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and RNA levels. Inosine at position 34 in tRNA is one such example, commonly produced via the deam-
ination of A34, catalyzed by adenosine deaminase acting on tRNA (ADAT or Tad). The formation of inosine
is essential for cell viability. The eukaryotic deaminases normally consist of the catalytic subunit Tad2
and the structural subunit Tad3, but the catalytic process is poorly understood. Despite the conservation
of the (pseudo-) catalytic domains, the heterodimeric enzyme Tad2/3 also possesses additional domains

Keyworqs" . . that could exhibit novel functions. Here we present the structure of the N-terminal domain of the

Adenosine deaminase acting on tRNA . . . . R
Schizosaccharomyces pombe Tad2/3 heterodimeric tRNA(A34) deaminase (N-SpTad2), which shares

Tad

Crystal structure ~30% sequence identities with uridine-cytidine or pantothenate kinases, but lacks the predicted kinase

Kinase functions. While biochemical assays indicated that the domain is not a nucleic-acid binder, it is able to

significantly influence the A34-tRNA deamination activity of the holoenzyme. Through co-expression
and purification analyses, we deduce that N-SpTad2 plays a role in mediating protein-protein contacts
and enhancing the stability and solubility of SpTad2/3, without which the deaminase is not functional.
Taken together, our structural and biochemical studies highlighted the importance of the additional
domains to the intrinsic deaminase functions of heterodimeric Tad2/3 enzymes and promoted our under-
standing on this essential post-transcriptional tRNA modification.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

tRNA is the adaptor molecule in the translational process by
linking the genetic information and the corresponding amino acid.
As a part of its maturation process, it is heavily modified post-
transcriptionally. Among over 100 modifications reported, nucleo-
tides 34 and 37 in tRNA are frequently modified to ensure transla-
tional fidelity and efficacy in cells. The enzyme TadA or Tad2/3
catalyzes this modification by converting A34 to inosine, which is
a critical and conserved event in both bacteria and eukarya. Inosine
is capable of base pairing with U-, C- and A (i.e. “wobble”), and
hence expands the usage of tRNA codons. Therefore, the 134 mod-
ification is essential for cell viability [1-6].

Inosine at position 34 (I34) is only found in tRNAA™ in bacteria,
but in 7-8 tRNA species in eukaryotes. The reason for more tRNA
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substrates in the latter is that two different types of enzymes are
employed by their respective kingdoms. The homodimeric enzyme
TadA is the A34-tRNA deaminase in bacteria, which has strict sub-
strate specificity due to its strict recognition of U33-G37 in the
anticodon of tRNA”"® [7]. In contrast, the eukaryotic counterpart
of TadA is a heterodimeric deaminase (hetTad2/3), consisting of
two subunits named Tad2 (or ADAT2) and Tad3 (or ADAT3) respec-
tively, and has relaxed substrate specificities. Both types of
enzymes belong to the cytidine deaminase superfamily. Sequence
alignment revealed that hetTad2/3 possesses the conserved cat-
alytic core of TadA and the zinc-binding signature sequences, but
the key catalytic residue glutamate in the H(C)XE motif in Tad3
is missing [4]. As a result, Tad2 is the catalytic subunit, and Tad3
only plays a structural role. Additionally, Tad2 and Tad3 may con-
tain additional domains that could exhibit novel functions.
hetTad2/3 enzymes have only been identified and investigated
from several organisms: yeast 1], Trypanosoma brucei [3,8] and
Arabidopsis thaliana [5], but the deamination mechanisms remain
poorly understood. This key modification has been used to explain
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the correlation between codon usage and tRNA pools. A recent
study showed that the human 34 modification efficiency is regu-
lated at a few developmental stages [6]. These findings indicated
that both tRNA modifications and codon usage are implicated in
gene expression regulation. More recently, the homozygous
V144M mutation in human Tad3 was found to be causative for
autosomal-recessive intellectual disability (ID) in 24 affected indi-
viduals [9].

