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Deinococcus radiodurans RNA ligase exemplifies a
novel ligase clade with a distinctive N-terminal module
that is important for 5-PO,4 nick sealing and ligase
adenylylation but dispensable for phosphodiester
formation at an adenylylated nick
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ABSTRACT

Deinococcus radiodurans RNA ligase (DraRnl) is a
template-directed ligase that seals nicked duplexes
in which the 3'-OH strand is RNA. DraRnl is a 342
amino acid polypeptide composed of a C-terminal
adenylyltransferase domain fused to a distinctive
126 amino acid N-terminal module (a putative
OB-fold). An alanine scan of the C domain identified
9 amino acids essential for nick ligation, which are
located within nucleotidyltransferase motifs |, la, lll,
llla, IV and V. Seven mutants were dysfunctional by
virtue of defects in ligase adenylylation: T163A,
H167A, G168A, K186A, E230A, F281A and E305A.
Four of these were also defective in phosphodi-
ester formation at a preadenylylated nick: G168A,
E230A, F281A and E305A. Two nick sealing-defective
mutants were active in ligase adenylylation and
sealing a preadenylylated nick, thereby implicating
Ser185 and Lys326 in transfer of AMP from the
enzyme to the nick 5-PO,. Whereas deletion of the
N-terminal domain suppressed overall nick ligation
and ligase adenylylation, it did not compromise
sealing at a preadenylylated nick. Mutational anal-
ysis of 15 residues of the N domain identified Lys26,
GIn31 and Arg79 as key constituents. Structure—
activity relationships at the essential residues
were determined via conservative substitutions. We
propose that DraRnl typifies a new clade of poly-
nucleotide ligases. DraRnl homologs are detected in
several eukaryal proteomes.

INTRODUCTION

The recent identification and characterization of an RNA
ligase (DraRnl) from the radiation-resistant bacterium

Deinococcus radiodurans raised the prospect that RNA end
sealing might be pertinent to bacterial physiology (1).
DraRnl is a 342 amino acid polypeptide encoded by the
D.radiodurans DRB0094 ORF, which is one of several
genes transiently up-regulated during recovery from radiation
exposure (2). DraRnl, like all other ATP-dependent
RNA/DNA ligases, joins 3’-OH and 5'-PO, termini via a
series of three nucleotidyl transfer steps: (i) the enzyme
reacts with ATP to form a covalent ligase-(lysyl-N)-AMP
intermediate plus pyrophosphate, (ii) AMP is transferred
from ligase-adenylate to the 5'-PO, end to form a
polynucleotide-adenylate intermediate and (iii) an RNA 3'-
OH attacks the 5'-PO, of the polynucleotide-adenylate to
seal the two strands via a 3/-5" phosphodiester bond and
release AMP (3-5).

There are two distinct branches of the RNA ligase family,
exemplified by bacteriophage T4 RNA ligase 1 (Rnll) and
RNA ligase 2 (Rnl2), respectively (6-8). Whereas Rnll-like
ligases prefer to join single-stranded RNA termini emanating
from RNA stems (9), the Rnl2-like ligases display optimal
activity in sealing nicks embedded within duplex RNAs or
RNA-DNA hybrids (10-12). Initial biochemical charac-
terization of DraRnl highlighted functional similarities to
Rnl2, e.g. activity in sealing duplex RNA nicks, but no activ-
ity in circularizing short single-stranded RNA substrates (this
being the preferred reaction for Rnll-type ligases) (1). Yet,
the primary structure of DraRnl reveals novel features and
domain arrangements that confound its classification as either
Rnl1-like or Rnl2-like.

T4 Rnll (374 amino acids) and T4 Rnl2 (334 amino acids)
are composed of two structural domains (7,13). They have an
N-terminal nucleotidyltransferase domain, shared with DNA
ligases and mRNA capping enzymes, that includes the six
peptide motifs (I, Ia, III, IIla, IV and V) that define the cova-
lent nucleotidyltransferase superfamily (14). Rnll and Rnl2
are distinguished from one another by their C-terminal
domains, which adopt unique o-helical folds that are unre-
lated to the OB-fold modules appended to the C-termini of
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the nucleotidyltransferase domains of DNA ligases and RNA
capping enzymes. Available evidence suggests that the bio-
logical specificity of polynucleotide ligases is dictated in
part by their carboxyl domains. In the case of ATP-dependent
DNA ligases and RNA capping enzymes, the C-terminal OB
domain is required for the initial step of covalent enzyme
nucleotidylation at the lysine of motif I (KxDG) (15-18).
T4 Rnl2 can form ligase-AMP in the absence of its C domain
(19), but is then unable to execute the composite RNA nick
sealing reaction. The Rnl2 C domain is required for nick
recognition and catalysis of nick adenylylation, yet it is not
required for phosphodiester formation at a preadenylylated
nick (19). The remarkable feature of DraRnl is that is has
no C domain at all. Rather, it has a distinctive N-terminal
module, which is important for strand joining activity, but
has no primary structure similarity to any known polynu-
cleotide ligase (Figure 1). The DraRnl N-terminal module
is a putative homolog of the OB-fold of phenylalanyl-tRNA
synthetases (1).

