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Introduction 

 

Currently, the number of protein sequences (https://www.ncbi.nlm.nih.gov/) is 736 

times larger than the number of protein 3D structures deposited in the Protein Data Bank 

(https://www.wwpdb.org/) (1). Thus, fast and accurate computational structural determination 

methods seem to be crucial tools to fill the gap between the number of sequences available 

and protein 3D structures solved experimentally (1). Homology modeling is considered to be 

the most accurate of the computational structure prediction methods (1). It has many 

applications in: the drug discovery process (1-3), studying the effect of mutations (4), 

identifying active and binding sites on protein (5), searching for ligands of a given binding 

site (6), modeling substrate specificity (7), predicting antigenic epitopes (8), protein-protein 

docking simulations (9), molecular replacement in X-ray structure refinement (10), 

rationalizing known experimental observations (11) and planning new computational and 

biochemical experiments with the provided models. 

In my studies I used homology modeling to investigate the function of proteins and 

their interactions with ligands. I focused on two classes of proteins: eukaryotic translation 

initiation factors 4E (eIF4Es) and non-canonical poly(A) polymerases. eIF4E, combined with 

other initiation factors, mediates the mRNA recruitment on ribosomes to start the translation 

via the cap-dependent mechanism (12-14). Non-canonical poly(A) polymerases, including 

poly(A) and poly(U) polymerases (PAPs/PUPs), and C/U-adding enzymes, modify 3′-ends of 

different transcripts affecting their functionality and stability (15,16). Here, I examined the 

relationship between 3D protein structures obtained with homology modeling and the 

experimentally showed ability of Arabidopsis thaliana and Drosophila melanogaster eIF4E 

isoforms to bind diverse cap analogs (13,14). I also compared obtained 3D model of Thielavia 

terrestris CutA (TtCutA) to selected structures of non-canonical nucleotidyltransferases 

(NTases) to investigate protein substrate specificity and design rational mutagenesis 

converting CutA, acting toward CTP, into PAP or PUP, and analogously Cid1 PUP into C/U-

adding enzyme (16). Finally, I generated the reliable 3D model for one of the FAM46 family 

members (FAM46C) and confidently assigned uncharacterized FAM46 proteins to an active 

non-canonical poly(A) polymerases. Obtained structural model for human FAM46C shed 

some new light on the molecular role of mutations found in cancer patients in the FAM46 

genes (15). 
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“Five eIF4E isoforms from Arabidopsis thaliana are characterized by distinct features of 

cap analogs binding” (13) 

 

We built 3D homology models of Arabidopsis eIF4E isoforms (AteIF4E, AteIF4E1b, 

AteIF4E1c, AteIF(iso)4E and AtnCBP) to investigate differences in their structures and 

ability to bind the cap considering the sequence diversity and the variety of contacts between 

protein and ligand. All analyzed proteins showed the conserved eIF4E-like fold and the cap-

binding pocket characteristic for eIF4E class I and class II proteins. Biochemical data 

revealed that binding affinities of plant eIF4Es for the cap can be arranged in the rank of 

diminishing affinity: AteIF4E ≈ AteIF4E1c > AteIF4E1b > AteIF(iso)4E ≈ AtnCBP. We 

observed the highest cap binding affinities for AteIF4E and for the non-canonical eIF4E 

isoform AteIF4E1c. Surprisingly, in spite of 95% amino acid sequence identity between 

AteIF4E1b and AteIF4E1c almost all cap analogs, except m7GMP, have association constants 

for AteIF4E1b ca. 2-fold lower than for AteIF4E1c. 3D models showed that the majority of 

residues that differ between these two proteins are located within or near the cap-binding 

region. The main possible reason for the difference in their binding affinity may be the 

replacement of large hydrophobic Phe147 and Thr145 in AteIF4E1c with Met147 and Ser145 

in AteIF4E1b, which could result in weaker stabilization of the conserved arginine (Arg188 in 

AteIF4E1b/AteIF4E1c, equivalent to Lys162 in mammalian eIF4E) that binds cap’s β- and γ-

phosphate groups. Additionally, Ala184 in AteIF4E1b replaces Thr184 in AteIF4E1c that 

may form hydrogen bonding (i.e. through water molecules) with the γ-phosphate. 

Unexpectedly, the second canonical translation initiation factor, AteIF(iso)4E protein, binds 

all cap analogs from 4-fold to 10-fold weaker than AteIF4E. Probably, the poorer cap-binding 

efficiency of AteIF(iso)4E is mainly caused by the shortening of the long loop (that contains a 

short α-helix) between β-strands β7 and β8. This loop is longer by six amino acids in 

AteIF4E, AteIF4E1b and AteIF4E1c, and forms the edge of the cap binding cavity, taking 

part in tight binding of the sugar and β- and γ-phosphate moieties of cap analogs. Finally, the 

most prominent differences that may be responsible for the poor binding of cap by AtnCBP 

seems to be the lack of the conserved arginine (Arg183 in AteIF4E, replaced by Ile166 in 

AtnCBP), that may interact with the cap’s phosphate moiety. The lack of arginine in that 

position can be partially compensated in AtnCBP by Arg125 and Lys202, which are replaced 

by uncharged amino acids in AteIF4E, AteIF4E1b and AteIF4E1c. However, AteIF4E, 

AteIF4E1b and AteIF4E1c possess also other positively charged residues that may take part 

in the binding of cap’s phosphate groups and which are not conserved in AtnCBP. In 
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summary, the use of differentially chemically modified cap analogs in binding studies and a 

detailed analysis of the obtained homology models shed a new light on the molecular 

characteristic of varying cap-binding abilities of Arabidopsis eIF4E isoforms. 

 

“Diverse cap-binding properties of Drosophila eIF4E isoforms” (14) 

 

We build homology models of seven Drosophila melanogaster eIF4E structures (Dm 

eIF4E-1, Dm eIF4E-2, Dm eIF4E-3, Dm eIF4E-4, Dm eIF4E-5, Dm eIF4E-7 and Dm 4EHP) 

with various ligands and analyzed the sequence and structure differences that may influence 

interactions with the cap and the eIF4G peptide in relation to the results obtained from 

experimental binding studies. Biochemical data revealed that Dm eIF4E-1 binds cap 

analogues with significantly weaker affinity than its human counterpart (human eIF4E). The 

main difference, which might affect lower Dm eIF4E-1 cap binding affinity, seemed to be an 

additional α-helix present in human eIF4E and other vertebrates, but absent in Drosophila, 

yeast and plant eIF4Es. The extra α-helix lifts the position of the neighboring β5β6 loop 

towards the cap-binding pocket. As a consequence, in human eIF4E Lys159 located at the tip 

of β5β6 loop interacts tightly with the cap phosphate moiety, in contrast to its counterpart 

Lys201 in Dm eIF4E-1. Secondly, Dm eIF4E-3 showed the highest cap binding affinity 

among class I Dm eIF4Es. According to our model, His234 in Dm eIF4E-3, located in β7β8 

loop, is likely to cause the observed high affinity of Dm eIF4E-3 for dinucleotide cap 

analogues. This aromatic amino acid probably takes part in the stacking interactions with the 

second base of the cap and is replaced by Ser207, Gln249, Gln238, Gln219 and Leu419 in 

human eIF4E, Dm eIF4E-1, Dm eIF4E-2, Dm eIF4E-4 and Dm eiF4E-7, respectively. 

Prediction of stacking interactions between His234 and the second base of the cap was also 

confirmed by weaker binding to dinucleotide cap analogues containing pyrimidines instead of 

purines. Dm eIF4E-5 has also an aromatic residue, Phe222, at the position corresponding to 

His234 in Dm eIF4E-3. In consequence, the binding affinity for complexes of Dm eIF4E-5 

with cap analogues was ca. 3-fold higher than those observed for Dm eIF4E-1. Thirdly, a 

significant increase in cap binding affinity associated with the addition of an extra δ-

phosphate group was observed for Dm eIF4E-5 and Dm eIF4E-7. Based on our modeling, no 

significant changes in Dm eIF4E-7 responsible for its higher affinity to the m7Gp4 cap 

analogue could be found. However, we noticed that Asn223 in Dm eIF4E-5 (replaced by Gly 

in Dm eIF4E-1, -2, -3, -4, and -7) could extra interact with δ-phosphate group. Finally, we 

observed increased binding affinities of Dm eIF4E-4 and Dm eIF4E-5 to Dm eIF4G peptides, 
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which may be explained by the presence of Glu55 and Glu58 in Dm eIF4E-4 and Dm eIF4E-

5, respectively. These glutamic acids (absent in other isoforms, for which biochemical data 

were available) may form additional interactions with two Dm eIF4G conserved lysines, 

namely Lys618 and Lys 619. To conclude, using fluorescence binding studies combined with 

sequence/structure analyses we demonstrated shared and distinct features of cap binding by 

Drosophila eIF4E family members. Our studies showed that some local sequence differences 

play an important role in the eIF4E-cap interactions that might have an impact on their 

biological role. 

 

“Biochemical and structural bioinformatics studies of fungal CutA 

nucleotidyltransferases explain their unusual specificity toward CTP and increased 

tendency for cytidine incorporation at the 3’-terminal positions of synthesized tails” (16) 

 

To answer the question what could be the structural basis for the observed in vitro 

preference of CutA enzymes toward CTP, we generated a 3D homology model of Thielavia 

terrestris CutA (TtCutA) and compared it to the experimentally solved structures of closely 

related enzymes: wild-type and H336N mutant of poly(U) polymerase Cid1 from S. pombe 

(17) and non-canonical poly(A) polymerase Trf4 from S. cerevisiae (18). We noticed that the 

analyzed CutA variants might interact mainly with the last three nucleotides of the RNA 

substrate. The interaction of the third nucleotide with the protein is the weakest, while the 

second nucleotide is most probably interacting mainly with the C-terminal, unstructured 

extension of the enzyme. As both AnCutA (CutA from Aspergillus nidulans) and TtCutA 

modify mRNA in vivo, they are evolutionarily designed to bind to RNAs ending with 

adenosines. Consequently, substrates with two pyrimidines at the 3’-end probably could not 

be strongly bound in their active sites. This observation, combined with the ability of these 

proteins to incorporate their preferred nucleotide - cytidine, may fully explain the observed 

phenomenon that the final product was almost always terminated with two cytidines. We 

concluded also that the TtCutA nucleotide recognition motif (NRM) region located between 

the fourth and fifth core α-helices of the PAP/OAS1 SBD remains likely the most important 

NTP-specificity determinant (NSD) of the analyzed enzymes. Having identified the NSD of 

CutA enzymes, we focused on verifying whether particular amino acids within NRM indeed 

play a role in the CTP specificity, and rationally designed mutations in this region of TtCutA. 

Results of high-throughput 3’-RACE-seq analysis, combined with structural inspection, 

demonstrated the critical importance of arginine 557, glutamic acid 551 and asparagine 554 of 
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TtCutA, located within NRM, for CTP-specificity of the examined enzyme. Furthermore, 

proposed R557A substitution enabled partial conversion of TtCutA nucleotidyltransferase 

activity from PCP to PAP, whereas R557H, E551D and N554E substitutions changed the 

enzyme specificity from PCP to PUP. Notably, however, while we successfully engineered 

proteins with significantly reduced or increased specific nucleotide selectivity, we were not 

able to construct the enzymes, which would use only one preferred nucleotide for the 

polymerization process. This may be caused by the character of the CutA enzymes’ NRM 

region, which allows binding of all NTPs in the active site without a stringent preference for a 

single nucleotide. To further confirm our conclusions about the importance of particular 

amino acids within the NRM of CutA enzymes, and to extend our findings to other fungal 

non-canonical NTases, we attempted to construct the mutant of S. pombe Cid1 PUP with 

increased preference for cytidine. Thus, we designed Cid1 variant - Cid1D330E/E333N/H336R, in 

which aspartic acid, glutamic acid and histidine, at positions 330, 333 and 336, equivalent to 

critical TtCutA positions 551, 554 and 557, were changed into arginine, glutamate and 

asparagine present in the latter protein, respectively. Such amino acid changes, designed to 

convert Cid1 PUP into PCP were rationalized not only by 3D structure modeling, but also 

justified by data obtained for TtCutA, demonstrating that the reciprocal substitutions within 

its NRM partially alter NTP specificity of this enzyme from CTP toward UTP. The 3’-

terminal tails synthesized by Cid1WT were composed almost exclusively of uridines 

(specificity >97%), as expected. On the contrary, Cid1D330E/E333N/H336R variant generated 3’-

extensions containing only ∼50% of uridines. In parallel, incorporation of remaining 

nucleotides increased significantly, in the following order: C > A > G. Importantly, fraction of 

cytidines built into the tails achieved 30%–40%, indicating that the mutations that we 

designed indeed significantly increased cytidine and decreased uridines incorporation by Cid1 

enzyme. 