We previously determined the crystal structure of the Saccha-
romyces cerevisiae Tad2/3 (ScTad2/3) heterodimer and revealed
the assembly of eukaryotic Tad2/3 enzymes. The structure demon-
strated that there exist extensive interactions between the two
subunits, which explains the instability of the V144M mutant.
Importantly, we discovered that the N-terminus of ScTad3 forms
a stand-alone domain and contributes to the binding of tRNA.
Moreover, ScTad3 employs its C-terminal cysteine to block the
pseudo-catalytic pocket and eliminate its own deamination activ-
ity [10]. In this study, we first identified a potential nucleotide
kinase located at the N-terminus of Schizosaccharomyces pombe
Tad2 (N-SpTad2). However, due to the missing of some key resi-
dues, N-SpTad2 is not a functional kinase. To further study its func-
tion, we solved the crystal structure of this domain. Follow-up
biochemical assays indicated that while this domain does not bind
nucleic acids, it may mediate important contacts within the
enzyme and influence the A34-tRNA deamination activity. This
work highlights the importance of the accessory domain to the
intrinsic deaminase functions of hetTad2/3s and promotes our
understanding on this essential tRNA modification.

2. Methods
2.1. Gene cloning, protein expression and purification

The sequences of the Schizosaccharomyces pombe tad2 (Gene ID:
2539634), tad3 (Gene ID: 2541987), Escherichia coli panK (Gene ID:
948479) and UCK (Gene ID: 946597) genes were obtained from the
NCBI database. tad3 and tad2 were amplified from Schizosaccha-
romyces pombe cDNA, and cloned into the multi-cloning sites I
(MCSI) and MCS II of the pETDuet-1 vector respectively (Merck).
The EcUCK and EcPanK genes were amplified from Escherichia coli
strain DH5a and subsequently cloned into the modified pET-28a
vector (Merck). N-SpTad2 (Met1-Thr202) was cloned into the
pET-28a vector as well. The primers used in this study were listed
in Table S1. Both vectors employed the PreScission protease (PSP,
Cytiva) site for tag removal. The mutants were obtained using
the Quikchange method. After sequencing for the correct clones,
the plasmids were transferred into the E. coli BL21 (DE3) strain
for over-expression. Cells were cultured in 2L Luria-Bertani (LB)
liquid medium containing the antibiotic until ODgog reached 0.8.
0.2 mM IPTG was added to induce the expression of proteins of
interest at 22 °C overnight. Then the cells were harvested by cen-
trifugation at 3,000 g for 20 min and resuspended in pre-chilled
nickel-nitrilotriacetic acid (Ni-NTA) buffer A containing 40 mM
Tris-HCI (pH 8.0), 250 mM NaCl, 10 mM imidazole, 5 mM B-
mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF).
The resuspended cells were lysed by ultrasonication and the super-
natant was obtained by centrifugation at 23,500 g for 1 h at 4 °C.
The supernatant was then applied onto Ni-NTA affinity resin
(Qiagen) pre-equilibrated with Ni-NTA buffer A. The target protein
was eluted with Ni-NTA buffer B containing 40 mM Tris-HCl (pH
8.0), 250 mM Nac(l, 250 mM imidazole, 5 mM B-mercaptoethanol
and 1 mM PMSF. The 6 x His-tag at the N-terminus was cleaved
off by being treated with protease overnight at 4 °C in the presence
of 5 mM B-mercaptoethanol, and the tag-free protein was loaded
onto a Histrap HP column (Cytiva). The flow through was collected
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and dialyzed against a final buffer containing 20 mM Tris-HCl pH
8.0, 250 mM Na(l, and 1 mM DTT. For size exclusion chromatogra-
phy analysis, 0.5 mg of the sample was loaded to the Superdex 200
column (10/300, Cytiva), which was pre-balanced by a buffer con-
taining 20 mM Tris-HCI pH 8.0, 250 mM NaCl, and 1 mM DTT with
the flow rate of 0.5 ml/min. The proteins intended for enzyme
activity assays were supplemented with 10% glycerol, flash cooled
in liquid nitrogen, and stored at — 80 °C until further use.

2.2. Crystallization, data collection and structural analysis

The screens for crystals were set up at room temperature using
the sitting-drop vapor diffusion method with the protein concen-
tration of 4 mg/ml, and the best crystals were obtained from 24%
PEG1500, 0.2 M (NH4),SO4, 0.1 M NaOAc, pH 5.0. Diffraction data
were collected using Beamline 19U (BL19U1) at the Shanghai Syn-
chrotron Radiation Facility (SSRF, Shanghai, P. R. China) and were
processed with the program HKL-3000 [11]. The crystals diffracted
X-rays to 2.60A resolution and belong to the P1 space group. The
asymmetric unit was predicted to contain four molecules. Molecu-
lar replacement (MR) was first performed with Phenix [12] using
the human UCK2 (hUCK2) structure as the search probe (PDB
6PW?Z). After a plausible solution was obtained, the model was
manually built by COOT [13] according to the electron density
map. The rebuilt model was fed to the phenix.refine [14]| and mul-
tiple cycles of refinement were conducted, followed by model
rebuilding. The Rgee/Rwork factors were 0.218 and 0.168 respec-
tively and the final model was validated by Molprobity [15]. The
structural representation of N-SpTad2 (PDB 7EEY) was prepared

by PyMOL (http://www.pymol.org/).