DraRnl is a template-directed RNA ligase capable of
sealing nicks in which the 3’-OH strand is RNA. DraRnl
can join a RNAgy end to a 5'-pRNA or 5-pDNA-strand,
but it is unable to join when the 3’-OH strand is DNA (1).
In light of this specificity, it is conceivable that DraRnl
contributes to radiation resistance 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 double-strand break repair). Unlike
other polynucleotide ligases, DraRnl relies on manganese
(not magnesium) as a cofactor for strand sealing (though
either Mg or Mn can support the formation of the DraRnl-
AMP intermediate). Manganese exerts unique effects on
Deinococcus  growth, metabolism and radiosensitivity
(20,21). Manganese is associated with the Deinococcus
genome (22) and extracellular manganese concentration
affects genome condensation (23).

DraRnl homologs are found in the proteomes of Strepto-
myces avermitilis, Hahella chejuensis and the Aeromonas
phage 44RR2.8t. A primary structure alignment indicates
that they recapitulate the distinctive features of DraRnl.
They have a conserved N-terminal module not found in other
ligase clades and they terminate ~30 amino acids down-
stream of the presumptive counterpart of nucleotidyltrans-
ferase motif IV (305EGVVV309 in DraRnl; see Figure 1).
DraRnl and its cousins have an obvious counterpart of
motif I that contains the lysine to which AMP becomes cova-
lently attached. The motif I Lys'®® side chain of DraRnl is
essential, insofar as its replacement by alanine abolished
RNA nick sealing and ligase adenylylation activities (1).
The sequence alignment in Figure 1 highlights the location

Dra MAERQVIKER--AQLFPHPNAERLELCKVGTFQLVVRKGEYRDGDPIVIAPEKAVLPPQLAGLYTNA 65
Sav MSTLRVTAEV--LTIHPHPNADALELAQVGLYRAVVAKGAYRTGETAVYIPEQSVLP---AGLIEEL
44RR MIINDERQLASMRKIADLQPIPGADAIEVATIDGWEVVVKKGEFRVGSDCVYFEIDSLLPTDHPA-FRFL

Dra DTGASYLHGAEKNRVGSVRLRGEVSQGVILPLDGLEDAPF ————-— GEDLAERLGITFWEPPVPVSMAG 128
Sav GLTGR-LAGSGSDRVKAVRLRGELSQGIVCRPKALADVDLARTVADGTDFAELLGITKWVPPIPPTMSG
44RR ETRAKIYDGKMRARIKTIKLRGQISQGIALPTGAFTVGELLGGQEMDKTIDQMLDIIKYEPPQDGTGCN

Dra EVEPRPPAQHYKHHD-VEQF-GIYVSEFASGEEVMVTEKLHGTQGVY ——=———————————————— FRTA 177
Sav EIESVPDLLRWVD---IENI-QRYPDIFTPGEPVVLTEKLHGTACLVT—==—————————————— YLAD
44RR PGGTFPIFIPKTDEERCONIFNRYKEKYADVK-FAKSLKLDGSSITMAWVTDPELFLDLGTEEEPYAHD

I
Dra EGR--WLVTSKGLSRGGLTLREAASNVYWQAARNSNLFAEADAAFSGG----EVQIFGEVVPVQO-KGFS 239
Sav EDR--VHVSSKGFGAKSLALKEDPRNLYWRAVHGHGV-AQAAARLAERLGARRVGIFGEVYGAGVQDLT
44RR YDDAQFIVASRNQ—-———— VLRYNADSKWWKGVENYQI~-~---VDRLKEL--RMSVAIQGELMGPGIQKNR
la ]
Dra YGOQHKPTVFVFKVVYDGLRLPRRDWPQWVLDHA-—=—————— VPVLYEGBFDEATVRKLRGGLETVSGK 299
Sav YGADGRRDTLGYAVFDVSADIDGEV-RW-LDAADRLDGELPLVPRLYEGPYDIERVLETASGRETVSGH
44RR ENFDKYRIFAFRAFFIDEQRFATDEEFQ--DLCRTLGMEI-CPQLGYSYPFQEFTNVKDMLAAADIPSI
la

Dra GLHIREGVVVAPKVPRFA-ADGSDLSVKLISDAYAKKETGEEYS* 342

Sav GLHLREGVVIRSATERRSPVTGGRAIAKAVSPAYLTRKGGTEYE* 355

44RR EHKIAEGVVYKSVEL----VDGRMVHFKAINNKFLLKCED* 366
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Figure 1. DraRnl subfamily of RNA ligases. The amino acid sequence of DraRnl is aligned to the sequences of homologous proteins from S.avermitilis (Sav) and
bacteriophage 44RR.8t (44RR). Putative nucleotidyltransferase motifs I, Ia, III, IIla, IV and V are highlighted in shaded boxes. The essential motif I lysine
nucleophile is denoted by |. Residues subjected to mutational analysis in the present study are denoted by e. The translation start site of the N-terminal deletion

mutant NA126 is indicated by an arrow above the sequence.



of candidate DraRnl equivalents of several other nucleotidyl-
transferase motifs.

Here, we address the following questions. What other
residues of the DraRnl nucleotidyltransferase domain are
essential for sealing? At which step of the ligation reaction
do the essential residues act? How does the distinctive N
domain of DraRnl promote RNA sealing? Are specific resi-
dues in the N domain critical for activity? Answering these
questions provides new insights to the evolution of poly-
nucleotide ligases.