 

“FAM46 proteins are novel eukaryotic non-canonical poly(A) polymerases” (15) 

 

FAM46 proteins, encoded in all known animal genomes, belong to the NTase fold 

superfamily. All four human FAM46 paralogs (FAM46A, FAM46B, FAM46C, FAM46D) 

were thought to be involved in several diseases, with FAM46C reported as a causal driver of 

multiple myeloma; however, their exact functions remained unknown. By using a 

combination of various bioinformatics analyses (e.g. domain architecture, cellular 
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localization) and exhaustive literature and database searches (e.g. expression profiles, protein 

interactors), we classified FAM46 proteins as active non-canonical poly(A) polymerases, 

which modify cytosolic and/or nuclear RNA 3' ends. Our predictions were later confirmed 

experimentally by Mroczek et al. using several in vitro and in vivo approaches. They proved 

that FAM46C encodes an active non-canonical poly(A) polymerase which enhances mRNA 

stability and gene expression (19). A detailed analysis of sequence and structure diversity of 

known NTases possessing PAP/OAS1 SBD domain, combined with state-of-the-art 

comparative modeling, allowed us to identify potential active site residues responsible for 

catalysis and substrate binding. We showed that FAM46 proteins share all the key motifs in 

the NTase domain responsible for catalysis and substrate binding, including [DE]h[DE]h and 

h[DE]h patterns with three conserved aspartate/glutamate residues (Asp90, Asp92 and 

Glu166) and hG[GS] motif with Gly73 and Ser74 in human FAM46C. Although we were not 

able to generate a complete 3D model of human FAM46C, we were able to identify additional 

residues responsible for NTP binding. Comparison of active sites of experimentally solved 

structures with human FAM46C revealed that Ser248 may bind, directly or indirectly via a 

water molecule, 2’-OH or/and 3’-OH hydroxyl group of a ribose-base moiety as it is observed 

for Thr172 in poly(U) polymerase Cid1 (17) or it can participate in a nucleobase binding 

similarly to Thr190 in 2’-5’-oligoadenylate synthase OAS1 (20). FAM46C shares also all the 

conserved residues in PAP/OAS1 SBD responsible for substrate binding. The FAM46C 

Leu282 probably interacts with a nucleobase of the incoming NTP like Tyr212 in poly(U) 

polymerase Cid1 or make van der Waals contacts with the ribose-base moiety of NTP similar 

to Val234 in poly(A) polymerase Pap1 (21). Finally, NTP β- and γ-phosphates most likely 

interact with the conserved Arg268 in addition to Ser74 from hG[GS] motif. The results of 

our sequence and structure analyses suggested that FAM46 proteins are active NTases, which 

have both NTase fold and PAP/OAS1 substrate-binding domains. Our studies were consistent 

with the M. Tian studies, where he showed that mutated mouse FAM46C may modulate 

poly(A) tails of specific transcripts during erythroid differentiation (22). We proposed that 

FAM46 proteins may play a very important role in mRNA stability as active non-canonical 

poly(A) polymerases rather than some other factors, which prevent early mRNA degradation 

by disrupting interactions between ribonuclease docking complex and RNA suggested by M. 

Tian. Our functional assignment was also in line with Chapman et al. studies (23). They 

proposed that FAM46C is functionally related in some way to the regulation of translation 

(e.g. as a mRNA stability factor). 
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Additionally in this work, we mapped reported numerous somatic mutations in cancer 

patients, leading to single point mutations, onto a 3D model of FAM46C and found that they 

can be divided into two groups. The first includes mutations that are located in a highly 

conserved area of the active site and its close vicinity, and probably may increase/decrease 

FAM46 catalytic activity and/or affect substrate-binding affinity. Mutations belonging to the 

second group are located mostly on the protein surface, in evolutionary low conserved region, 

probably having no crucial role in the reported cancer or affecting protein-protein 

interactions. Moreover, identification of all mutations of highly conserved residues in FAM46 

proteins allowed us to detect mutations found in a number of malignancies, which probably 

are highly related with diagnosed cancer. Consequently, we suggested that, in addition to 

multiple myeloma, FAM46 genes may be also involved in pathogenesis of various other 

cancers including liver hepatocellular carcinoma, bladder urothelial carcinoma, head and neck 

squamous cell carcinoma, uterine corpus endometrial carcinoma, kidney renal papillary cell 

carcinoma, lung adenocarcinoma, ductal adenocarcinoma, colorectal adenocarcinoma, 

primary plasma cell leukemia and skin cutaneous melanoma. 

 

Conclusions 

 

In many cases homology modeling may play important role in examining proteins 

functions and interactions with ligands as generated models may provide valuable clues about 

investigated proteins. In my studies I showed that homology modeling might be very useful 

in: (1) explaining biochemical data related to substrate binding and specificity, (2) planning 

new biochemical experiments to change the enzyme specificity and (3) annotating protein 

function. Firstly, the use of differentially chemically modified cap analogues in binding 

studies and a detailed analysis of the obtained homology models gave better insight into the 

molecular characteristic of varying cap-binding abilities of Arabidopsis and Drosophila 

eIF4Es isoforms. Using 3D models of examined proteins, I was able to indicate crucial 

structural and sequence differences responsible for significant changes in binding affinities. 

Secondly, comparison of the 3D model of CutA with solved crystal structures of Cid1 and 

Trf4, combined with site-directed mutagenesis allowed to define an unusual nucleotide-

binding site, in which the unique NRM present in the non-canonical PAPs and PUPs, is 

mainly responsible for the observed preference of CutA toward cytidine. Proposed 

Cid1D330E/E333N/H336R variant significantly increased cytidine incorporation at the expense of 

uridine inclusion into the 3’-terminal tails. On the other hand, designed 
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TtCutAE551D/N554E/R557H mutant generated the tails containing less cytidines and more uridines, 

but did not lead to the complete conversion of CutA into PUP enzyme. Importantly, I was not 

able to propose mutations converting CutA into highly efficient PAP, probably due to a 

unique geometry and environment of the nucleotide-binding site, which makes it impossible 

to achieve specificity toward a single nucleotide by only a few mutations. Finally, I showed 

that homology modeling combined with other bioinformatics analyses and biochemical data 

may be also adopted in the assignment of specific function to uncharacterized proteins. A 

comprehensive analysis of various biological information available in literature and databases 

combined with numerous sequence and structure analyses (including a state-of-the-art distant 

homology detection, fold recognition and 3D modeling) allowed me to propose that FAM46 

family members function as cytoplasmic and/or nuclear non-canonical poly(A) polymerases. 

This finding was later confirmed experimentally (19). 
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The assembly of the ribosome on majority of eukaryotic mRNAs is initiated by the recruitment of eIF4E
protein to the mRNA 50 end cap structure. Flowering plants use two eIF4E isoforms, named eIF4E and
eIF(iso)4E, as canonical translation initiation factors and possess a homolog of mammalian 4EHP (or
eIF4E-2) termed nCBP. Plants from Brassicaceae family additionally conserve a close paralog of eIF4E
which in Arabidopsis thaliana has two copies named eIF4E1b and eIF4E1c. In order to assess the efficiency
of plant non-canonical (eIF4E1b/1c and nCBP) and canonical (eIF4E and eIF(iso)4E) eIF4E proteins to bind
mRNAs we utilized fluorescence titrations to determine accurate binding affinities of five A. thaliana eIF4E
isoforms for a series of cap analogs. We found that eIF4E binds cap analogs from 4-fold to 10-fold stronger
than eIF(iso)4E, while binding affinities of nCBP and eIF(iso)4E are comparable. Furthermore, eIF4E1c
interacts similarly strongly with the cap as eIF4E, but eIF4E1b binds cap analogs ca. 2-fold weaker than
eIF4E1c, regardless of the 95% sequence identity between these two proteins. The use of differentially
chemically modified cap analogs in binding studies and a detailed analysis of the obtained homology
models gave us insight into the molecular characteristic of varying cap-binding abilities of Arabidopsis
eIF4E isoforms.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The recognition of the cap (m7GpppN, where N is any nucleo-
side) present at the 50 end of eukaryotic mRNAs by eIF4F complex
is a key point of gene expression regulation at the level of transla-
tion initiation. The eIF4F cap-binding complex consists of eIF4E
protein, which recognizes the cap, and the scaffolding protein
eIF4G that binds other factors to recruit the ribosome to the mRNA.
In mammals eIF4F complex additionally contains eIF4A helicase
which unwinds the mRNA 50 secondary structure [1].

In many organisms multiple eIF4E homologs have been identi-
fied, which are grouped into three classes [2]. Flowering plants
conserve two canonical translation initiation factors: eIF4E and
eIF(iso)4E, both belonging to class I, and one non-canonical class
II isoform termed nCBP. eIF(iso)4E together with its counterpart
eIF(iso)4G make up a plant-specific isozyme form of the eIF4F com-
plex named eIF(iso)4F [3]. Available data (including differential
expression patterns for eIF4E and eIF(iso)4E [4–7]) suggests some
mRNAs are preferentially translated using either eIF4F or eIF(iso)4F
[8–11], which could contribute to selective translation of tran-
scripts during plant growth and development.

In certain plant species additional paralogs of eIF4E or
eIF(iso)4E are present, such as a close homolog of eIF4E: eIF4E1b,
which is conserved in Brassicaceae and in Arabidopsis has diverged
into two copies termed eIF4E1b and eIF4E1c [12]. Arabidopsis thali-
ana eIF4E1b, eIF4E1c and nCBP are able to bind m7GTP-Sepharose,
interact with plant 4G-type isoforms, and to promote translation
initiation in yeast (eIF4E1b and eIF4E1c) and/or in wheat germ
extracts (eIF4E1b, eIF4E1c and nCBP) [12,13]. However, based on
their low levels of expression they do not seem to function as
general translation initiation factors. Instead, eIF4E1b gene
up-regulation in pollen and developing embryos [12] implies its
possible role in processes of reproduction. Similarly, the increased
expression of nCBP in early stages of cell growth [5] provides
evidence for its yet unknown specialized function.

In this study we examine the ability of A. thaliana eIF4E
isoforms (AteIF4E, AteIF4E1b, AteIF4E1c, AteIF(iso)4E and AtnCBP)
to bind cap analogs and discuss them in relation to 3D protein
structures obtained with homology modeling.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.11.032&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.11.032
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http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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2. Materials and methods

2.1. Protein structure homology modeling

Homologs of A. thaliana eIF4E proteins were identified with
PSI-Blast [14] searches (E-value threshold of 0.005) performed
against the NCBI nonredundant protein sequence database using
sequences of AteIF4E, AteIF4E1b, AteIF4E1c, AteIF(iso)4E, AtnCBP
and mouse eIF4E as queries. Multiple sequence alignment was
derived using PCMA program [15] followed by some manual
adjustments. Secondary structures were predicted with PSIPRED
[16]. The 3D models of Arabidopsis eIF4Es were constructed with
MODELLER [17] using the closest homologs of known structure
as templates [18]: Pisum sativum eIF4E (PDB: 2WMC) and Mus
musculus eIF4E (PDB: 1EJ1) for AteIF4E, AteIF4E1b, AteIF4E1c and
AteIF(iso)4E; Homo sapiens 4EHP (PDB: 2JGB), P. sativum eIF4E
(PDB: 2WMC) and M. musculus eIF4E (PDB: 1EJ1) for AtnCBP.

2.2. Protein expression and purification

A. thaliana eIF4E proteins (Fig. S1) were prepared as recombinant
proteins without any affinity tags and purified without a contact
with cap analogs as described previously [19]. In the case of purifi-
cation of AteIF4E1b, AteIF4E1c and AtnCBP the protocol was modi-
fied in order to remove co-purifying nucleic acids using benzonase,
silica and ion-exchange chromatography during purification. The
presence of nucleic acids was detected by absorption (Fig. S2). Pro-
teins concentration was determined by absorption using extinction
coefficients calculated by ProtParam tool (ExPASy server).

2.3. Fluorescence titrations

Fluorescence time-synchronized titrations [20] were carried out
on a spectrofluorometer LS-55 (Perkin Elmer Co.) at 20 ± 0.3 �C in
50 mM HEPES/KOH pH 7.2, 134.5 mM KCl, 0.5 mM EDTA, 1 mM
DTT. Equilibrium association constants (KAS) for complexes of eIF4E
with structurally modified cap analogs (Table S1) were determined
as described previously [20]. The fitting procedure employing the
non-linear least-squared regression analysis was performed using
ORIGIN 6.0 (Microcal Software). The final KAS was calculated as a
weighted average of 3–8 independent titrations.