2.3. Coupled deamination assay

The 10-pl reaction systems contained 100 mM Tris-HCI pH 8.0,
25 mM KCl, 2.5 mM MgCl, 1 mM DTT, and 2 uM tRNA. Full-length
or truncated proteins were added to the reaction system to a con-
centration of 60 nM to start the reaction. The mixture was incu-
bated at 30 °C for 30 min. then 0.5-pl CHES (1 M, pH 9.5), and 2
UM EcEndoV [16] were added and the reaction was incubated at
37 °C for 45 min. The reaction was stopped by 2 x Urea loading buf-
fer, and the product was analyzed by 15% urea-PAGE gel elec-
trophoresis followed by staining with ethidium bromide.

2.4. EMSA

The 10-pl reaction systems contained 20 mM Tris-HCl, pH 9.0, 1
mM DTT, and 2 pM nucleic acid (tRNA or ssDNA). Full-length or
truncated proteins (at different molar ratios to the nucleic acid)
were added to the reaction system and mixed gently. The mixture
was incubated on ice for 60 min. The reaction mixture was loaded
to 6% native PAGE gel with a running buffer containing 40 mM
Tris-HCI pH 9.0 and electrophoresed at 100 V for 60 min. The gel
was stained with ethidium bromide.

2.5. Thin layer chromatography (TLC)

The 10-pl reaction systems contained 100 mM KCl, 50 mM
HEPES, pH 7.0, 5 mM MgCl,, and 10 mM substrate (cytidine/uri-
dine), and 30 uM enzyme was added to start the reactions at 37
°C for 1 hour. 1 pl of the reaction mix was spotted onto the TLC sil-
ica gel plates (Merck) and run for 20 minutes in a cylinder contain-
ing 5 mM HCL Then it was transferred it to another cylinder
containing 40 mM HCI for another 20-minute development. The
plates were dried at room temperature for 5 min prior to analyses.



X. Liu, J. Zhou, R. Ge et al.
3. Results
3.1. Sequence homology with kinases

Through blast search, we found that the SpTad2 protein could
be clearly divided into two distinct domains: while the sequence
of C-terminal domain (Thr212-GIn360) suggests that it is a TadA-
like domain, the N-terminal domain (Met1-Thr202) is either a
putative uridine-cytidine or a pantothenate kinase (Fig. 1A-B).
The sequence identities were 23.7-28.7% with these enzymes
within their aligned regions respectively. This is quite different
from its homolog ScTad2, which harbors the N-terminal catalytic
domain (CD) and the C-terminal extension. This extension looks
like a long string wrapping around the outside of CD (Fig. S1)
and its deletion resulted in the expression of ScTad2 in inclusion
body (data not shown). However, close inspection of the sequence
alignments with the two kinases indicated that several important
residues for the kinase functions are missing. Namely, crucial resi-
dues His117, Arg166, Arg169, Arg176, and GIn184 in the human
uridine-cytidine kinase 2 [17] and Asp45, Tyr55, Thr103, and
Lys303 in Escherichia coli pantothenate kinase do not exist [18].
Instead, they are replaced by residues that are unlikely to play cat-
alytic roles (Fig. 1A-B).

3.2. Activity tests

To find out whether the N-terminal domain indeed has the
putative kinase functions, we expressed and purified the recombi-
nant protein in order to perform in-vitro activity assays. We first
cloned the full-length tad2 gene into both the pET-28a and the
pET-21b vectors for expression tests. Both constructs were poorly
expressed in E. coli, suggesting that the SpTad2 protein needs the
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stabilization from the accessory subunit SpTad3, as was demon-
strated in the ScTad2/3 case [10]. We also removed the first eleven
residues from SpTad2, which was predicted to form a disordered
region, but the truncated form was not expressed either (data
not shown). In contrast, the separation of N-SpTad2 from the rest
would generate an over-produced protein (Fig. S2), suggesting that
this fragment forms a stable domain. In addition, N-SpTad2 could
be well expressed and purified, as were both kinases of E. coli. As
indicated by the thin layer chromatography (TLC) experiment
shown in Figure 2A, while the Escherichia coli uridine-cytidine
kinase (EcUCK) could transfer the terminal phosphate of ATP to
either a cytidine or uridine to give the by-product ADP, N-SpTad2
failed to do so. The other homolog pantothenate kinase (EcPanK)
phosphorylates pantothenate using ATP as a donor, which plays
an important role in the biosynthesis of CoA and the regulation
of its intracellular concentration [18]. Similarly, while the Escheri-
chia coli pantothenate kinase displayed robust kinase activity
toward pantothenate, N-SpTad2 remained inactive (Fig. 2B).