MATERIALS AND METHODS
Recombinant DraRnl

pET plasmids encoding His;y-tagged versions of wild-type
(WT) DraRnl and the NA126 deletion variant were
described previously (1). Alanine and conservative amino
acid substitution mutations were introduced by site-directed
mutagenesis. Oligodeoxynucleotide primers encoding the
desired mutation were annealed to plasmid pET-DraRNL
and extended by PfuTurbo DNA polymerase. The template
DNA was digested with Dpnl and the nicked circular plas-
mids were transformed into Escherichia coli XL1 Blue. The
DraRNL OREFs of all mutant plasmids were sequenced com-
pletely to exclude the acquisition of unwanted changes. The
plasmids were then transformed into E.coli BL21(DE3).
Cultures (0.5 1) of E.coli BL21(DE3)/pET-DraRNL were
grown at 37°C in Luria-Bertani (LB) medium containing
0.1 mg/ml ampicillin until the Aggy reached ~0.6. The cul-
tures were chilled on ice for 30 min, adjusted to 0.1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) and 2% etha-
nol, and then incubated at 17°C for 16 h with continuous
shaking. Cells were harvested by centrifugation and the
cell pellet was stored at —80°C. All subsequent procedures
were performed at 4°C. Thawed bacteria were resuspended
in 30 ml of buffer A [5S0 mM Tris—HCI (pH 7.5), 0.5 M
NaCl and 10% sucrose]. Lysozyme, phenylmethylsulfonyl
fluoride (PMSF) and Triton X-100 were added to final con-
centrations of 1 mg/ml, 1 mM and 0.1%, respectively. The
lysates were sonicated to reduce viscosity and insoluble
material was removed by centrifugation. The soluble
extracts were applied to 1 ml columns of Ni-nitrilotriacetic
acid-agarose (Qiagen) that had been equilibrated with buffer
A. The columns were washed with 8 ml of the same buffer
and then eluted stepwise with 4 ml aliquots of 25, 50 and
200 mM imidazole in buffer B [50 mM Tris—HCI
(pH 8.0), 0.5 M NaCl and 10% glycerol]. The polypeptide
compositions of the column fractions were monitored by
SDS-PAGE. The Hiso-DraRnl proteins adsorbed to the col-
umn and were recovered in the 200 mM imidazole eluates.
The eluates were dialyzed against buffer containing 50 mM
Tris—HCI (pH 8.0), 200 mM NaCl, 2 mM DTT, 2 mM
EDTA, 10% glycerol, 0.1% Triton X-100 and then stored
at —80°C. Protein concentrations were determined by
SDS-PAGE analysis of serial dilutions of the DraRnl prepa-
rations in parallel with serial dilutions of a BSA standard.
The gels were stained with Coomassie blue, and the staining
intensities of the DraRnl and BSA polypeptides were quan-
tified using a digital imaging and analysis system from
Alpha Innotech Corporation.
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Nicked duplex ligase substrate

A 12mer DNA-strand (5-CACTATCGGAAT) was 5
32P_labeled using T4 polynucleotide kinase and [y-**P]ATP,
then purified by electrophoresis through a nondenaturing
17% polyacrylamide gel. To form the nicked substrate, a mix-
ture of the radiolabeled 5'-PO, DNA-strand, a 12mer 3’-OH
RNA-strand (5-CAAUUGCGACCC), and complementary
24mer template DNA-strand (3-GTTAACGCTGGGGTGA-
TAGCCTTA) was annealed at a molar ratio of 1:5:2 in
150 mM NaCl, 10 mM Tris—-HCI (pH 8.0), 1| mM EDTA
by incubation for 10 min at 65°C, followed by incubation
for 15 min at 37°C and then 30 min at 22°C. The ligase sub-
strate was stored at —20°C and thawed on ice immediately
prior to use.

Adenylylated nicked duplex substrate

A preadenylylated **P-labeled DNA-strand (AppDNA) was
prepared by enzymatic adenylylation of 5 **P-labeled nicked
duplex and gel-purification of the adenylylated strand. A
nicked duplex was formed by annealing 0.2 nmol of 5
*2P_labeled 12mer DNA, 1 nmol of a 3’-deoxy-substituted
18mer RNA [5'-r(UUUAAUCAAUUGCGACC)(dC)], and
0.4 nmol of a complementary 24mer DNA (3’-GTTAACGC-
TGGGGTGATAGCCTTA) in 120 pl of the annealing buffer
described above. The nicked duplex was reacted with 1 nmol
of T4 Rnl2-H37A (24) in a 150 ul mixture that had been
adjusted to 50 mM Tris—acetate (pH 6.5), 2 mM MgCl, and
5 mM DTT. The reaction was quenched after 90 s at 22°C by
adding 75 ul of 95% formamide, 20 mM EDTA. The mixture
was heated at 95°C for 5 min and the products were resolved
by electrophoresis through a 40 cm 17% native polyacry-
lamide gel. The separated **P-labeled AppDNA and pDNA
strands were located by autoradiography. A gel slice contain-
ing the AppDNA was excised, and the DNA was eluted by
incubating the slice overnight in 250 ul of 10 mM Tris—
HCI (pH 8.0) and 1 mM EDTA. The preadenylylated nicked
substrate was formed by annealing the radiolabeled
AppDNA-strand and the 12mer RNAoy strand to the 24mer
DNA template as described above.

Ligation at a 5'-PO4 nick

Reaction mixtures (10 pl) containing 50 mM Tris—acetate
(pH 6.5), 5 mM DTT, 10 mM MnCl,, 200 uM ATP,
0.2 pmol *?P-labeled nicked duplex substrate and 15 ng of
WT or mutant DraRnl were incubated for 15 min at 37°C.
The reactions were quenched by adding 10 ul of 20 mM
EDTA, 95% formamide. The samples were heated for
5 min at 95°C and then analyzed by electrophoresis through
a 14 cm 17% polyacrylamide gel containing 7 M urea in
45 mM Tris-borate and 1 mM EDTA. The extent of ligation,
calculated as 24mer/(12 + 24mer), was quantified with a Fuji
BAS-2500 imaging apparatus. WT DraRnl sealed 55% of the
input pDNA-strand under these conditions. The extents of
ligation by the mutant proteins were normalized to the WT
level (redefined as 100%).