3. Results

3.1. Structures of Arabidopsis eIF4E proteins predicted by homology
modeling

Several structures of eIF4E from human, mouse, fruit fly, pea,
wheat and yeast have been solved, most often with various cap ana-
logs. The eIF4E-like fold is characterized by the presence of an
eight-stranded antiparallel b-sheet backed by a-helices (with
b1ab2ab3b4ab5b6ab7ab8 topology) [21,22]. The interatomic
contacts between eIF4E and cap analogs can be divided into three
classes: (i) sandwiching of the alkylated base between two
tryptophans (in class I eIF4E isoforms) or a tryptophan and a
tyrosine (in class II), (ii) hydrogen bonds and van der Walls contacts
with N(7)-methylguanosine and with the second nucleoside, (iii)
direct interactions and water-mediated contacts with the phosphate
chain [20–22].

We built 3D homology models of Arabidopsis eIF4E isoforms to
investigate differences in their structures (Fig. 1) and ability to
bind the cap considering the sequence diversity (Fig. 1D) and the
variety of contacts between protein and ligand. All analyzed pro-
teins show the conserved eIF4E-like fold and the cap-binding
pocket characteristic of eIF4E class I [21] and II [23] proteins. The
sequence/structural differences that may influence the interaction
with the cap are discussed below in relation to obtained results
from the binding studies with cap analogs.

3.2. eIF(iso)4E has the lowest binding affinity for the cap among class I
Arabidopsis eIF4E isoforms

All Arabidopsis eIF4Es, similarly to the mouse protein, exhibit
quenching of tryptophan fluorescence upon binding of a cap analog
(Fig. 2) and their binding affinities for the cap are from one to two
orders of magnitude lower than those of mouse eIF4E (Table 1).
The highest cap binding affinities are for AteIF4E and surprisingly
for the non-canonical eIF4E isoform AteIF4E1c, and are comparable
to values obtained for the yeast protein (Zuberek and Stel-
machowska, unpublished result). In spite of 95% amino acid
sequence identity between AteIF4E1b and AteIF4E1c (Fig. 1D),
almost all cap analogs, except m7GMP, have association constants
(KAS) for AteIF4E1b ca. 2-fold lower than for AteIF4E1c. The major-
ity of residues that differ between these two proteins are located
within or near the cap-binding region (Fig. 1A). The main possible
reason for the difference in their binding affinity may be the
replacement of large hydrophobic Phe147 and Thr145 in AteIF4E1c
with Met147 and Ser145 in AteIF4E1b, which could result in
weaker stabilization of the conserved arginine (Arg188 in
AteIF4E1b/AteIF4E1c, equivalent to Lys162 in mammalian eIF4E)
that binds cap’s b- and c-phosphate groups. In addition, Thr184
in AteIF4E1c, that may form hydrogen bonding (i.e. through water
molecules) with the c-phosphate, is replaced by Ala184 in
AteIF4E1b.

Further unexpectedly, the second canonical translation initia-
tion factor, AteIF(iso)4E protein, binds all cap analogs from 4-fold
to 10-fold weaker than AteIF4E (Table 1), Probably, the poorer
cap-binding efficiency of AteIF(iso)4E is mainly caused by the
shortening of the long loop (that contains a short a-helix) between
b-strands b7 and b8 (Fig. 1B). This loop is longer by six amino acids
in AteIF4E, AteIF4E1b and AteIF4E1c, and forms the edge of the cap
binding cavity, taking part in tight binding of the sugar and b- and
c-phosphate moieties of cap analogs. For instance, AteIF(iso)4E
lacks a conserved aspartate (Asp226 in AteIF4E) from this region
that interacts with the ribose of N(7)-methylguanosine.

All analyzed class I plant eIF4E proteins are specific to N(7)-
monomethylated cap analogs because they interact poorly with
either GTP or m3

2,2,7GTP (Table 1) and this result contradicts the
one previously reported [24] (see Section 4). Similarly to mamma-
lian eIF4E KAS increases with the extension of the cap’s phosphate
chain, while the addition of a second nucleoside to m7GTP has a
negative effect on interaction with Arabidopsis eIF4E isoforms.

3.3. nCBP binds cap similarly weakly as eIF(iso)4E

Arabidopsis class II eIF4E isoform, nCBP protein, interacts weakly
with the cap, with the KAS for m7GTP 8.5-fold lower than that of
AteIF4E (Table 1). In contrast to Ruud et al. paper [13] we obtained
binding affinities of AtnCBP for N(7)-methylated cap analogs simi-
lar to those observed for AteIF(iso)4E, with the differences not
exceeding 1.5-fold, and to values reported for human 4EHP protein
[25]. The most prominent difference that may be responsible for
the poor binding of the cap by AtnCBP seems to be the lack of
the conserved arginine (Arg183 in AteIF4E, equivalent to Lys162
in mammalian eIF4E), that may interact with the cap’s phosphate
moiety, which is substituted in AtnCBP with isoleucine (Ile166,
conserved in close homologs) (Fig. 1C). The lack of arginine in this
position can be partially compensated in AtnCBP by Arg125 and
Lys202, which are replaced by uncharged amino acids in AteIF4E,
AteIF4E1b and AteIF4E1c (i.e. Thr142 and Ile217 in AteIF4E, respec-
tively). However, AteIF4E, AteIF4E1b and AteIF4E1c possess also
other positively charged residues that may take part in the binding
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AteIF4E          59 SHPLEHSWTFWFDNPAV [3] QTSWGSSLRPVFTFSTVEEFWSLYNNMKHPSKLAHGADFYCFKHIIEPKWEDPICANGGKWTMTFPK [0] EKSDKSWLYTLLALIGEQFD [0]
AteIF4E1b        64 SHCFQNSWTFWFDNPSS [3] QVIWGSSLRSLYTFGTIEEFWSLYNNIHPPTKWVSGADLYCFKDKIEPKWEDPICANGGKWSMMFPK [0] ATLECNWLNTLLALVGEQFD [0]
AteIF4E1c 64 SHCFQNSWTFWFDNPSS [3] QVIWGSSLRSLYTFATIEEFWSLYNNIHPPTKWVSGSDLYCFKDKIEPKWEDPICANGGKWTMFFPR [0] ATLESNWLNTLLALVGEQFD [0]
AteIF(iso)4E     25 PHKLERKWSFWFDNQSK [1] GAAWGASLRKAYTFDTVEDFWGLHETIFQTSKLTANAEIHLFKAGVEPKWEDPECANGGKWTWVVTA [3] EALDKGWLETLMALIGEQFD [0]
2WMC_A 52 PHLLENSWTFWFDTPAA [3] QAAWGSSMRPIYTFSTVEEFWSIYNNIHHPGKLAVGADFYCFKHKIEPKWEDPICANGGKWTANYPK [0] GKSDTSWLYTLLAMIGEQFD [0]
AtnCBP           42 LHPLRYKFSIWYTRRTP [3] NQSYEDNIKKMVEFSTVEGFWACYCHLARSSLLPSPTDLHFFKDGIRPLWEDGANCNGGKWIIRFSK [0] VVSARFWEDLLLALVGDQLD [0]
2JGB_A 53 EHPLQYNYTFWYSRRTP [5] SQSYEQNIKQIGTFASVEQFWRFYSHMVRPGDLTGHSDFHLFKEGIKPMWEDDANKNGGKWIIRLRK [0] GLASRCWENLILAMLGEQFM [0]
meIF4E (1EJ1_A)  36 KHPLQNRWALWFFKNDK [0] SKTWQANLRLISKFDTVEDFWALYNHIQLSSNLMPGCDYSLFKDGIEPMWEDEKNKRGGRWLITLNK [4] SDLDRFWLETLLCLIGESFD [1]

β5 β6              α β7  α β8
EEEEEEE EEEEEEEE HHHHHHHHHHHHHHH EEEEHHHH EE

AteIF4E         HGDEICGAVVNIRG [0] KQERISIWTKNASNEAAQVSIGKQWKEFLDYN [0] NSIGFIIHEDAK [6] KNAYTA 235
AteIF4E1b       QGDEICGAVLNFRA [0] RGDRISLWTKNAANEEAQLSIGKQWKELLGYN [0] ETIGFIVHEDAK [6] KRRYTV 240
AteIF4E1c QGDEICGAVLNFRT [0] RGDRISLWTKKAANEEAQLSIGKQWKELLGYN [0] DTIGFIVHEDAK [6] KRRYTV 240
AteIF(iso)4E    EADEICGVVASVRP [2] KQDKLSLWTRTKSNEAVLMGIGKKWKEILDVT [0] DKITFNNHDDSR [0] RSRFTV 198
2WMC_A HGDEICGAVVNVRG [0] RAEKISIWTKNASNEAAQVSIGKQWKEFLDYN [0] ETMGFIFHDDAR [6] KNKYVV 228
AtnCBP          DADNICGAVLSVRF [0] NEDIISVWNRNASDHQAVMGLRDSIKRHLKLP [2] YVMEYKPHDASL [7] NTWLRG 221
2JGB_A VGEEICGAVVSVRF [0] QEDIISIWNKTASDQATTARIRDTLRRVLNLP [2] TIMEYKTHTDSI [7] PQRLLF 234
meIF4E (1EJ1_A) YSDDVCGAVVNVRA [0] KGDKIAIWTTECENRDAVTHIGRVYKERLGLP [2] IVIGYQSHADTA [7] KNRFVV 217

Fig. 1. Comparison of A. thaliana eIF4E proteins. (A–C) Comparison of modeled structures. Cap analog (m7GDP) taken from PDB: 1EJ1 structure (M. musculus eIF4E) is shown in
green. Amino acids critical for the difference in the binding affinity for cap analogs are denoted in cyan. (A) All remaining residues that differ between AteIF4E1b and
AteIF4E1c are presented in yellow. Conserved Arg188 is denoted in orange. (B) Insertion of six amino acids in the loop between b-strands b7 and b8 is denoted in violet. (C)
Conserved tryptophan is colored orange. (D) Multiple sequence alignment for A. thaliana eIF4E isoforms and their closest homologs of known structure (pea eIF4E, PDB:
2WMC; mouse eIF4E, PDB: 1EJ1; human 4EHP, PDB: 2JGB). The numbers of excluded residues are specified in square brackets. Conserved residues (50% or greater) are
highlighted in yellow. Locations of secondary structure elements (E, b-strand; H, a-helix) in PDB: 2WMC are marked above sequences. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

A. Kropiwnicka et al. / Biochemical and Biophysical Research Communications 456 (2015) 47–52 49



Fig. 2. Representative fluorescence titration curves for m7GTP binding to A. thaliana
eIF4E isoforms. Fitted curves (black lines) and experimental data points (upper
panel) with fitting residuals (lower panel) for A. thaliana eIF4E ( ), eIF4E1b (s),
eIF4E1c (j), eIF(iso)4E ( ) and nCBP (N) and mouse eIF4E (h). The increasing
fluorescence signal at higher concentrations of m7GTP originates from the fluores-
cence of a free cap analog in solution.
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of cap’s phosphate groups and which are not conserved in AtnCBP.
This includes Lys76 and Lys180 in AteIF4E which are replaced in
AtnCBP by Gly59 and Asn163.