3.3. Structure of N-SpTad2

To further study the functions of N-SpTad2, we crystallized this
protein for hints from the structure. The structure of the protein
was solved by molecular replacement using the human UCK
(hUCK) structure as the search probe (PDB 6PWZ, to be published),
which shares 26% sequence identity with N-SpTad2. There are four
protein molecules in the P1 asymmetric unit and six sulfate mole-
cules as well (Fig. 3A, Table 1), introduced by the co-crystallization
experiments. In addition, there is a disulfide bond between Cys83
and Cys89. Of note, the four copies of the protein made plenty of
intermolecular contacts. Particularly, the two a6 helices form the
interface between chains B and C, while two a1 helices form the
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Fig. 1. Sequence alignments of the N-SpTad2 and homologs. (A-B) Sequence alignment with the Escherichia coli and human uridine-cytidine kinases (A); and with the
Escherichia coli and human pantothenate kinases (B). The blue up-arrows indicated key residues responsible for substrate binding or catalysis, and the numbering was

according to the sequence of N-SpTad2.
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Fig. 2. The kinase activity assays for N-SpTad2 and related enzymes. (A) The uridine-cytidine kinase activity analysis. (B) The pantothenate kinase activity analysis. The by-
product ADP and the phosphate donor ATP were indicated by the arrows on the side, and both uridine and cytidine substrates were tested. SpTad2/3, ECUCK or the EcPanK
were used as positive controls respectively. The kinase reaction products were assayed by TLC and detected by UV exposure.

interface between chains C and D (Fig. 3B). Their calculated buried
surface areas are 1616 A2 and 2090 A? respectively. The PDBePISA
server predicted that the protein exists as a possible tetramer in
solution [19], but the size exclusion chromatography analysis of
the protein indicated that it is a monomer. The retention volume
of N-SpTad2 (with a molecular weight of 23.2 kDa) on a Superdex
200 column (10/300, Cytiva) was ~15.8 ml, very close to the reten-
tion volume of the reference protein YerA from Bacillus subtilis with
a known molecular weight of 23.0 kDa (15.9 ml, Fig. 3C).

Among the four copies of the protein, chain D displays the low-
est temperature factor, which we will focus our following discus-
sion on. Chain D resolved Ser5-Asn200 with no internal
disorders. The protein displays a general globular shape, with a
central five-strand B-sheet sandwiched by helices on both sides.
Between B6 and B7, there is a long helical region. Surface represen-
tation indicated several places of positive patches, one of which
forms a central cavity (Fig. 3D). Given the function of Tad as a tRNA
deaminase, we wondered whether the domain is involved in the
binding of tRNA. However, EMSA immediately excluded the possi-
bility for N-SpTad2 as a tRNA-binder. When present at two-fold
excess, N-SpTad2 barely generated any supershift, while the full-
length SpTad2/3 showed reasonable binding (Fig. 3E). Conse-
quently, we speculate that N-SpTad2 barely contributes to tRNA
deamination, the intrinsic function of the deaminase. We
subsequently created the SpTad2-CD/Tad3 truncation mutant
(the deletion of N-SpTad2 from the holoenzyme), and conducted
the deamination assays. The deamination product was confirmed
by the cleavage action of the enzyme EcEndoV on the resultant
134-containing tRNA”?, As shown by Figure 3F, the SpTad2/3 het-
erodimer was very efficient in catalyzing the reaction, and finished
the deamination in 30 minutes, as indicated by the complete disap-
pearance of the tRNA band. In contrast, removal of the N-terminal
domain resulted great loss in activity, and the cleaved tRNA pro-
duct was hardly observed. Additionally, the complementation of
the truncated enzyme with purified N-SpTad2 were unsuccessful
in salvaging the activity (Fig. 3F). Therefore, this domain indeed
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contributes to tRNA deamination in a manner yet to be
investigated.