Adenylyltransferase assay

Reaction mixtures (10 pl) containing 50 mM Tris—HCl
(pH 9.0), 10 mM MgCl,, 5 mM DTT, 50 uM [o->*P]JATP
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and 1 pug of WT or mutant DraRnl were incubated for 15 min
at 37°C. The reactions were quenched with SDS, and the
products were analyzed by SDS-PAGE. The DraRnl->*P
AMP adduct was quantified with a Fuji BAS-2500 imaging
apparatus. As reported previously (1), ~8% of the input
WT DraRnl was labeled in vitro with **P AMP. The extents
of adenylylation of the mutant proteins were normalized to
the WT level (redefined as 100%).

Ligation at a preadenylylated nick

Reaction mixtures (10 pl) containing 50 mM Tris—acetate
(pH 6.5), 5 mM DTT, 10 mM MnCl,, 0.2 pmol **P-labeled
preadenylylated nicked duplex substrate and 30 ng DraRnl
were incubated at 22°C for 20 s. The reactions were
quenched by adding 10 pl of 20 mM EDTA in 95% for-
mamide. The samples were heated for 5 min at 95°C
and then analyzed by electrophoresis through a 14 cm 8%
polyacrylamide gel containing 7 M urea in 45 mM Tris—
borate, | mM EDTA. The extent of ligation, calculated as
24mer/(AppDNA + 24mer), was quantified with a Fuji
BAS-2500 imaging apparatus. The extents of ligation by
the mutant proteins were normalized to the WT level
(redefined as 100%).

RESULTS AND DISCUSSION

Effects of alanine substitutions in the
nucleotidyltransferase domain

Inspection of the C-terminal domain of DraRnl revealed
putative counterparts of nucleotidyl transferase motifs I, III
and IV (Figure 1) and two plausible candidates each for
motifs Ia, Illa and V. In order to identify, which residues
are critical for DraRnl activity, and thereby distinguish the
real catalytic motifs from the ‘impostors’, we performed an
alanine scan of the 16 residues indicated by ‘e’ in Figure 1.
The DraRnl-Ala proteins were produced in E.coli as Hiso-
tagged fusions and purified by Ni-agarose chromatography
(Figure 2).

The WT and mutant DraRnl proteins were assayed in par-
allel for their ability to seal a singly nicked duplex substrate
composed of an unlabeled 12mer RNA 3’-OH strand and a 5’
32p_labeled 12mer DNA-strand annealed to a complementary
24mer DNA template strand. Ligation was evinced by con-
version of the input labeled 12mer substrate oligonucleotide
to a 24mer product (1). The extents of ligation by the Ala
mutants were normalized to the WT value (Figure 3A). We
deemed an amino acid to be important when its replacement
by alanine resulted in at least a 10-fold decrement in activity
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Figure 3. Effect of alanine mutations in the nucleotidyltransferase domain.
(A) Nick sealing. The extents of RNAou/pDNA ligation by DraRnl mutants
were normalized to the WT value. (B) Adenylyltransferase activity. The
extents of ligase-AMP formation by the DraRnl mutants were normalized to
the WT value. (C) Phosphodiester formation at a preadenylylated nick. The
extents of RNAqp/AppDNA sealing by DraRnl mutants were normalized to
the WT value (120 fmol sealed).

relative to WT DraRnl. By this criterion, nine residues were
important for strand sealing: Thr163 (1% of WT), His167
(<1%), Glyl68 (<1%), Ser185 (4%), Lys186 (1%), Glu230
(1%), Phe281 (1%), Glu305 (<1%) and Lys326 (1%). Six
other residues were judged to be non-essential (Thrl69,
Argl90, Arglo6, Gly229, Tyr254, Asp282 and Lys335)
because the respective Ala mutants retained between 40 and
80% of WT nick sealing function.

The DraRnl-Ala mutants were also assayed for adenylyl-
transferase activity (step 1 of the ligation pathway) by incu-
bating the enzyme in the presence of [0*P]-ATP and a
divalent cation and monitoring the transfer of label to the
DraRnl polypeptide to form a covalent ligase-AMP adduct.
The extents of adenylylation by the Ala mutants were normal-
ized to the WT value (Figure 3B). Seven of the mutants that
were dysfunctional in nick ligation were defective in the
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ligase adenylylation reaction: T163A (2% of WT ligase-
AMP formation), HI67A (9%), G168A (2%), K186A (9%),
E230A (6%), F281A (9%) and E305A (3%). Thus, the
defects in nick sealing by these proteins can be attributed
to their inability to react with ATP to form the ligase-AMP
intermediate. Two of the mutants defective for overall nick
sealing retained full-activity in ligase adenylylation: S185A
and K326A (Figure 3). We surmise that Ser185 and Lys326
make essential contributions during steps 2 or 3 of the
ligation pathway. As expected, all seven of the Ala mut-
ants that retained overall nick sealing activity also retained
adenylyltransferase activity: T169A, R190A, R196A, G229A,
Y254A, D282A and K355A.