Characteristic molecular feature of AtnCBP is its lower specificity
toward monomethylation of guanosine at N(7), observed also for
human 4EHP [25]. The difference between KAS values for m7GTP
and GTP is only 10-fold for AtnCBP, whereas other plant proteins
bind m7GTP from 50-fold to 400-fold stronger than GTP (Table 1).
This property is most likely not caused by the tryptophan-to-tyro-
sine substitution, that is specific to class II eIF4E proteins, at the res-
idue involved in the sandwiching of the N(7)-methylguanine (Tyr65
in AtnCBP, equivalent to Trp82 in AteIF4E or Trp56 in mammalian
eIF4E). Human eIF4E wild type and Trp56Tyr mutant proteins show
similar cap-binding efficiencies [25].
3.4. Contribution of cap’s phosphate groups into stabilizing the eIF4E-
cap complex

Due to the location of basic amino acids at the entrance to the
eIF4E cap-binding pocket, the more phosphate groups are linked
Table 1
Equilibrium association constants (KAS) of A. thaliana eIF4E proteins and mouse eIF4E in c

Cap analog AteIF4E AteIF4E1b AteIF4E1c

m7GMP 0.319 ± 0.016 0.120 ± 0.007 0.118 ± 0.
m7GDP 3.54 ± 0.03 1.23 ± 0.03 2.47 ± 0.0
m7GTP 5.79 ± 0.13 3.12 ± 0.06 5.72 ± 0.1
m7Gp4 6.9 ± 0.4 3.75 ± 0.07 9.02 ± 0.1
m7GpppG 2.08 ± 0.04 1.219 ± 0.012 2.48 ± 0.0
m7GpSppG (D1) 4.69 ± 0.13 ND ND
m7GpSppG (D2) 2.29 ± 0.05 ND ND
m7GppSpG (D1) 2.7 ± 0.3 ND ND
m7GppSpG (D2) 2.68 ± 0.18 ND ND
GTP <0.015 <0.053 <0.033
m3

2,2,7GTP <0.040 <0.024 <0.038

ND – not determined.
to N(7)-methylguanosine, the tighter eIF4E binds the cap. When
in the cap analog the phosphate chain is extended from one
(m7GMP) to four groups (m7Gp4), its binding affinity for mouse
eIF4E increases 600-fold (Table 1). The changes in KAS accompany-
ing the lengthening of the cap’s phosphate chain are less promi-
nent for Arabidopsis eIF4E proteins. Yet, similarly to mouse eIF4E,
the highest rise in the binding affinity is observed for the addition
of the b-phosphate (m7GMP ? m7GDP). Only AteIF4E1c binds the
b-phosphate moiety comparably strongly as mouse eIF4E (20-fold
increase in KAS) while KAS of AteIF4E and AteIF4E1b for m7GDP are
only 10-fold higher than for m7GMP. However, the ca. �1.4 kcal/
mol energetic gain of introducing the b-phosphate into the cap,
evaluated as the change in the Gibbs free energy of binding (DDGo,
Table 2), suggests AteIF4E and AteIF4E1b, as well as AteIF4E1c,
probably create two hydrogen bonds with the b-phosphate, simi-
larly to mammalian eIF4E [22]. On the contrary, for AtnCBP the cor-
responding DDGo of ca. �0.5 kcal/mol is less than the value typical
for a hydrogen bond [26], which indicates AtnCBP’s interaction
with the b-phosphate is probably indirect. In comparison, for
human 4EHP the binding energy of the b-phosphate moiety equals
ca. �0.7 kcal/mol [25] and corresponds to one direct hydrogen
bond and one mediated by a water molecule [23]. The changes in
the binding energy accompanying the extension of the cap’s phos-
phate chain to a triphosphate (m7GDP ? m7GTP) imply all Arabid-
opsis eIF4E isoforms except AteIF4E probably form one hydrogen
bond with the cap’s c-phosphate group, similarly to mammalian
eIF4E [22] and 4EHP [23]. AteIF4E interacts weakly with either c-
or d-phosphate, while only for AtnCBP and mouse eIF4E the change
in the binding energy which might correspond to the energy of
forming one hydrogen bond with the d-phosphate is observed.

3.5. Binding affinities of phosphorothioate cap analogs for Arabidopsis
eIF4E isoforms

Previous studies investigated the properties of cap analogs in
which one of non-bridging oxygens in the phosphate chain was
substituted with a sulfur atom. It was found out these phosphoro-
thioate cap analogs have strong affinity for mouse eIF4E and some
of them are resistant to enzymatic cleavage by decapping enzymes
(DcpS or Dcp2) [27,28]. Therefore, they act as strong inhibitors of
translation and are able to increase stability and translational effi-
ciency of transcripts [28–30]. In this work we examined the inter-
action of Arabidopsis eIF4E proteins with m7GpppG analogs
modified with the phosphorothioate moiety at the c- or b-phos-
phate position, abbreviated m7GpSppG and m7GppSpG, respec-
tively (Table 1). Due to a stereogenic P center in the
phosphorothioate moiety each of the cap analogs exists as two dia-
stereomers, termed D1 and D2. The presence of the phosphorothio-
ate moiety at the c-position in the diastereomer D1 (m7GpSppG
(D1)) causes a 2-fold increase in KAS for AteIF4E or AteIF(iso)4E,
omplex with cap analogs.

AteIF(iso)4E AtnCBP meIF4E(28–217)

KAS (lM�1)

003 <0.050 0.064 ± 0.004 0.82 ± 0.02
4 0.280 ± 0.019 0.148 ± 0.005 20.6 ± 1.9
0 1.07 ± 0.05 0.684 ± 0.014 81.5 ± 1.7
7 1.62 ± 0.04 1.81 ± 0.03 500 ± 30
8 0.188 ± 0.011 0.263 ± 0.012 7.20 ± 0.18

0.401 ± 0.008 0.229 ± 0.011 22.3 ± 0.4
0.213 ± 0.007 0.295 ± 0.010 7.60 ± 0.19
0.262 ± 0.007 0.350 ± 0.015 37.0 ± 1.7
0.233 ± 0.003 0.326 ± 0.007 17.4 ± 1.1
<0.015 0.079 ± 0.007 <0.030
<0.022 <0.050 ND



Table 2
Changes of standard Gibbs free energy (DDGo) for the interaction of A. thaliana eIF4E isoforms with structurally modified cap analogs. DDGo values were calculated as the
difference in the energy of binding (DGo) of eIF4E to cap analogs which vary in single structural alteration. DG� values were obtained from KAS values according to the standard
equation: DG� = �RTlnKAS.

Modifications in cap structure AteIF4E AteIF4E1b AteIF4E1c AteIF(iso)4E AtnCBP meIF4E(28–217)

DDGo (kcal/mol)

Successive addition of the phosphate groups: DDGo = DGo(m7Gpn+1) � DGo(m7Gpn)
m7GMP ? m7GDP �1.40 ± 0.03 �1.35 ± 0.05 �1.77 ± 0.02 >�1.0 �0.49 ± 0.06 �1.88 ± 0.07
m7GDP ? m7GTP �0.287 ± 0.018 �0.54 ± 0.02 �0.49 ± 0.02 �0.78 ± 0.07 �0.89 ± 0.03 �0.80 ± 0.07
m7GTP ? m7Gp4 �0.10 ± 0.05 �0.11 ± 0.02 �0.27 ± 0.02 �0.24 ± 0.04 �0.57 ± 0.02 �1.06 ± 0.04

Addition of the second nucleoside: DDGo = DGo(m7GpnG) � DGo(m7Gpn)
m7GTP ? m7GpppG 0.60 ± 0.02 0.547 ± 0.017 0.49 ± 0.03 1.01 ± 0.06 0.56 ± 0.04 1.41 ± 0.03

Substitution of the phosphate moiety with the phosphorothioate: DDGo = (DGo(m7GpSppG) or DGo(m7GppSpG)) � DGo(m7GpppG)
m7GpppG ? m7GpSppG (D1) �0.47 ± 0.03 ND ND �0.44 ± 0.05 0.08 ± 0.05 �0.66 ± 0.02
m7GpppG ? m7GpSppG (D2) �0.05 ± 0.02 ND ND �0.07 ± 0.05 �0.07 ± 0.05 �0.03 ± 0.03
m7GpppG ? m7GppSpG (D1) �0.15 ± 0.08 ND ND �0.19 ± 0.05 �0.16 ± 0.05 �0.95 ± 0.04
m7GpppG ? m7GppSpG (D2) �0.15 ± 0.05 ND ND �0.12 ± 0.04 �0.12 ± 0.04 �0.51 ± 0.05

ND – not determined.
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while the diastereomer D2 is bound with a comparable affinity as
the unmodified analog. No significant changes in KAS are observed
upon the oxygen-to-sulfur substitution at the c-position for
AtnCBP or at the b-position for any of Arabidopsis proteins. It was
proposed that the increased polarizability of the phosphorothioate
moiety, in comparison to the phosphate group, causes a shift of the
negative charge from the sulfur to the oxygen. In consequence,
when this oxygen is engaged in a hydrogen bond with the protein,
i.e. for only one of diastereomers, the interaction is enhanced [27].
The lack of a significant increase in the binding affinity of AtnCBP
for m7GpSppG analogs suggests that oxygens from the c-phosphate
group of the cap (or a-phosphate in the mononucleotide cap) inter-
act weakly with this protein, while AteIF4E and AteIF(iso)4E bind
the c-phosphate comparably strongly as mouse protein. The
detected smaller changes in the binding affinity of AteIF4E, AteIF
(iso)4E and AtnCBP for the cap upon its modification with the
phosphorothioate at the b-position, in comparison to mouse eIF4E,
are in accordance with the conclusion of a weaker interaction of
these plant proteins with the cap’s b-phosphate, which was based
on the results for mononucleotide cap analogs.
4. Discussion

In this work we were able to successfully address in a quantita-
tive manner the question of the ability of A. thaliana proteins from
the eIF4E family to interact with the cap structure. Although there
are reports of binding studies for plant eIF4Es with cap analogs or
oligonucleotides [13,24,31], these studies are not free of methodo-
logical faults (discussed in [20]), the main one being the use of
eIF4E protein samples which were contaminated with remnants
of a cap analog applied during protein purification procedures.
Here we obtained eIF4E samples free of any cap analog
contaminants. In general, binding affinities of plant eIF4Es for the
cap can be arranged in the rank of a diminishing affinity: AteIF4E
� AteIF4E1c > AteIF4E1b > AteIF(iso)4E � AtnCBP. The result of a
4-fold to 10-fold difference in binding affinities between the two
canonical translation initiation 4E-type factors, eIF4E and
eIF(iso)4E, provokes an important question of how these two
proteins are able to compete for the mRNA 50-end in vivo. One
plausible explanation is the reduction of the difference once these
proteins are assembled into appropriate 4F-type cap-binding com-
plexes, based on known data supporting the increase of the binding
affinity for the cap of eIF4E upon interaction with eIF4G [32].
Moreover, eIF4G and eIF(iso)4G might vary in the extent of their
influence on cap-binding because of an additional N-terminal
domain in eIF4G which is not present in eIF(iso)4G [3]. Another
explanation would be that other than cap specific elements of a
transcript (such as secondary structure elements) could enhance
the recruitment of either eIF4F or eIF(iso)4F to the mRNA.

Comparable binding affinities of AteIF4E and its closest two
homologs: AteIF4E1b and AteIF4E1c, confirm AteIF4E1b and
AteIF4E1c should be able to efficiently bind transcripts in vivo,
which is in accordance with their ability to support translation in
yeast [12]. Although AtnCBP binds cap analogs with similar
strength as the second canonical factor, AteIF(iso)4E protein, and
was shown to interact with eIF4G and eIF(iso)4G in wheat [13],
in Arabidopsis it probably does not form a complex with eIF4G
(Patrick and Browning, unpublished observation mentioned in
[3]). Also AteIF4E1b and AteIF4E1c do not seem likely to form
respective 4F-type complexes due to their very low affinity for eIF4G
[12]. Therefore, it is more probable that eIF4E1b, eIF4E1c and nCBP
interact with yet unknown mRNA-specific factors and function
rather as translational regulators under specific developmental
(i.e. the development of pollen and embryos for eIF4E1b [12]) or
stress-related conditions, maybe in a manner similar to Xenopus
oocyte-specific class I eIF4E1b [33], Drosophila testis-specific class
I eIF4E3 [34], or mammalian and Drosophila 4EHP [35–39].
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Purified recombinant Arabidopsis thaliana eIF4E isoforms are free of nucleic acids 

contaminations. Absorption spectra of recombinant proteins AteIF4E (A), AteIF(iso)4E (B) 

and AtnCBP (C) after purification on the ion-exchange column. Absorption spectra of 

AteIF4E1b (D) and AteIF4E1c (E) purified by the standard protocol (samples contaminated 

with nucleic acids) and by the protocol with added steps of nucleic acids removal (samples 



 

free of nucleic acids). For non-contaminated samples the measured A260/A280 ratio was near 

the value reported for pure protein samples (A260/A280 = 0.57 ± 0.06; [8]). 

  

Table S1. 

Chemical structures of cap analogs used for binding studies with eIF4E proteins.  



