,
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