The third step of the ligation reaction (phosphodiester
formation) can be studied in isolation by assaying the sealing
of a preadenylylated nicked duplex (18,19). The preadenylyl-
ated substrate was composed of an unlabeled 12mer RNA 3'-
OH strand and a 5’ *?P-labeled 12mer AppDNA-strand
annealed to a complementary 24mer DNA template. WT
DraRnl reacted with this substrate in the absence of ATP to
catalyze phosphodiester bond formation, as evinced by the
conversion of the 5 3?P-labeled AppDNA-strand into a
24mer product. The extents of AppDNA sealing by the Ala
mutants were normalized to the WT value (Figure 3C). As
expected, the seven Ala mutants that retained 5'-PO, nick
sealing activity also were able to seal the preadenylylated
nick. Four residues were required for step 3 catalysis:
Gly168 (motif I), Glu230 (motif III), Phe281 (candidate
motif IIIa) and Glu305 (motif IV). As these four were also
required for step 1, we surmise that Glyl68, Glu230,
Phe281 and Glu305 are critical globally for ligase activity.
The instructive findings were that three of the mutations
(T136A, H167A and K186A) that severely impaired overall
sealing and ligase adenylylation had little effect on sealing
at a preadenylylated nick. Furthermore, we see that the
S185A and K326A proteins, which were defective overall
but did catalyze step 1, were also able to catalyze step 3 in
isolation (Figure 3), implying that Serl185 and Lys326 are
essential for step 2 (nick recognition and adenylate transfer
to the nick 5’-phosphate). These results underscore that dif-
ferent constellations of amino acids are required for the
three component steps of the ligation pathway.

Alanine scanning identifies the nucleotidyltransferase
motifs

We have now identified 10 essential DraRnl residues (9 pre-
sently and Lys165 previously) that are located within what
we surmise are the counterparts of conserved nucleotidyl-
transferase motifs 1 (‘*TEKLHG'®®), Ia ('3°SK!'%%), TII
(**VQIFGEVV*®), 1a  (*”YEGPFDEAT®®), 1V
(23OEGVV\7234) and V (324SV§3 26y The alanine scan appears
to have distinguished the ‘real’ motifs Ia, IIla and V from
nearby ‘imposters’ of similar sequence composition. For
example, motif Ia is defined by a Ser-Lys or Ser-Arg dipept-
ide located at the tip of a surface loop. The basic Lys/Arg side
chain of motif Ia contacts the y phosphate of the NTP during
step 1 and/or the 5’ phosphate of the polynucleotide during
step 2 of the reaction pathway (7,13,15,17,19). The DraRnl
segment separating motifs [ and III has several candidate
motifs Ta: '®°SK'®, 9SR'" and '’LR'®°. Our findings
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that Argl90 and Argl96 are non-essential, while Ser185 and
Lys186 are both essential, support the designation of '*°SK'#¢
as the genuine motif la. Motif V is located just distal to motif
IV and contains one or two lysines that contact the o phos-
phate of the NTP substrate and/or the lysyl-NMP
intermediate (7,13,15,17,19,25,26). Of the two candidate
conserved lysines situated downstream of DraRnl motif IV
(Lys326 and Lys335), only Lys326 is essential for activity.
Motif Illa typically includes an essential aromatic side
chain (Phe or Tyr) flanked by an aspartate. The aromatic
side chain stacks on the purine ring of the NTP substrate. Of
two candidate motif ITTa-like dipeptides in DraRnl—>>*YD*?
and “®'FD?®_only the latter has a functionally important
aromatic side chain.

Structure-activity relationships at essential residues
of DraRnl

The eight non-glycine residues in the nucleotidyltransferase
domain identified presently as essential for DraRnl activity
were subjected to conservative substitutions. Lysine was
replaced by arginine and glutamine, glutamate by aspartate
and glutamine, threonine by serine and valine, histidine by
asparagine and glutamine, serine by threonine and asparagine
and phenylalanine by leucine. Fifteen conservative mutants
were produced in E.coli as His;o-tagged fusions and purified
by Ni-agarose chromatography (Figure 4). Fourteen of the
conservative substitutions reduced nick sealing activity to
<10% of the WT level (Figure 5A): T163S (2%); H167TN
(7%), H167Q (<1%), S185N (<1%), K186Q (1%), K186R
(3%), E230D (1%), E230Q (<1%), F281L (5%), E305D
(1%), E305Q (7%), K326Q (<1%) and K326R (3%). S185T
and T163V displayed 12 and 30% of WT nick ligation,
respectively.

Effects of the conservative changes on the adenylyltrans-
ferase (step 1) and phosphodiester formation (step 3) reac-
tions are shown in Figure 5B and C, respectively. Several
classes of mutational effects were noted, whereby the conser-
vative changes either failed to restore activity compared to
the Ala mutant, or they selectively restored activity in a sub-
set of the component steps of the pathway. For example, we
find that Glu230 (in motif III) is strictly essential for both
steps 1 and 3, insofar as the E230Q and E230D mutants
were severely defective and phenocopied E230A. These
results indicate that the carboxylate is required (i.e. the isos-
teric amide of glutamine is ineffective) but not sufficient. We
infer a strict distance requirement from the main chain to the
carboxylate group that is satisfied by glutamate, but not by
aspartate. Based on structural and mutational data for other
covalent nucleotidyltransferases (7,16,27,28), it is likely
that Glu230 of DraRnl coordinates a ribose hydroxyl of
ATP during step 1 and of the adenylylated nick during step
3. Replacing Glu305 (in motif IV) with Asp or Gln failed
to revive the composite nick sealing activity, but did partially
restore function in step 1 (to 17% for E305D and 14% for
E305Q) and step 3 (27% for E305D and 25% for E305Q).
Thus, the overall defects of the E305D and E305Q proteins
could either reflect additive effects on steps 1 and 3, or a
stringent requirement for Glu305 during step 2. Structural
and mutational studies of other nucleotidyltransferases
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Figure 4. Conservative mutants of DraRnl. Aliquots (3 pg) of the nickel-
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SDS-PAGE. The Coomassie blue stained gels are shown. The positions and
sizes (kDa) of marker polypeptides are indicated on the left.

implicate the motif IV glutamate in binding the divalent cat-
ion cofactor, either directly or via water (7,13,17).