3.4. Comparison to homologs

The Dali search indicated that the overall structure of the pro-
tein was closest to that of hUCK crystallized in various forms
[20]. Structural superposition of N-SpTad2 with the hUCK-CTP
complex (PDB 1UDW) [17] revealed that the RMSD was 1.7 A over
205 aligned Cas. Of interest, the terminal phosphate of CTP coin-
cides in space with the sulfate ion bound near the o1 helix (S1,
Fig. 4A). Therefore, the sulfate actually mimics the phosphate
group. Pantothenate kinase was cocrystallized with the ATP analog
AMPPNP (PDB 1ESN) [21]. The enzyme employs a magnesium ion
to activate the catalytic water, but it was not present in our struc-
ture. The superimposition indicated that its phosphate also occu-
pies the same position as the sulfate molecule in our structure
(S1 in Figs. 4B-D), but its base ring points the opposite direction
to that of CTP. In addition, both the ribose rings of the ligands pose
steric clashes with N-SpTad2, suggesting that a nucleotide phos-
phate would not be accommodated in a similar manner.

The arrangement of the sulfate ions is very interesting. One sul-
fate ion was located at the N-terminal end of the o1 helix of each
subunit (S1’ and S1 in chains C and D respectively), whereas the
rest two sulfate ions (S2 and S2’) were bound next to each other
at the interface formed by these helices running to the opposite
directions. In the equivalent positions (the N-terminal end of o1),
the two sulfates S1” and S1"” were also bound. Therefore these sul-
fate molecules bound strongly with the N-SpTad2 as if they were a
part of the proteins. By contrast, the binding of S2 and S2’ at the
C/D interface was much weaker and they did not have counterparts
in the A/B subunits. Taken together, the six sulfates represent two
binding patterns: the tightly bound sulfates S1 (S1’, S1”, S1”’) and
loosely bound sulfates S2 (S2’) (Fig. 3A). Particularly, S1 not only
makes hydrogen bonds with the backbone nitrogen atoms of
Ser19-Thr22, it also forms a hydrogen bond and a salt bridge with
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Fig. 3. The structural and biochemical characterization for N-SpTad2. (A) The overall structure of N-SpTad2. The structure was shown in the ribbon rendition in two
orthogonal views. The N- and C-termini of chain C were indicated. The four monomers were colored differently and the red spheres represented the sulfate ions. The tightly
and loosely bound sulfates were named S1 and S2 respectively, and the sulfates belonged to different monomers (S1°, S1”,S1™” or S2, S2'). (B) Secondary structure of N-SpTad2.
(C) The gel-filtration analysis of N-SpTad2. top: The elution profile of N-SpTad2; bottom: The elution profile of a reference protein of 23.0 kDa. (D) The surface representation
of chains C and D of N-SpTad2. The positively charged patch was colored blue while the negatively charged patch was colored red. (E) The EMSA analysis of possible complex
formation with tRNA”, 2 ;M tRNA was used to bind different amounts of protein (molar ratios of 2:1 or 4:1). The complex was indicated at the left side by the arrow. (F) The
coupled deaminase activity assay of N-SpTad2. The red arrow indicates the cleaved products (35 and 41 nts respectively) from tRNA”'2, 2 uM tRNA was loaded in each lane
and 60 nM enzyme was added.
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Table 1
Data collection and refinement statistics.
PDB IDs 7EEY
Data collection SSRF BL19U1
Wavelength 0.979
Space group P1

Cell dimensions

a, b, c(A) 62.53, 65.60, 65.64

o, B,y (%) 63.97, 69.96, 73.56
Resolution (A) 50.0-2.59 (2.68-2.59)*
Rinea (%) 7.3 (15.8)

Rmerge” (%) 6.8 (14.6)

CCip 0.994 (0.986)

I/ow 32.8 (15.7)
Completeness (%) 98.7 (97.4)
Redundancy 7.1(7.1)

Refinement

Resolution (A)
No. reflections

37.70-2.60 (2.70-2.60)
26299

Rwol'l<L/Rf|'eed 0.1 68/ 0.218
No. atoms

Protein 6032
Ligand (sulfate) 30
Water 167
B-factors (A?)

Protein 38.5
Ligand (sulfate) 48.6
Water 37.4
R.m.s deviations

Bond lengths (A) 0.004
Bond angles (°) 0.78
Ramachandran favored (%) 99.6
Allowed (%) 0.4
Outliers (%) 0

a
b

: Values in parentheses are for the highest-resolution shell.