 

Figure S1 

AteIF4E 
            1 mavedtpksv vteeakpnsi enpidryhee gddaeegeia ggegdgnvde ssksgvpesh 
       61 plehswtfwf dnpavkskqt swgsslrpvf tfstveefws lynnmkhpsk lahgadfycf 
      121 khiiepkwed picanggkwt mtfpkeksdk swlytllali geqfdhgdei cgavvnirgk 
      181 qerisiwtkn asneaaqvsi gkqwkefldy nnsigfiihe dakkldrnak nayta 
 

AteIF4E1b      
        1 mvvtdspvsg imadqnidpn tttspspkek hvsaikaisg dekapskekk nyaskksttv 
       61 iqkshcfqns wtfwfdnpss ksnqviwgss lrslytfgti eefwslynni hpptkwvsga 
      121 dlycfkdkie pkwedpican ggkwsmmfpk atlecnwlnt llalvgeqfd qgdeicgavl 
      181 nfrargdris lwtknaanee aqlsigkqwk ellgynetig fivhedaktl drdakrrytv 
 

AteIF4E1c      
        1 mvvmdspvsg rmadqnidpn tttspspiek hvsaikaisg dekapskekk nyaskksttv 
       61 iqkshcfqns wtfwfdnpss ksnqviwgss lrslytfati eefwslynni hpptkwvsgs  
      121 dlycfkdkie pkwedpican ggkwtmffpr atlesnwlnt llalvgeqfd qgdeicgavl  
      181 nfrtrgdris lwtkkaanee aqlsigkqwk ellgyndtig fivhedaktl drdakrrytv 
 

AteIF(iso)4E 
           1 matddvnepl paaaelpate aekqphkler kwsfwfdnqs kkgaawgasl rkaytfdtve 
       61 dfwglhetif qtskltanae ihlfkagvep kwedpecang gkwtwvvtan rkealdkgwl 
      121 etlmaligeq fdeadeicgv vasvrpqskq dklslwtrtk sneavlmgig kkwkeildvt 
      181 dkitfnnhdd srrsrftv 
 

AtnCBP      
        1 mevldrrdde irdsgnmdsi kshyvtdsvs eerrsrelkd glhplrykfs iwytrrtpgv 
       61 rnqsyednik kmvefstveg fwacychlar ssllpsptdl hffkdgirpl wedgancngg 
      121 kwiirfskvv sarfwedlll alvgdqldda dnicgavlsv rfnediisvw nrnasdhqav 
      181 mglrdsikrh lklphayvme ykphdaslrd nssyrntwlr g 
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Table S1 

Cap analog Structure Reference for the 
synthesis 

m7GMP 

 

[1] 

m7GDP 

 

[1] 

m7GTP 

 

[1] 

m7Gp4 

 

[2] 

m7GpppG 

 

[3] 

m7GpSppG (D1) and (D2) 
(diastereomer 1 and 2) 

 

[4] 

m7GppSpG (D1) and (D2) 
(diastereomer 1 and 2) 

 

[4] 

GTP 

 

Commercial 
product (MP 

Biomedicals LLC) 

m3
2,2,7GTP 
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The majority of eukaryotic mRNAs are translated in a cap-dependent manner, which requires recognition of the
mRNA 5′ cap by eIF4E protein. Multiple eIF4E family members have been identified in most eukaryotic organ-
isms. Drosophila melanogaster (Dm) has eight eIF4E related proteins; seven of them belong to Class I and one
to Class II. Their biological roles with the exception of Dm eIF4E-1, Dm eIF4E-3 and Dm 4EHP, remain unknown.
Here, we compare themolecular basis of Dm eIF4E's interactions with cap and eIF4G peptide by using homology
modelling and fluorescence binding assays with various cap analogues. We found that despite the presence of
conserved key residues responsible for cap recognition, the differences in binding different cap analogues
among Class I Dm eIF4E isoforms are up to 14-fold. The highest affinity for cap analogues was observed for Dm
eIF4E-3.We suggest thatDm eIF4E-3 andDm eIF4E-5 bind the secondnucleoside of the cap in an unusualmanner
via stacking interactions with a histidine or a phenylalanine residue, respectively. Moreover, the analysis of ter-
nary complexes of eIF4G peptide–eIF4E–cap analogue showed cooperativity between eIF4G and cap binding only
for Dm eIF4E-4, which exhibits the lowest affinity for cap analogues among all Dm eIF4Es.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Post-transcriptional regulation of gene expression plays a key role in
many cellular and developmental processes. In eukaryotes, the vast ma-
jority of mRNAs are translated via the cap-dependent mechanism, in
which the cap binding protein eIF4E, complexed with a scaffold protein
eIF4G, binds the cap structure (m7GpppN, where N is any nucleotide) at
the 5′ end of the mRNA to recruit the small ribosomal subunit to initiate
translation. In thismechanism, cap recognitionby eIF4E, aswell as the for-
mation of the eIF4E–eIF4G complex, are two of the limiting steps regulat-
ing the global process of translation [1,2]. eIF4E is negatively regulated by
eIF4E-binding proteins (4E-BP), which share with eIF4G the canonical
eIF4E-binding motif (C-motif) YXXXXLϕ (where X is any amino acid
andϕ is a hydrophobic residue) that interactswith the convex dorsal sur-
face of eIF4E. Binding of 4E-BPs to eIF4E precludes formation of the eIF4E–
eIF4G complex, thereby repressing cap-dependent translation [3,4].

With the advent of genome-wide sequencing projects of hundreds
of organisms across disparate phyla, a number of eIF4E genes have
rek), kuchtak@cent.uw.edu.pl
, nahum.sonenberg@mcgill.ca

t authors.
been discovered and classified into three Classes [5,6]. Interestingly,
some species have been reported to have several eIF4E paralogues
that display different expression patterns in certain tissues, promote
or inhibit translation of specific mRNAs, are involved in translation
under stress responses, or show variable biochemical properties. More-
over, some eIF4E orthologues are also restricted to specific phylogenetic
lineages [5–13]. Mammalians have four eIF4E isoforms, eIF4E (also
called eIF4E-1a), eIF4E-1b belonging to Class I, eIF4E-2 (or 4EHP) be-
longing to Class II and eIF4E-3 belonging to Class III. Whereas eIF4E-1a
is the major translation factor, eIF4E-2 acts in a cell most probably as a
translation repressor. It has been shown that mouse 4EHP binding
homeodomain transcription factor Prep1 inhibits Hoxb4 translation
[14] and, along with Grb10-interacting GYF protein (GIGYF2) and zinc
finger protein 598, it is a member of translational repressor complex
during embryonic development [15]. However, some recent studies
[16–18] have indicated an alternative role for 4EHP. They showed that
under conditions of extreme oxygen depletion (hypoxia), human cells
use 4EHP in the process of an alternative cap-dependent translation.
The findings concerning the role of eIF4E-3, the fourthmember ofmam-
malian eIF4E family, suggest that it acts as a tissue-specific tumour sup-
pressor [19]. The biological role of eIF4E-1b inmammalian cells remains
unknown. The expression of this isoform is strictly limited to oocytes
across all classes of Tetrapoda [9]. Its role was identified in Xenopus
oocyte, were it is member of CPEB mRNP repressor complex [20].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2016.06.015&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2016.06.015
mailto:kginal@cent.uw.edu.pl
http://dx.doi.org/10.1016/j.bbapap.2016.06.015
http://www.sciencedirect.com/science/journal/15709639
www.elsevier.com/locate/bbapap
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The biological role of eIF4E familymembers has been also extensive-
ly investigated in a nematode, Caenorhabditis elegans, encoding five
eIF4E family members (IFE-1 to -5) [13,21], which show different ex-
pression patterns and effects of gene deletion andmutations for growth
and development. The IFE-3 isoform, which is closely related to mam-
malian eIF4E-1a, is essential for viability and embryogenesis [13] and
it regulates sex-determination in the hermaphrodite germline [22].
IFE-1, which is expressed in germ-line along with IFE-3 and IFE-5, is re-
quired for production of functional sperm, as it affects the expression of
some sperm-specific proteins, such as GSP-3 and MSPs [23,24]. IFE-2,
which also functions in germline, is mostly expressed in somatic tissues
[13]; knock-out of the ife-2 gene reduces somatic mRNA translation.
IFE-4, the only one C. elegans eIF4E isoform belonging to Class II,
is enriched in soma and its loss produces a pleiotropic phenotype induc-
ing a defect in egg-laying by reducing translation IFE-4 sensitive mRNA
[25].

Another species with several eIF4E genes is Drosophila melanogaster,
a model organism that has provided extensive insight into post-
transcriptional mechanisms for regulating gene expression. It contains
seven genes encoding eight eIF4E paralogues, namely Dm eIF4E-1, -2,
-3, -4, -5, -6, and -7 belonging to Class I, and Dm 4EHP belonging to
Class II. The expression of these proteins varies throughout the develop-
ment [26,27]. For some of them, a tissue-specific role has been reported.
Whereas eIF4E-1 is ubiquitous and required for general translation in all
tissues [5,26], eIF4E-3 is a testis-specific protein required only for sper-
matogenesis [28,29], and 4EHP is a translational repressor that inhibits
translation of specific mRNAs during early embryogenesis [30–32]. De-
spite these few cases, the biological roles played by the majority of the
eIF4E-related proteins, as well as their structural and biochemical prop-
erties, remain unknown.

The structures of several eIF4E family proteins from different species
in the apo form, and either in binary or ternary complex with various
cap analogues and a fragment of eIF4G or a 4E-BP that contain the
eIF4E-binding site, have been solved [33–39]. The eIF4E-like fold is
characterised by the presence of an eight-stranded antiparallel β-
sheet backed by α-helices (with β1β2α1β3β4α2β5β6α3β7α4β8 to-
pology, as observed in mouse eIF4E (PDB: 1EJ1) [33]), forming a struc-
ture described as a cupped hand [33]. These studies have demonstrated
that eIF4G or 4E-BP proteins bind to the dorsal surface of eIF4E via a ca-
nonical motif (C-motif) and as shown recently for some 4E-BPs, by a
non-canonical motif (NC-motif) to a lateral surface of eIF4E [37–39].
On the other side, they have shown that cap nucleotides interact with
a narrow slot on the concave surface of eIF4E. The interatomic contacts
between eIF4E proteins and cap analogues can be divided into three
classes: (i) sandwiching of the 7-methyl guanine between two trypto-
phan residues (in Class I eIF4E isoforms) or a tryptophan and a tyrosine
residues (in Class II); (ii) hydrogen bonds and van der Walls contacts
with the 7-methylguanosine; and (iii) direct interactions and water-
mediated contacts with the phosphate chains of a cap structure and a
positively charged pocket of the cap-binding slot of eIF4E formed by
the side chains of several Lys and Arg residues [12,33,35].

Although all members from each eIF4E multigenic family are
structurally- and sequence-related proteins, we need to understand
the features of various eIF4Es that account for their differences in activ-
ity and regulation. Here, using biophysicalmethods,we characterise the
structural properties of all eIF4E paralogues from D. melanogaster (Dm
eIF4Es) both, in a binary complex with diverse cap analogues, and in a
ternary complex with cap analogues and the eIF4G C-motif.

2. Material and methods

2.1. Synthesis of cap analogues

Mono- and dinucleotide cap analogues were synthesised as de-
scribed previously [40–42]. Cap analogues concentrations were deter-
mined using spectrophotometric methods [43].
2.2. Synthesis of eIF4G peptides

Peptides spanning residues 609–621 of human eIF4GI [44] (se-
quence: KKRYDREFLLGFQ), referred to as Hs eIF4G peptide; residues
618–630 of D. melanogaster eIF4G [45] (sequence: KKQYDREQLLQLR),
referred to asDm eIF4Gpeptide; andDrosophila eIF4Gpeptidewithmu-
tations Tyr621A, Leu626A and Leu627A (sequence: KKQADREQAAQLR),
referred to asDm eIF4G3A peptide, were synthesized byMetabion Com-
pany (Germany) using solid-phase peptide synthesis method with
Fmoc-chemistry. The peptides were purified by RP-HPLC and quantised
by MALDI-TOF: (Hs eIF4G peptide predicted mass: 1699,99 Da, mea-
sured mass: 1700,96 Da; Dm eIF4G peptide predicted mass: 1718 Da,
measured mass: 1719.97 Da; Dm eIF4G3A peptide predicted mass:
1541.74 Da, measured mass: 1542.50 Da). Peptides were dissolved in
0.1% TFA in water and their concentrations in the case of Hs eIF4G and
Dm eIF4G were also determined spectrophotometrically assuming
ε280 = 1490 cm−1 M−1.

2.3. Cloning, mutagenesis, expression and purification of recombinant
proteins

cDNAs of Drosophila eIF4Es were PCR-amplified and subcloned into
pET30a expression vector (Novagen) in NdeI–BamHI sites in the case
of Dm eIF4E-1, Dm eIF4E-2, Dm eIF4E-4, and Dm 4EHP, and in NdeI–
EcoRI sites in the case of Dm eIF4E-3, Dm eIF4E-5(12-232) and Dm
eIF4E-7(9-429) without any affinity tag. Point mutations Cys217Ala
and Cys228Ala in Dm eIF4E-4 were obtained using a PCR-based site-
directed mutagenesis method.