Whereas Lys186 (in motif Ia) is strictly essential for ligase
adenylylation (i.e. KI186R and K186Q phenocopied K186A at
this step), it is not required for step 3. The K186Q and K186R
mutants resembled the Ala mutant in their ability to seal the
preadenylylated nicked substrate. We ascribe the requirement
for motif Ia Lys186 in ligase adenylylation to a likely inter-
action of this side chain with the ¥ phosphate of ATP (13,15).
The neighboring motif Ia residue Ser185 is also required for
nick sealing; SI85T and S185N were 12 and 1% as active as
WT, respectively. S185T retained step 1 and step 3 activities
similar to S185A, whereas S185N was slightly less active.
We surmise that: (i) the serine hydroxyl is essential during
step 2, (ii) it makes a critical hydrogen-bonding interaction
either to substrate or another constituent of the enzyme and
(iii) its function in step 2 is hindered sterically by the extra
methyl group of threonine.

Lys326 (in motif V) is strictly essential for nick sealing;
neither Gln nor Arg could replace this lysine. Whereas
K326R, like K326A, was active in the ligase-AMP formation,
the K326Q mutant was defective. Thus, glutamine interferes
with adenylylation. The K326R mutant displays WT activity
in sealing at a preadenylylated nick (while K326Q is about
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Figure 5. Effects of conservative mutations in the nucleotidyltransferase
domain. (A) Nick sealing. The extents of RNAou/pDNA ligation by DraRnl
mutants were normalized to the WT value. (B) Adenylyltransferase activity.
The extents of ligase-AMP formation by the DraRnl mutants were normalized
to the WT value. (C) Phosphodiester formation at a preadenylylated nick. The
extents of RNAo/AppDNA sealing by DraRnl mutants were normalized to
the WT value (90 fmol sealed).

half as active as K326R). These results suggest that the strin-
gent requirement for lysine is imposed at step 2 of the ligation
pathway. Based on structural and mutational studies of other
nucleotidyltransferases, we infer that the motif V Lys326
contacts the AMP phosphate during the polynucleotide 5'-
adenylylation reaction (7,13,15,25,26).

Replacing the putative motif IIla Phe281 side chain with
leucine (a partial isostere of phenylalanine) caused a severe
decrement in nick joining comparable to that of the F281A
mutation. Yet, in contrast to alanine, the leucine mutation
revived the step 1 and step 3 activities. The results suggest
that the aromatic quality of this residue is critical during
step 2, whereas an aliphatic y-branched side chain suffices
during steps 1 and 3. The motif IIla Phe is predicted to com-
prise part of the adenosine binding pocket, by stacking on the
adenine base (14).
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The DraRnl motif I (‘**TEKLHG'®®) contains three
essential residues (Thr163, His167 and Gly168) in addition
to the lysine nucleophile for the adenylyltransferase reaction.
DraRnl resembles the Rnl2 subfamily in having a histidine
2 amino acids downstream of the motif I lysine. Their signa-
ture histidine deviates from the ‘classical’ motif I sequence
found in DNA ligases, T4 Rnll and RNA capping enzymes,
which have an aspartate at the equivalent position. This motif
I His/Asp side chain is implicated in binding a divalent cation
cofactor (7,13,25). The His167 side chain is required for
overall nick sealing by DraRnl. The essentiality of His167
for the DraRnl adenylylation reaction that we observe here
is at odds with mutational data for most other covalent
nucleotidyltransferases. The equivalent motif I Asp or His
side chain is not required for step 1 adenylylation by Chlor-
ella virus DNA ligase (17,29), human DNA ligase 1 (30),
Methanobacterium DNA ligase (31), T4 Rnll (32), T4 Rnl2
(6), Thermus thermophilus DNA ligase (33), or E.coli LigA
(28), but is instead essential during downstream steps of
the ligation reactions catalyzed by those enzymes. In the
case of RNA capping enzymes, the motif I aspartate, though
conserved, is not required for enzyme-guanylylation in vitro
or the composite RNA capping reaction in vivo (16,34,35).
To our knowledge, DraRnl is only the second instance in
which the motif I His/Asp plays an essential role in the attack
of lysine on the NTP substrate, the first example being
Mycobacterium DNA ligase D (25).

DraRnl adenylyltransferase activity was restored by replac-
ing His167 with asparagine, but not glutamine. Asparagine
and glutamine are both partially isosteric with histidine,
such that the Asn-No can superimpose on His-NJ, while
GlIn-Ne can mimic His-Ne. We surmise from the conservative
mutational effects that His167 N engages in a critical
contact, most likely with the divalent cation cofactor for
step 1. The HI67N mutant is proficient in sealing a preadeny-
lylated nick, which suggests that the same atomic contacts
apply during step 3. The fact that HI67N displays feeble
composite nick sealing activity implies a more stringent
requirement for the native histidine during step 2 of the
ligation pathway.