: Rierge =2 |(I - < 1 >)|/ = (I), where I is the observed intensity.

: Rwork = Zhi |[Fo| - |Fc]|/ Zniw |Fol, calculated from working data set.

. Reee is calculated from 5.0% of data randomly chosen and not included in
refinement.

a n

the side chains of Thr22 and Lys21 respectively. On the other hand,
the loosely bound S2 makes two salt bridges and a hydrogen bond
with the surrounding residues: Lys33’, Lys42’ (chain C) and His45
(Fig. 4E). The four sulfates in close distances along the dimer inter-
face were interesting as well: they were separated from each other
by 9.5, 5.5, and 9.6 A respectively (closet distances, Fig. 4B). We
wondered if the sulfate groups mimicked the phosphates along a
DNA chain. Therefore, we tried the EMSA assay with single- or
double-stranded DNAs of different sequences. The results indicated
that N-SpTad2 could not bind ss- or dsDNAs (Fig. S3).

3.5. Possible role in catalysis

Next, we tested whether N-SpTad2 serves the purpose of pro-
moting the solubility/stability of the individual domains of the
SpTad2/3 heterodimeric enzyme. There are four annotated
domains in this enzyme: SpTad3-PCD (pseudo-catalytic domain,
Thr153-Val315), SpTad2-CD (Ser203-Lys389), N-SpTad2 (Metl-
Thr202), and N-SpTad3 (Met1-Phe152). The first two make the cat-
alytic dimer core, which resembled the TadA dimer. In comparison,
ScTad2/3 lacks the N-terminal domain at the ScTad2 subunit, but
displays a C-terminal extension instead (Fig. S4). We subsequently
tried expression of the individual or different combinations of the
four domains. Specifically, expression trials of single domains indi-
cated that both N-terminal domains were soluble but neither C-
terminal domainwas. The two-domain co-expression tests using
the pET-Duet-1 vector generated either the full-length SpTad3, or
both the N-SpTad2 and N-SpTad3 in soluble forms out of the four
combination possibilities, but in the latter scenario, the two
domains did not form a complex (Fig. S5). The three-domain co-
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expression tests only produced the SpTad3/Tad2-CD complex (i.e.
the SpTad2-CD/Tad3 truncation mutant described in section 3.3
above), but not the SpTad2/Tad3-PCD complex. Lastly, the co-
expression of both proteins in fulllengths would generate a stable
holoenzyme (Table 2). To our surprise, the PCD/CD combination
(SpTad2-CD and SpTad3-PCD) did not yield a complex or a “pseu-
doenzyme” like the TadA dimer. It suggested that both PCD and CD
have poor solubilities. They are incapable of burying the hydropho-
bic surface areas of each other and thus could not be co-expressed
as a soluble complex. Consequently, the N-SpTad3 domain indeed
plays a structural role, without which the heterodimer would not
be a stable assembly. On the other hand, N-SpTad2, and N-
SpTad3 are highly soluble, with the latter being more hydrophilic,
considering the fact that the full-length SpTad3 could be expressed
but SpTad2 could not. Additionally, the co-expression of N-SpTad3
prevents SpTad2-CD from forming inclusion bodies, but not vice
versa.

Besides the role as the solubility enhancer, N-SpTad2 has addi-
tion unusual features. We found quite a few positively charged
residues in the N-SpTad2 domain, namely Arg57, Argl137, and
Lys209, etc. These residues are located in the vicinities of the
bound sulfates and may play a functional role. Furthermore, there
is an intramolecular disulfide bond between Cys83 and Cys89,
which fixes a pair of antiparallel strands in N-SpTad2. To check
the influence of these residues, we made the R57A, R137A, K21A/
T22A and C83S mutations. However, the co-expression of these
individual SpTad2 mutants with SpTad3 all led to the sole expres-
sion of SpTad3, except for the Tad2-C83S/SpTad3 co-expression
(Fig. 5A-E). Nevertheless, the Ni-NTA affinity purification of C83S
(Tad2)/Tad3 produced unbalanced proportions of each subunit as
indicated by the slightly weaker band of C83S(Tad2) (upper band
in Fig. 5D), and this band would gradually disappear in further
purification steps (Fig. 5E). Taken together, the full-length SpTad2
and the mutants were mostly expressed as inclusion bodies,
underscoring the stabilizer role played by N-SpTad2. However,
the stabilizing effects were not strong enough to prevent SpTad3-
PCD from forming the inclusion body as the full-length SpTad2 is
insoluble, suggesting that the contacts between the two domains
were not abundant enough. Moreover, in the co-expression test,
both the N-SpTad3 and N-SpTad2 domains were expressed, but
only N-SpTad3 was isolated because the 6 x His tag was fused at
its N-terminus. This observation also suggested that there were
very limited interactions between the two N-terminal domains.