For Dm eIF4E expression, constructs in pET30a were transformed
into Escherichia coli BL21(DE3) or Rosetta 2(DE3) strains (Novagen).
Bacteria were grown in LB medium to OD600 nm of 1.0 and induced for
3 h at 37 °C by adding 0.5 mM isopropyl-1-thio-β-D-galactopyranoside
(IPTG). Cells were harvested, resuspended in lysis buffer (20 mM
HEPES/KOH (pH 7.5), 100 mMKCl, 1 mM EDTA, 2 mMDTT, 10% glycer-
ol) and disrupted by sonication. After lysate centrifugation (30,000g for
30 min), supernatant was removed and the pellet was washed three or
two times with wash buffer (20 mM HEPES/KOH (pH 7.2), 1 M gua-
nidine hydrochloride, 2 mM DTT, 10% glycerol). Inclusion bodies
were dissolved in 50mMHEPES/KOH (pH 7.2), 6M guanidine hydro-
chloride, 10% glycerol, and 2 mM DTT, and cell debris was removed
by centrifugation (43,000g for 30 min). Proteins (diluted to a
concentration lower than 0.1 mg/mL) were refolded using a one-
step dialysis against 50 mM HEPES/KOH (pH 7.2), 100 mM KCl (or
50 mM KCl in the case of Dm eIF4E-3), 1.0 mM EDTA, and 2 mM
DTT, and purified by ion exchange chromatography on a HiTrap SP
column (GE Healthcare). Purified proteins were analysed on Bio-
Safe Coomassie stained 15% acrylamide gel (in Suppl. Fig. S1) and
their concentrations were determined based on absorption of pro-
tein samples using molar absorption coefficients as follows: ε280 =
52,940 M−1 cm−1 for Dm eIF4E-1; ε280 = 52,940 M−1 cm−1 for
Dm eIF4E-2; ε280 = 65,890 M−1 cm−1 for Dm eIF4E-3; ε280 =
51,450 M−1 cm−1 for Dm eIF4E-4 and mutant Dm eIF4E-4_C217A/
C228A; ε280 = 55,920 M−1 cm−1 for Dm eIF4E-5; ε280 =
54,430 M−1 cm−1 for Dm eIF4E-7; and ε280 = 55,920 M−1 cm−1

for Dm 4EHP, as calculated based on amino acid composition using
an algorithm on ExPASy Server [46].

Human eIF4E protein was expressed in E. coli BL21(DE3) strain
(Novagen) and purified from inclusion bodies as described above for
Drosophila eIF4E proteins. Concentration of the purified protein was de-
termined based on absorption of the protein sample using ε280 =
52,940 M−1 cm−1 calculated based on amino acid composition [46].

2.4. Protein structure homology modelling

Homologues of D. melanogaster eIF4E proteins were identified with
PSI-Blast [47] searches (E-value threshold of 0.005) performed against
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the NCBI nonredundant protein sequence database using sequences of
Dm eIF4E-1, Dm eIF4E-2, Dm eIF4E-3, Dm eIF4E-4, Dm eIF4E-5, Dm
eIF4E-7 and Dm 4EHP as queries. Multiple sequence alignment was de-
rived using PCMA program [48] followed by somemanual adjustments.
Secondary structures were predicted with PSIPRED [49]. 3D models of
D. melanogaster eIF4E proteins with cap analogues were constructed
with MODELLER [50] using selected homologues of known structure
as templates [51]. To obtain eIF4E isoforms bound to m7GDP, Dm
eIF4E-1/Dm eIF4E-2, Dm eIF4E-3, Dm eIF4E-4, Dm eIF4E-5, Dm eIF4E-7
were modelled based on Dm eIF4E-2 (PDB: 4AXG) [37] and human
eIF4E (PDB: 2W97) [36], while Dm 4EHP was modelled based on
human 4EHP (PDB: 2JGB) [52], Pisum sativum eIF4E (PDB: 2WMC)
[53] and Mus musculus eIF4E (PDB: 1EJ1) [33]. 3D models of Dm
eIF4E-4 andDm eIF4E-5 in complex with eIF4G peptidewere generated
using the structure of Dm eIF4E-2 (PDB: 4UEC) [39]. Additionally, Dm
eIF4E-1/Dm eIF4E-2, Dm eIF4E-3 and Dm eIF4E-5 were also modelled
to obtain a 3D structure with m7GpppA using Dm eIF4E-2 (PDB:
4AXG) and human eIF4E (PDB: 1IPB) [54] as templates.

2.5. Fluorescence binding assays

Fluorescence measurements leading to determination of association
constants for eIF4Ewith cap analogues and peptides were performed as
described previously [34,55]. Fluorescence titration curves were carried
out on an LS-55 spectrofluorometer (Perkin Elmer Co., Norwalk, CT.,
USA), in 50mMHEPES/KOH (pH 7.2), 0.5 mM EDTA and 1mMDTT, ad-
justed with KCl to an ionic strength of 150 mM. The sample was
thermostated at a temperature of 20.0 ± 0.3 °C and controlled with a
thermocouple inside the cuvette. In the case of eIF4E–cap analogue ti-
tration, the protein fluorescence was excited at 280 nm or 290 nm
and the fluorescence intensity was monitored at a single wavelength
340 nm or 345 nm. For titration of eIF4E with eIF4G peptides, the pro-
tein fluorescence was excited at 290 nm and observed at 345 nm,
where the relative quenching of protein fluorescence upon peptide
binding was the highest. Continuous titrations were performed by
adding 1 μL aliquots of a cap analogue or peptide solution to 1400 μL
of 0.1 μMsolution of eIF4E aloneor saturatedwith thepeptide or cap an-
alogue. The time for the integration of fluorescence signal upon each li-
gand additionwas 30 s. The solutionwasmixed usingmagnetic stirring.
Each titration consisted of 35–45 data points.Measuredfluorescence in-
tensities were corrected for dilution (b4%) and for the inner filter effect.
Association equilibrium constants (Kas) were obtained by fitting a theo-
retical curve of corrected fluorescence intensity (F) upon total concen-
tration of ligand ([L]) to the titration data according to the equation:

F ¼ F 0ð Þ− cx½ � � Δϕþ ϕlig−free

� �
þ L½ � � ϕlig−free

with the concentration of the cap analogue–eIF4E complex [cx] given
by:

cx½ � ¼ L½ � þ Pact½ �
2

þ
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kas L½ �− Pact½ �ð Þ þ 1ð Þ2 þ 4Kas � Pact½ �

q

2Kas

where Δϕ stands for the difference between the fluorescence efficien-
cies of the apo and ligand-bound protein; ϕlig-free is the fluorescence ef-
ficiency of the free ligand; F(0) is the initialfluorescence, and [Pact] is the
total concentration of the active protein [34]. The final Kas was calculat-
ed as a weighted average from three to ten independent titration series
carried out for at least two independent preparations of the protein. Nu-
merical least-squares nonlinear regression analysis was performed
using ORGIN 6.0 fromMicrocal Software Inc., USA.

The Gibbs free energy of binding was calculated based on the Kas

value according to the standard equation ΔGo = −RT ln Kas.
3. Results and discussion

To compare the cap- and eIF4G-binding properties of Drosophila
eIF4E family proteins, we applied the fluorescence titration, which
is widely used to investigate the eIF4E–cap analogue association
[34,55–58]. In this technique, quenching of the intrinsic fluorescence
of conserved tryptophan residues in eIF4E (Fig. 1) due to binding of a
cap analogue as well as eIF4G peptide is measured [34]. Next, we
built homology models of Dm eIF4E structures and analysed the se-
quence and structure differences that may influence interaction
with the cap and the eIF4G peptide in relation to the results obtained
from binding studies.

3.1. The canonical eIF4E-1 from Drosophila binds cap analogues with
significantly weaker affinity than its human counterpart

The measured Kas values for complexes of Dm eIF4E-1 and human
eIF4E with different cap analogues are presented in Table 1. Similar to
plant [58] and yeast eIF4Es [59], Dm eIF4E-1 bound all investigated
cap analogues from 2.4- to 10-fold weaker than human eIF4E
(Fig. 2A), keeping high specificity towards a methylated guanine at
the N7 position and an extension of the phosphate chain (Table 2)
[34,42]. For m7GMP, the Kas is 0.82 ± 0.05 μM−1 for human eIF4E and
0.34 ± 0.01 μM−1 for Dm eIF4E-1, and for m7GTP the Kas is 70.1 ±
1.2 μM−1 and 8.94 ± 0.27 μM−1 for human and Drosophila proteins,
respectively.

Sequence comparison of human eIF4E and Dm eIF4E-1 showed that
both proteins share all key residues that are required for cap binding
(Fig. 1 and Table S1 for numbering). The main difference, which might
affect cap binding affinity, seems to be an additional α-helix (amino
acids 119–124) present in human eIF4E (Fig. 2B) and other vertebrates,
but absent in Drosophila, yeast [60] and plant eIF4Es [61]. This region
consists of large amino acids (KQQRRS) and lifts the position of the
neighbouring β5β6 loop towards the cap binding pocket. As a conse-
quence, in human eIF4E Lys159 located at the tip of β5β6 loop interacts
tightly with the cap phosphate moiety, in contrast to its counterpart
Lys201 in Dm eIF4E-1 (Fig. 2B). Crystal and NMR structures of mamma-
lian eIF4E showed that theα- and β-phosphate groups of cap analogues
are stabilised in the binding slot by a hydrogen bond formed with
Arg157 and a salt bridge with Lys162 (numbering of human eIF4E)
[34,35]. Additionally, binding studies with mutated mouse eIF4E
showed that lysine 159 influences the binding of the γ-, δ- and ε-
phosphate groups of cap to eIF4E [42]. Moreover, NMR studies of
human eIF4E showed that closing of the β5β6 loop upon cap binding
is important for interaction between the phosphate chain of the cap
and the lateral chains of Arg157, Lys 159 and Lys162 [62]. Analysis of
the changes in the standard Gibbs free energy of binding (ΔΔGo)
(Table 2) revealed significant differences in binding of β-phosphate
group of cap analogues by both eIF4E proteins. In the case of Dm
eIF4E-1, the energy gain corresponding to addition of a β-phosphate
group to m7GMP is ca. 0.6 kcal/mol higher than for the human counter-
part, whereas the differences in the energy changes ΔΔGo between the
proteins for binding of γ- and δ-phosphate groups are only 0.1 and
0.2 kcal/mol, respectively. The observed differences in the energy
changes suggest weaker closing of Dm eIF4E-1 structure upon cap bind-
ing and weaker interaction of Lys201 with the phosphate chain of the
cap, as compared to the human counterpart.

BesidesN7guaninemethylation andpresence of thephosphatemoi-
ety in the cap structure, which influence its binding to canonical verte-
brate eIF4E factors, the third characteristic element of the cap structure
is the influence of the second nucleoside, N (m7GpppN). Addition of the
secondnucleoside to themononucleotide in a cap analogue reduces sig-
nificantly (ca. 10–12 fold) its ability to bind human eIF4E [34,42]. The
same destabilisation effect caused by the presence of a second nucle-
oside was observed for Dm eIF4E-1. The Kas value for m7GpppG is ca.
7-fold lower that the Kas observed for m7GTP (Table 1).



Fig. 1. Sequence comparison for eIF4E proteins. Multiple sequence alignment is shown for all Drosophila melanogaster eIF4E proteins and selected homologues of known structure (pea
eIF4E, PDB: 2WMC; mouse eIF4E, PDB: 1EJ1; human eIF4E, PDB: 2W97/1IPB; human 4EHP, PDB: 2JGB). Conserved residues (50% or greater) are highlighted in yellow. Locations of
secondary structure elements (E, β-strand; H, α-helix) in Dm eIF4E-2 (PDB: 4AXG) are marked above the sequences. Positions of amino acids in human/mouse eIF4E forming
intermolecular contacts with cap [33,35] and eIF4G peptide [39,79] are indicated with green circles and black triangles, respectively. Positions of conserved eIF4E Trp residues are
marked with violet squares.
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3.2. Dm eIF4E-3 and Dm eIF4E-4 show the highest and lowest cap binding
affinities, respectively, among Class I Dm eIF4Es

Wenext analysed the binding affinity of Class IDrosophila eIF4E pro-
teins to different cap analogues. Despite the presence of conserved key
residues responsible for cap recognition (Fig. 1, Table S1), Drosophila
proteins bound cap analogues with diverse affinities (Fig. 3A). The Kas

values for complexes of Drosophila eIF4E isoforms with a series of vari-
ous cap analogues are presented in Table 1, and the corresponding stan-
dard Gibbs free energies of binding (ΔGo) are shown in Table S2.