The serine change at Thr163 was as deleterious as alanine
with respect to overall nick ligation, yet T163S was less
active than T163A in the isolated step 3 reaction. Introduction
of valine, which is isosteric to threonine but unable to engage
in hydrogen-bonding, partially restored overall nick joining
(to 30% of WT). Yet, T163V was no better than T163S
in its adenylyltransferase and step 3 sealing activities. The
structural basis for the requirement for this motif I residue
is not clear based on studies of other covalent nucleotidyl-
transferases. The equivalent residue in T4 Rnl2 is an arginine
(Arg33), which is essential for the composite RNA nick join-
ing reaction of Rnl2 and for the adenylyltransferase step (10).
Rnl2 Arg33 is proposed to stabilize the fold of the
nucleotidyltransferase domain via intramolecular contacts to
other amino acids (10).

The N-terminal domain is dispensable for sealing at a
preadenylylated nick

Initial characterization of a series of N-terminal deletions
of DraRnl established a role for the N domain in overall
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Figure 6. Mutational analysis of the N-terminal domain of DraRnl. (A and D) Nick sealing. The extents of RNAou/pDNA ligation by DraRnl mutants were
normalized to the WT value. (B and E) Adenylyltransferase activity. The extents of ligase-AMP formation by the DraRnl mutants were normalized to the WT
value. (C and F) Phosphodiester formation at a preadenylylated nick. The extents of RNAopy/AppDNA sealing by DraRnl mutants were normalized to the WT

values (120 and 90 fmol sealed in C and F, respectively).

nick sealing and ligase-AMP formation. Whereas a 126
amino acid N-terminal deletion reduced DraRnl activity by
a factor of 10, removal of 136 amino acids abolished its
sealing and adenylylation activity (1). Here we queried the
impact of the NA126 truncation on phosphodiester formation
at a preadenylylated nick. The His-tagged NA126 version of
DraRnl was produced in bacteria and purified by Ni-agarose
chromatography (Figure 2). NA126 was 8% as active as full-
length DraRnl in overall nick ligation (Figure 6A) and gener-
ated 4% as much ligase-AMP intermediate (Figure 6B). The
instructive finding was that NA126 was twice as active as WT
DraRnl in sealing at a preadenylylated nick (Figure 6C).
Thus, we conclude that the adenylyltransferase domain suf-
fices for phosphodiester synthesis. The increase in step
3 activity accompanying the deletion of the N-terminal
domain of DraRnl agrees with previous findings that dele-
ting the C-terminal domain of T4 Rnl2 enhances its step 3
activities (19).

Alanine scanning of the N-terminal domain

We performed an alanine scan of 15 residues of the
N-terminal domain that are conserved in at least one other
DraRnl-like protein, focusing on charged and polar residues
as plausible participants in the ligase adenylylation step.
The targeted residues (Asnl8, Glu20, Glu23, Lys26, Phe30,
GIn31, Lys36, Arg40, Asp43, Glu50, Arg79, Arg84, Arg86,
Glu88 and GIn91) are denoted by ‘¢’ in Figure 1. The 15
DraRnl-Ala proteins were produced in E.coli as His-tagged
fusions and purified by Ni-agarose chromatography
(Figure 2). Three of the mutations—K26A, Q31A and
R79A—reduced overall nick sealing activity to ~10% of
the WT level, thereby phenocopying the NA126 mutant.
The twelve other Ala mutants retained nick sealing activity
well above the threshold of significance for deeming any of
the targeted residues as important for function (Figure 6A).
The K26A, Q31A and R79A proteins were also defective in
ligase adenylylation (10-14% of WT activity), whereas the
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Dra AERQVI--KERAQLFPHPNAE----RLELCKVGTFQLVV--RKGE--YRDGDPIVIAPEK 51
Mgr AVRKLVTLRRISRIRPVKNAKLPKSKYVAITVDGWEVVVNAKRDQRRFREGQLVVFFQID 99
Dra AVLPPQLAGLYTNADTGASYLHGAEKNRVGSVRLRGE---VSQGVILPLDGLEDAP---- 104
Mgr SFVPENDGNFWEEMSTSAELFQERRGFRIGTLRI-GESSLISQGRVFHLGEYPRVEEVVA 158
Dra  =——-cccccee———- FGEDLAERLGITFWEPPVPVSMAGEVEPRPPAQHYKHHDVEQFGI 149
Mgr ELQKVHGDKDGLEVAMQRSFDDVLGVVKWDVPEEHKGAHYGPPPPMIPRTALNRIQDVTQ 218

Dra YVSEFASGEEVMVTEKLHGT-QGVYF———————— RTAEGRWLVTSKG-—=——————=———— 187
Mgr OLWERHAATRVQITEKLDSCPISIYFVRNDSPFAKCLPALHDFAGKPDAQRRQQQLCVFP 278
Dra  =—-=---- LSRGGLTLREAASNVYWQAARNSNLFAEADAAFSGGEVQIFGEVVPVQKGFSYGQ 242
Mgr HGRVGVCANRLEYVCAPGOQRFWAVVERLGIPGRLA--REGRTAVVQGELVAPDRG——-—--- 331
Dra HKPTVFVFKVVY-DGLRLP-—————— RRDWPQWVLDHAVPVL-YE--GPFDEATVRKLRG 291
Mgr —-GPGGFYAFSLWTEGGKHGGFDGEETQRAALRRMGVPLVPLVGYRAIGEFASSTGEMLAK 390

........