4. Discussion

The deamination at A34 in tRNA is essential to all organisms,
which is a great example that supports the Wobble theory. This
phenomenon is conserved in both bacteria and eukarya, but the
mechanism is distinct in the two kingdoms. Although bacterial
TadAs are homodimeric enzymes, their eukaryotic counterparts
are more complex and consist of the Tad2/3 heterodimers. Except
for limited species including human, Saccharomyces cerevisiae, Try-
panosoma brucei etc., the tRNA-A34 deaminases and corresponding
catalytic mechanisms in eukaryotes are poorly understood.

In this study, we investigated the structure and function of the
unusual N-terminal domain of SpTad2. The domain was initially
predicted to be a putative kinase by bioinformatic studies but the
key residues are missing, which raises doubts about its genuine
function. Only three other Schizosaccharomyces organisms possess
this domain, and it is always located at the N-termini of related
proteins (data not shown). The domain could be well expressed,
but activity assays indicated that it was incapable of transfer the
phosphate group to either uridine/cytidine or pantothenate, which
motivated us to carry on the study. We first attempted to obtain
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D

Fig. 4. Structure comparison to homologs. (A) The structural superposition of the N-SpTad2-sulfate complex (PDB 7EEY, color yellow) with that of CTP-bound hUCK (PDB
1UDW, violet), and the AMPPNP-bound EcPanK (PDB 1ESN, orange), respectively. The sulfate, CTP, and AMPPNP ligands were shown in sticks and the latter two were
indicated by the broken ovals. (B-D) The separate view of the N-SpTad2-sulfate complex bound by chain D (B); and the CTP-hUCK complex (C); and the AMPPNP-PanK
complex (D). Note that the base rings were pointing to the opposite directions. The distances between the sulfates were shown. (E) The close-up view of the interaction
patterns of the S1 and S2 sulfates, bound between the C-D chains. Chains C and chain D were colored magenta and yellow, respectively. The side chains of the key residues
were shown as sticks and labeled. The water molecule for sulfate interactions were represented by the red spheres.

hints through structural studies and managed to solve the crystal
structure of the N-SpTad2 domain. Interestingly, the crystals were
grown in the presence of sulfate, and six molecules of sulfate were
found located at various sites of the four monomers of N-SpTad2 in
the asymmetric unit, with four of them mimicking the phosphate
positions of CTP or pantothenate. This finding promoted us to test
whether N-SpTad2 could function as a nucleic acid binder.
Although our EMSA assays indicated that this domain was unlikely
to bind tRNA, the loss of N-SpTad2 from the heterodimer elimi-
nated its tRNA deamination capability, suggesting that this domain
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still mediated important protein-protein interactions in the deam-
ination process. Follow-up co-expression and mutational studies
indicated that the truncation/mutations of N-SpTad2 would
remarkably interfere with the expression of the catalytic subunit
SpTad2. Additionally, many mutations within N-SpTad2 also led
to similar results, evidenced by the sole expression of the latter,
thus suggesting its cross-talks with SpTad3.

SpTad2/3 is a modular protein. It is closely related to ScTad2/3
but still exhibited quite a few differences. Despite the conserved
SpTad3-PCD and SpTad2-CD domains, the extra N-SpTad2 domain
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Table 2
The (co)-expression profiles of various combinations of the individual domains in the heterodimeric SpTad2/3 deaminase.
N-Tad2 Tad2-CD N-Tad3 Tad3-PCD Expression profiles
+ v
+ X
+ v
+ X
+ + X
+ + Ve
+ + v
+ + X
+ + + X
+ + + v
+ + + + V4

a: Both domains were expressed but only SpTad3-CD was isolated.