Among the seven analysed Dm eIF4E proteins, the highest cap bind-
ing affinities are found forDm eIF4E-3, with Kas values higher or compa-
rable to those obtained for the human eIF4E, with the exception of
m7GTP, m7Gp4 and m7GppppG, which are bound with higher affinity
by the human eIF4E. Dm eIF4E-3 binds m7GTP ca. 3.5-fold weaker
than human eIF4E, but 2-fold stronger than Dm eIF4E-1 and ca. 9-fold
stronger than Dm eIF4E-4, which among all Dm eIF4E proteins shows
the lowest ability to bind cap analogues. A characteristic feature of Dm
eIF4E-3 is its high specificity towards dinucleotide cap analogues
(Tables 1 and 2). Previous studies showed that in vertebrate eIF4E pro-
teins [34,56,57], addition of a second guanosine to m7GTP and m7Gp4
gives a disadvantageous entropic effect of about +1.4 kcal/mol and
+1.8 kcal/mol calculated as the change in theGibbs free energy of bind-
ing (ΔΔGo). The observed Kas values for m7GpppG in complex with ver-
tebrate eIF4E were even 2.5–3.0-fold lower than those observed for
Table 1
Equilibrium association constants (Kas) for the complexes of Drosophila and human eIF4E prote

Cap analogue Class I

Hs eIF4E Dm eIF4E-1 Dm eIF4E-2 Dm eIF4E-3

Kas (μM−1)

m7GMP 0.82 ± 0.05 0.34 ± 0.01 0.30 ± 0.02 2.96 ± 0.06
m7GDP 18.24 ± 0.24 2.70 ± 0.05 2.58 ± 0.03 11.94 ± 0.19
m7GTP 70.1 ± 1.2 8.94 ± 0.27 8.47 ± 0.28 19.29 ± 0.52
m7Gp4 320 ± 18 29.9 ± 0.9 28.4 ± 1.6 38.4 ± 2.0
m7GpppG 6.25 ± 0.07 1.29 ± 0.04 1.23 ± 0.04 8.24 ± 0.28
m2

7,2′-OGpppG 5.95 ± 0.13 1.27 ± 0.01 1.04 ± 0.03 8.96 ± 0.56
m7GpppA 3.08 ± 0.03 0.78 ± 0.07 0.73 ± 0.03 5.88 ± 0.10
m7GpppC 3.45 ± 0.18 0.98 ± 0.02 0.94 ± 0.01 4.79 ± 0.35
m7GppppG 49.9 ± 1.2 7.03 ± 0.10 6.61 ± 0.15 35.7 ± 1.1
GTP 0.044 ± 0.002 0.036 ± 0.005 0.05 ± 0.01 0.034 ± 0.001

⁎ data from [56].
eIF4E- complexes with m7GDP [34,56,57]. Addition of further three nu-
cleotides to the cap structure (m7GpppNpNpNpN) restored the Kas

values to the level observed for m7GTP [63]. These results show that
the second nucleoside of the cap is not well stabilised within the cap
binding slot itself and, additionally, its presence destabilises intermolec-
ular contacts between the second, third and fourth phosphate groups of
dinucleotide cap analogues and positively charged amino acids located
at the entrance to the cap binding slot. Moreover, the short α-helix
following the β7 strand does not exist in human eIF4E complexes
with dinucleotide cap analogues, as compared to complexes with
mononucleotide cap analogues [35,36]. The presence of the long loop
β7β8 may make the structure of eIF4E in complex with a dinucleotide
cap analogue more open as compared to that with a mononucleotide
(Fig. 3B and C). For Dm eIF4E-3, the destabilising effect on complex for-
mation resulting from the addition of the second guanosine to m7Gppp
is only +0.5 kcal/mol, whereas m7GppppG and m7Gp4 are bound with
similar Kas values of 35.7±1.1 μM−1 and 38.4±2.0 μM−1, respectively.
For the other Class I Dm eIF4E proteins, complex destabilisation
resulting from the presence of the second nucleoside was observed.
The energetic cost of adding a guanosine moiety to m7GTP is ca.
+1.0 kcal/mol (Table 2), similar to what is observed for the human
eIF4E. Strong binding of the cap α-phosphate group by Dm eIF4E-3,
with very low binding to the β-, γ- and δ-phosphate moieties, can ex-
plain the high specificity of this isoform towards dinucleotide cap ana-
logues. The Kas value for complex of Dm eIF4E-3 with m7GMP is 3.6-
ins from Class I and Class II with a series of various cap analogues.

Class II

Dm eIF4E-4 Dm eIF4E-5 Dm eIF4E-7 Hs 4EHP⁎ Dm 4EHP

0.10 ± 0.01 0.83 ± 0.03 0.44 ± 0.01 0.07 ± 0.01 0.35 ± 0.01
0.66 ± 0.02 7.13 ± 0.10 1.72 ± 0.02 0.23 ± 0.03 0.94 ± 0.03
2.16 ± 0.07 17.9 ± 1.4 5.3 ± 0.1 0.70 ± 0.04 2.89 ± 0.12
7.55 ± 0.25 106.3 ± 2.6 30.2 ± 0.8 1.20 ± 0.04 4.4 ± 0.3
0.38 ± 0.01 4.44 ± 0.20 1.56 ± 0.01 0.17 ± 0.01 0.84 ± 0.03
0.35 ± 0.01 5.46 ± 0.10 1.17 ± 0.01 0.12 ± 0.01 0.89 ± 0.01
0.24 ± 0.01 3.16 ± 0.09 0.64 ± 0.03 0.13 ± 0.01 0.71 ± 0.01
0.26 ± 0.01 2.46 ± 0.08 0.92 ± 0.03 0.16 ± 0.02 0.73 ± 0.04
1.73 ± 0.03 22.5 ± 3.0 5.5 ± 0.2 0.72 ± 0.02 2.49 ± 0.17
0.07 ± 0.01 0.056 ± 0.003 0.07 ± 0.01 0.031 ± 0.002 0.014 ± 0.002



Fig. 2. Cap binding ability ofDrosophila eIF4E-1protein and humaneIF4E. (A) Comparison of binding affinities ofDm eIF4E-1 andhumaneIF4E protein to various cap analogues on the basis
of the ratio of Kas values as determined from fluorescence titration measurements in the same conditions. (B) Comparison of a 3D model for Dm eIF4E-1 and crystal structure of human
eIF4E (PDB: 2W97). Additional short α-helix in human eIF4E is shown in violet, while side chains of the conserved lysine located on β5β6 loop, which is closer to the cap binding slot in
human protein, are shown in orange. Cap analogue (m7GTP) is shown in green.
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fold higher than that for the human eIF4E (Kas= 2.96± 0.06 μM−1 and
0.82 ± 0.05 μM−1, respectively). The energetic gain resulting from the
extension of m7GMP to m7GDP is about −0.8 kcal/mol for Dm eIF4E-
3, whereas for the human protein it is about−1.81 kcal/mol. Upon ad-
dition of the third and fourth phosphate groups to cap analogues, the
energetic gain for Dm eIF4E-3 is about −0.3 kcal/mol and −0.4 kcal/
mol, whereas for the human eIF4E it is about −0.8 kcal/mol and
−0.9 kcal/mol, respectively (Table 2). Consequently, the second nucle-
otide of the cap does not disturb the interaction between the cap phos-
phate chain and positively charged amino acids in Dm eIF4E-3, in
contrast to other eIF4Es, which bind β- γ- and δ-phosphate groups
strongly. Additionally, according to ourmodel, His234 inDm eIF4E-3, lo-
cated in the β7β8 loop (Fig. 3B), is likely to cause the observed high af-
finity of Dm eIF4E-3 for dinucleotide cap analogues. This aromatic
amino acid probably takes part in the stacking interactions with the
Table 2
Changes in standard Gibbs free energy (ΔΔGo), showing the contribution of structural elemen
calculated as the difference in the binding free energy (ΔGo) of eIF4E to cap analogues, which

Structural changes Class I

Hs eIF4E Dm eIF4E-1 Dm eIF4E-2 Dm eIF4E-3

ΔΔGo (kcal/mol)

Methylation of the guanosine ring in N7 position ΔΔGo = ΔGo (m7Gpn) − ΔGo (Gpn)
GTP → m7GTP −4.29 ± 0.03 −3.20 ± 0.09 −2.98 ± 0.12 −3.69 ± 0.03

Successive addition of the phosphate groups ΔΔGo = ΔGo (m7Gpn + 1) − ΔGo (m7Gpn)
m7GMP- N m7GDP −1.81 ± 0.03 −1.21 ± 0.03 −1.25 ± 0.04 −0.81 ± 0.02
m7GDP- N m7GTP −0.78 ± 0.02 −0.70 ± 0.02 −0.69 ± 0.02 −0.28 ± 0.02
m7GTP- N m7Gp4 −0.88 ± 0.04 −0.70 ± 0.02 −0.70 ± 0.04 −0.40 ± 0.03

Addition of the second nucleoside ΔΔGo = ΔGo (m7GpnG) − ΔGo (m7Gpn)
m7GTP- N m7Gp3G 1.41 ± 0.02 1.13 ± 0.03 1.13 ± 0.03 0.50 ± 0.03
m7Gp4- N m7Gp4G 1.08 ± 0.04 0.84 ± 0.02 0.85 ± 0.03 0.04 ± 0.03
second base of the cap and is replaced by Ser207, Gln249, Gln238,
Gln219 and Leu419 in human eIF4E, Dm eIF4E-1, Dm eIF4E-2, Dm
eIF4E-4 and Dm eIF4E-7, respectively (Fig. 1 and Fig. 3B). Prediction of
stacking interactions between His234 of Dm eIF4E-3 and the second
base of the cap is also confirmed by weaker binding to dinucleotide
cap analogues containing pyrimidines instead of purines (Table 1). Dm
eIF4E-5 has an aromatic residue, Phe222, at the position corresponding
to His234 in Dm eIF4E-3. The Kas values for complexes of Dm eIF4E-5
with dinucleotide cap analogues (m7GpppN) are ca. 3-fold higher than
those observed for Dm eIF4E-1 and comparable to those of the human
eIF4E. However, the energetic cost resulting from the addition of a sec-
ond nucleoside to m7Gppp is about +1.0 kcal/mol, 2-fold higher than
that observed for Dm eIF4E-3. Dm eIF4E-5 shows stronger binding to
the β-, γ- and δ-phosphate groups of mononucleotide cap analogues
(Table 2), and probably opening of the eIF4E structure after dinucleotide
ts of the 5′ mRNA cap to binding free energy of eIF4E–cap complexes. ΔΔGo values were
varies in single structural modifications.

Class II

Dm eIF4E-4 Dm eIF4E-5 Dm eIF4E-7 Hs 4EHP Dm 4EHP

−2.02 ± 0.04 −3.36 ± 0.05 −2.49 ± 0.04 –1.80 ± 0.05 −3.07 ± 0.09

−1.08 ± 0.06 −1.24 ± 0.02 −0.80 ± 0.02 –0.71 ± 0.15 −0.58 ± 0.02
−0.69 ± 0.03 −0.54 ± 0.05 −0.65 ± 0.01 –0.64 ± 0.09 −0.66 ± 0.03
−0.73 ± 0.03 −1.04 ± 0.05 −1.02 ± 0.02 –0.31 ± 0.03 −0.25 ± 0.05

1.01 ± 0.02 0.981 ± 0.05 0.71 ± 0.01 0.82 ± 0.04 0.72 ± 0.03
0.86 ± 0.02 0.90 ± 0.08 0.99 ± 0.03 0.29 ± 0.02 0.34 ± 0.06



Fig. 3. Differences in the cap binding ability of Class I Drosophila eIF4Es. (A) Comparison of the binding affinities of Dm eIF4Es to various cap analogues determined from fluorescence
titration measurements in the same conditions. Values are given as the Kas ratio of the given isoform over that of Dm eIF4E-1. (B) Possible stabilisation of the second base of the cap by
stacking interactions with His243 in Dm eIF4E-3 and Phe222 in Dm eIF4E-5. Cap analogue (m7GpppA) is shown in violet. (C) Additional potential stabilisation of the phosphate group
of cap by interaction with Asn223 in Dm eIF4E-5. Cap analogue (m7GDP) is shown in green.
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cap analogue binding is not compensated by stacking interactions be-
tween the second base of the cap and Phe222.