Dra GLETVSGKGLHIREGVVVAPKVPRFAADGSDLSVKLISDAYAKKETGEEYS 342

Mgr A-DG-RGFRGQLREGFVLKNVK—-——————

ENIWVKVISNAW--LEWYEE 428

Figure 7. Eukaryal DraRnl homolog. The amino acid sequence of DraRnl (Dra) is aligned to that of a homologous 428 amino acid polypeptide from the fungus
M.grisea (Mgr). Positions of side chain identity/similarity are denoted by ® above the sequence. The putative equivalents of motifs I, Ia, III, IV and V are

highlighted in shaded boxes, as is the aromatic residue in putative motif Illa.

12 other Ala mutations had little effect, or only a modest
effect, on the yield of ligase-adenylate (Figure 6B). None
of the single alanine mutations resulted in a significant defect
in sealing at a preadenylylated nick (Figure 6C). We surmise
that Lys26, GIn31 and Arg79 are important constituents of
the N-terminal domain of DraRnl.

Structure-activity relationships at Lys26, GIn31 and
Arg79

Lys26 was substituted conservatively with arginine and gluta-
mine; GIn31 was replaced with glutamate and asparagine;
Arg79 was changed to lysine and glutamine. The purified
mutant proteins (Figure 4) were tested for nick sealing acti-
vity (Figure 6D), ligase adenylylation (Figure 6E) and sealing
at a preadenylylated nick (Figure 6F). Arginine restored full
nick sealing and adenylyltransferase function in lieu of
Lys26, whereas glutamine phenocopied the alanine mutant.
We conclude that a positive charge at position 26 suffices
for DraRnl adenylyltransferase activity. GIn31 was strictly
essential for function, insofar as Q31E and Q31N were seve-
rely defective for nick sealing and ligase-AMP formation,
though they remained capable of sealing an adenylylated
nick. We observed a partial gain of ligase and adenylyl-
transferase function when Arg79 was replaced by lysine or
glutamine, suggesting that hydrogen bond donation is a key
property of this residue. Yet, the finding that arginine is
needed for optimal activity hints that Arg79 makes a

bidentate hydrogen bond. Of the three functionally relevant
side chains in the N domain, only Arg79 is conserved in
other DraRnl-like proteins (Figure 1). It is conceivable that
Arg79 facilitates step 1 by interactions with the  or y phos-
phates of the ATP substrate that assist in positioning the
pyrophosphate leaving group apical to the attacking Lys165
nucleophile. This is analogous to the roles in leaving group
orientation postulated for the C-terminal OB domains of
ATP-dependent DNA ligases and GTP-dependent mRNA
capping enzymes (15,17) and the N-terminal Ia domain
of NAD"-dependent DNA ligases (26,36). Alternatively,
Arg79 might stabilize the fold of the N domain. Lys26 and
GIn31 are not conserved, making it less plausible that they
play a direct role in substrate binding or catalysis. We spe-
culate that Lys26 and GIn31 are important for the tertiary
structure of the N domain.

A new variant in ligase evolution

DraRnl can now be confidently assigned membership in the
covalent nucleotidyltransferase superfamily, within which
DraRnl and its homologs comprise a novel clade by dint of
their unique domain organization. DraRnl has no structural
module fused to the C-terminus of the core nucleotidyltrans-
ferase domain; instead it has a putative OB-like domain fused
to the N-terminus. Although definitive classification of the
DraRnl N-terminal domain awaits a crystal structure, an ana-
lysis of its primary structure highlights similarity to the B2



848 Nucleic Acids Research, 2007, Vol. 35, No. 3

domain of the B subunit of bacterial phenylalanyl-tRNA
synthetase (1), which does adopt an OB-fold (37). Of the
three important residues in the DraRnl N domain, only
Arg79 is conserved in the OB domain of phenylalanyl-
tRNA synthetases (as a lysine). There is no apparent primary
structure similarity between the N domain of DraRnl and the
OB domains of DNA ligases and RNA capping enzymes. The
novel domain composition and order of DraRnl provides
added support for the proposal that ligases evolved from an
undifferentiated ‘stand-alone’ adenylyltransferase by incor-
porating distinct protein modules that conferred biochemical
specificity and participation in a particular biological
transaction (10).

Candidate DraRnl-like ligases in eukarya

One of the dividends of structure-function analysis is the abi-
lity to distinguish the wheat from the chaff when inspecting
the large number of low scoring hits that emerge from a
Blast search. In particular, segmental similarities within
otherwise dissimilar polypeptides take on meaning when
they include the functional groups required for enzyme acti-
vity. Also, even one or two segments of conservation, if they
include active site residues, can be expanded by manual
alignments to identify a likely family member. It was in
just this manner (mutagenesis and manual sequence realign-
ments) that the nucleotidyltransferase motifs were first iden-
tified and the evolutionary connections between DNA ligases,
RNA ligases, RNA capping enzymes were established (38).
Our presumption is that the DraRnl clade is not limited to
bacteria and bacteriophage. Thus, it is noteworthy that we
have identified putative DraRnl-type ligases is several
eukaryal proteomes, including the fungi Magnaporthe grisea
(a 428 amino acid polypeptide; GenBank accession no.
XP_367846), Neurospora crassa (408 amino acids; accession
no. CAE76396) and Gibberella zeae (338 amino acids, acces-
sion no. XP_380758) and the social amoeba Dictyostelium
discoideum (434 amino acids; accession no. EAL61744).
Each of these hypothetical eukaryal proteins contains an
N-terminal module similar to DraRnl (a putative OB-fold)
fused to a C-terminal nucleotidyltransferase-like domain.
An alignment of DraRnl to the M.grisea polypeptide high-
lights the conservation of nearly all of the side chains defined
presently as essential for the ligase activity of DraRnl
(Figure 7). Thus, we posit the existence of a novel family
of eukaryal ligases.
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