A SpTad2(R137A)Tad3 B SpTad2(R57A)Tad3 C SpTad2(K21A/T22A)/Tad3
| Sup IbUb ET M Ui | SuplbUbE1 E2 Ui | Sup Ib Ub E1 E2

D SpTad2(C83S)/Tad3 E
Ui | SuplbUbE1 E2 M

25 KDa

10 KDa

Fig. 5. The expression and purification profiles of the SpTad2/3 mutants. (A-D) The SDS-gel analyses of the co-expression and Ni-NTA affinity purification results of the
SpTad2(R137A)/Tad3 (A); and SpTad2(R57A)/Tad3 (B); and SpTad2(K21A/T22A)/Tad3 (C); and SpTad2(C83S)/Tad3 (D). (E) Re-purification of the SpTad2(C83S)/Tad3 complex
by the IMAC affinity purification chromatography after overnight at 4 °C. Different lanes represent the elution fractions of the affinity chromatography. Ui: uninduced; I:
induced; Sup: supernatant; Ib: Inclusion body; Ub: unbound; E: elution; M: marker. The respective positions of the SpTad2 and SpTad3 subunits were indicated by the red
arrows on the side.

helps the enzyme’s stability and solubility. In ScTad2/3, there is no the C-terminal cysteine to coordinate to the zinc ion in ScTad3-
such an extra domain at the N-terminus of Tad2, and the N-lobe of PCD, which is lacking in SpTad3. We conducted structural studies
ScTad3 is responsible for tRNA binding. Moreover, ScTad3 utilizes on SpTad2/3 as a whole or in part, but the expressed proteins or
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fragments failed to crystallize due to their instabilities or poor sol-
ubilities. Taken together, the SpTad2/3 deaminase is built around
the core Tad2-CD/Tad3-PCD heterodimer, with both N-terminal
domains promoting the stability and solubility through protein-
protein interactions.

Other than the binding of multiple sulfates, the oligomerization
state of N-SpTad2 is intriguing. Pantothenate kinase forms a tetra-
mer for function. The predicated homotetrameric state of N-
SpTad2 does not appear to be biologically relevant because the size
exclusion chromatography analysis indicated that it is a monomer.
Moreover, the large size of the tetramer would disrupt the assembly
of the holoenzyme and block the entry of tRNA. In addition, the
dimerization between subunits C and D was apparently induced
by the S1(S1’) and S2 (S2’) sulfates. The line-up of the sulfates along
the dimer interface points to the possibility of single- or double-
stranded DNA assisteddimerization. Some adenosine deaminases
like APOBEC family members have been reported to bind ssDNA.
However, our follow-up EMSA experiment ruled out this possibility.

Lastly, it is not known the original source of the N-terminal
domain of SpTad2. The Dali search suggested that the overall struc-
ture of the protein was similar to that of UCKs. Blast search sug-
gested the genome Schizosaccharomyces pombe owns two
putative uridine kinases and one pantothenate kinase. The func-
tions of these proteins were inferred from sequence homologies
and await further functional validation. While N-SpTad2 does not
show strong sequence homology with the Schizosaccharomyces
pombe pantothenate kinase, it does show 26-28% sequence identi-
ties with the catalytic domains of the putative uridine kinases
(Fig. S6A-B). The possible scenario is that the core regions of
SpTad2/3 consisting of Tad2-CD/Tad3-PCD were quite unstable,
and therefore it acquired additional domains through horizontal
gene transfer to fuse at its N-termini in both subunits. N-SpTad2
could share ancestor genes with both genes, but underwent diver-
gent evolution later. By accumulating some mutations over the
course of its evolution, N-SpTad2 gradually lost its original func-
tion. Lastly, Rubio et al. reported that under certain circumstances,
the Trypanosoma brucei Tad2/3 enzyme could act as a C-to-U deam-
inase [22] or show deamination activity toward ssDNA [3]. In our
case, N-SpTad2 was not found to show binding abilities to DNA
or tRNA. In our previous studies, we consider species with Tad3s
that end with two cysteine residues were more ancestral species
[10]. Therefore, the Schizosaccharomyces pombe tad3 gene may
occur later than its Saccharomyces cerevisiae counterpart. Corre-
spondingly, N-SpTad3 replaces the C-terminal extension present
in ScTad2 and becomes more complicated in sequence and struc-
ture. Whether the presence of this unusual domain confers novel
functions to the enzyme remains to be investigated.

5. Conclusions

Here we investigated the structure and function of the unusual
N-terminal domain of SpTad2, which was predicted to be a puta-
tive kinase by bioinformatic studies. Due to the missing of some
key residues, N-SpTad2 did not display the kinase activities. While
EMSA assays indicated that this domain was unlikely to bind tRNA
or ssDNA, the loss of N-SpTad2 from the heterodimer eliminated
the tRNA deamination capability of the holoenzyme, suggesting
that N-SpTad2 may still mediate important protein-protein inter-
actions in the deamination process.
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