Dm eIF4E-5 shows the highest affinities for dinucleotide cap ana-
logues with methyl at the 2′-hydroxyl group of the ribose moiety of
m7Guo. The Kas value for m2

7,2-OGpppG is 1.4 fold higher than for
m7GpppG. For the other Dm eIF4E isoforms and the human eIF4E,
the positive influence of ribose methylation in C2′ position on cap-
binding was not observed (Table 1). The structures of mammalian
eIF4Es show that the ribose hydroxyl group of m7Guo is located out-
side the protein surface and does not interact directly with eIF4E [33,
35].

eIF4E-7 is the Drosophila isoformwith the highest molecular weight
and the longest N-terminal region (31–249), which seems to be un-
structured, as indicated by our sequence and structure analysis. We ob-
served that eIF4E-7 binds cap analogues with affinities comparable to
those of Dm eIF4E-1. Similarly, Dm eIF4E-2, obtained via alternative
splicing of the product of the gene encoding Dm eIF4E-1, showed bind-
ing affinity for cap analogues similar to that of Dm eIF4E-1 (Fig. 3A).
These two isoforms differ only in the N-terminal region, as the core
and the C-terminal region are identical.
The lowest cap-binding affinity among the Dm eIF4E isoforms was
observed forDm eIF4E-4, despite the conservation of all key residues in-
volved in cap binding (Fig. 1). This isoform shows a similar decrease of
Kas values for all investigated monomethylated cap analogues, as com-
pared to Kas observed for Dm eIF4E-1 (Table 1). Dm eIF4E-4 binds to
monomethylated cap analogues 3.2- to 4.1-fold weaker than Dm
eIF4E-1. The energetic effects corresponding to the extension of the
cap phosphate chain and to the addition of the second nucleoside are
similar for both proteins (Table 2). The main difference observed for
theDm eIF4E-4 isoformwas its lower specificity to N7 guanosinemeth-
ylation. The energetic gain observed upon GTP methylation was only
−2.02 ± 0.04 kcal/mol, whereas for Dm eIF4E-1 it was −3.20 ±
0.09 kcal/mol and for Dm eIF4E-3 −3.69 ± 0.03 kcal/mol (Table 2).
For this isoform, we observed the tendency for dimerisation (in Suppl.
Fig. S2 A); it is likely that two cysteines in Dm eIF4E-4 (Cys217 and
Cys228) are responsible for this effect. The cysteines are located in the
β7β8 loop and the last strand β8, which may form cross disulphide
bonds. Replacement of these cysteines by alanine residues abrogates
the protein dimerisation (in Suppl. Fig. S2 A) but does not affect its
cap and eIF4G binding affinities (in Suppl. Fig. S2B).
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3.3. Different contribution of cap's phosphate groups on stabilization of Dm
Class I eIF4E–cap complexes

The interactions between the phosphate moiety of the cap and the
side chains of basic residues located at the entrance to the eIF4E cap bind-
ing slot play a critical role in eIF4E–cap complex formation. These interac-
tions are mediated by networks of salt bridges and hydrogen bonds [33,
35]. The extension of the phosphate chain of mono- and dinucleotide
cap analogues results in an increase of vertebrate eIF4E binding affin-
ities [34,42,56,57]. In mammalian eIF4Es, the strongest influence on
cap binding is exerted by the capα- and β-phosphate groups that in-
teract with the side chains of Arg112, Arg157, and Lys162 (number-
ing of human eIF4E). The total energy of α-phosphate and β-
phosphate stabilisation is ca. −3.0 kcal/mol and ca. −1.8 kcal/mol,
respectively (Table 2) [34,35]. The extension of the phosphate chain
by the γ- and δ-moieties gives an energetic gain of −0.8 kcal/mol and
−0.9 kcal/mol, respectively, similar to what has been described for hy-
drogen bond formation [64] (Table 2). For all Dm eIF4E isoforms, an in-
crease ofKas values as a result of the phosphate chain extensionwas also
observed. However, the stabilising effect of individual phosphate
groups on binding with proteins was very diverse (Tables 1 and 2).

Dm eIF4E-3 recognizes the α-phosphate group with the highest af-
finity, with Kas value for m7GMP about 9-fold higher than Dm eIF4E-1
and about 3.6-fold higher than human eIF4E and Dm eIF4E-5. Addition
of the β-phosphate (m7GMP → m7GDP) causes a significant increase
of the binding affinity in the case of Dm eIF4E-1, Dm eIF4E-2, Dm
eIF4E-4, and Dm eIF4E-5. Kas values for the respective complexes with
m7GDP are from 6.6 to 8.6-fold higher than with m7GMP. However,
the observed increase in cap binding affinity for these proteins is two-
fold lower, as compared to the human protein. The energetic gain of in-
troducing the β-phosphate group into the cap is about −1.2 kcal/mol,
which suggests that these isoforms can form one or two hydrogen
bonds/salt bridges with the β-phosphate moiety. These results are in
contrast to what we observed for Dm eIF4E-3 and Dm eIF4E-7, with a
ΔΔGo of −0.8 kcal/mol, corresponding to the creation of only one
hydrogen bond/salt bridge. The changes in the binding energy accom-
panying the cap phosphate chain extension in mononucleotide ana-
logues (m7GDP → m7GTP → m7Gp4) is ca. −0.70 kcal/mol for Dm
eIF4E-1, Dm eIF4E-2 and Dm eIF4E-4, implying that these proteins
probably form one hydrogen bond with the cap γ- and δ-phosphate
groups, similar to what has been reported for mammalian eIF4Es
(Table 2) [34,42]. In the case of Dm eIF4E-3, the corresponding ΔΔGo

value associated with the addition of γ- and δ-phosphate groups to
the cap is ca. −0.28 kcal/mol and −0.4 kcal/mol, respectively, which
is weaker than the typical values reported for the hydrogen bond in a
solvent-accessible region within proteins [64]. The reason of this
might be a partial dispersion of the positive charged in the cap binding
pocket.

In contrast to other Dm eIF4E isoforms and human eIF4E, a signifi-
cant increase in cap binding affinity associated with the addition of an
extra δ-phosphate group was observed for Dm eIF4E-5 and Dm eIF4E-
7. They bind m7Gp4 about 6-fold stronger than m7GTP, while other
Drosophila isoforms bind m7Gp4 up to 3.5-fold stronger than m7GTP.
In addition, Dm eIF4E-5 binds m7Gp4 2.5-fold stronger than other iso-
forms. Themain difference betweenDm eIF4E-5 and the other isoforms,
responsible for a higher affinity to m7Gp4 might be Asn223, which may
interact with the δ-phosphate group (Fig. 3C). This residue is replaced
by Gly in Dm eIF4E-1, -2, -3, -4 and -7. Based on our modelling, we see
no significant changes in Dm eIF4E-7 that might be responsible for its
higher affinity to the m7Gp4 cap analogue.

3.4. Drosophila 4EHP shows a low cap binding affinity but still higher than
its human counterpart

Dm 4EHP belongs to the Class II of eIF4E family proteins [6]. Mem-
bers of this class have either Tyr or Phe in the position corresponding
to Trp43 and Tyr instead of Trp56 of human eIF4E [6]. As a consequence,
in Dm 4EHP and human 4EHP the N7-methylguanine moiety of the
cap is sandwiched between tyrosine and tryptophan residues (Tyr68
and Trp114 in Dm 4EHP and Tyr78 and Trp124 in human 4EHP [52])
(Fig. 4). In contrast, in Class I eIF4E proteins, the N7-methylguanine is
stacked between two tryptophan residues (Trp56 and Trp102 in the
human protein). The lack of the ability to interact with eIF4G renders
both, Drosophila and human 4EHP, translation repressors [26,30].
Through binding with both, the cap and diverse 4E-BPs that directly or
indirectly bind to 3′-UTR elements, 4EHP inhibits translation of specific
mRNAs [14,15,30,31]. Recent fluorescence binding studies showed that
human 4EHP recognises cap analogues very weakly, with Kas for m7GTP
100-fold lower than that of the human eIF4E [56]. This difference in cap
affinity probably prevents uncontrolled competition between 4EHP and
eIF4E for cap binding in vivo.

We compared the binding affinities of Dm 4EHP for different cap an-
alogues. As reported for human 4EHP, also for Dm 4EHP we observed
lower binding affinity for cap analogues as compared to Dm eIF4E-1,
but the differences in ability to bind the cap are not as high as it was ob-
served for human proteins (Table 1). Dm 4EHP binds m7GTP with a Kas

value of 2.89 ± 0.12 μM−1, which is 3.1-fold lower than the value ob-
served for Dm eIF4E-1 and similar to the Dm eIF4E-4 value. Thus, Dm
4EHP affinity for m7GTP is 4-fold higher than the Kas value reported
for its human counterpart under the same conditions [56].

Since Dm 4EHP specificity towards N7-methylguanine of cap is sim-
ilar to that ofDm eIF4E-1 (Table 2), analyses of our data suggest that the
weak affinity of Dm 4EHP for the cap might not be caused by the Trp to
Tyr substitution in the stacking interaction withm7G.We observed that
the corresponding energetic gain upon addition of amethyl group at the
guanine moiety of GTP is −3.07 ± 0.09 kcal/mol and −3.20 ±
0.09 kcal/mol for Dm 4EHP and Dm eIF4E-1, respectively. In addition,
substitution of Trp56 by tyrosine residue in human eIF4E did not reduce
its binding affinity [56]. Both, our sequence analysis and 3D structure
modelling, suggest that the most prominent difference that might ex-
plain the weak cap binding ability of Dm 4EHP seems to be the lack of
conserved Arg and Lys residues (Arg156, Lys201 and Lys204 in Dm
eIF4E-1), which may interact with the phosphate groups of the cap. In
Dm 4EHP, they are replaced by glutamine (Gln124), proline (Pro166)
and serine (Ser169), respectively (Fig. 4). Lack of arginine and lysine
residues in these positions can be partially compensated in Dm 4EHP
by Arg128. This residue is substituted by an uncharged amino acid in
the other Drosophila eIF4E isoforms (e.g. Thr160 in Dm eIF4E-1).

The binding studies of Drosophila and human 4EHP revealed some
differences and similarities in their abilities to bind the cap. First of all,
human 4EHP shows a very low specificity to N7 guanosinemethylation,
what distinguishes it fromDm 4EHP. The changes in binding energy cor-
responding to methylation of the guanine moiety in GTP is only
−1.80 ± 0.05 kcal/mol for human 4EHP, whereas for Dm 4EHP it is
−3.07 ± 0.09 kcal/mol. These differences might be associated with
the extension of the β1β2 loop by five amino acids in human 4EHP, as
compared to eIF4E, which may increase the loop's flexibility. In Dm
4EHP, this loop is extended only by three amino acids (Figs. 1 and 4).
As a consequence, the aromatic ring of Tyr78 in human 4EHP might
adopt a slightly different alignment and may overlap with the N7-
methylguaninemoiety. Again, both proteins are lacking the full network
of interactions created between the conserved Arg and Lys residues and
the phosphate groups of the cap that are present in canonical eIF4Es. In
both proteins, Lys159, Lys162 (numbering of human eIF4E) and in Dm
4EHP also Arg112 are substituted by non-positively charged amino
acids (Fig. 4). However, in human 4EHP, the α-phosphate group is
stabilised by an extra hydrogen bond with Nε2 of His110 [52], which is
replaced by Tyr100 in Dm 4EHP and by glycine residue in both, Dm
eIF4E-1 and human eIF4E. What is more, the γ-phosphate group is sta-
bilized by water-mediated hydrogen bond with the additional Arg138
in human and Arg128 in Drosophila 4EHP (Fig. 4). The differences
in intermolecular contacts between phosphate chain of cap and



Fig. 4. Comparison of Class I and Class II eIF4E structures in complex with cap analogues. Dm eIF4E-1 (Class I) and Dm 4EHP (Class II) modelled structures were compared with reported
structure of human 4EHP (Class II, PDB: 2JGB). Amino acids critical for differences in binding affinity for cap analogues are indicated in cyan. Conserved tryptophan is shown in orange. Cap
analogues are depicted in green.
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amino acids observed between both 4EHP proteins did not transfer
to differences in the Gibbs free energy of phosphate group binding
between proteins. The sequential additions of the next three phos-
phate groups to m7GMP gave the same energetic gain (ΔΔGo) for
both proteins (Table 2). These results suggest that the difference in
cap binding abilities between Drosophila and human 4EHP proteins
concerns the binding of N7-methylguanosine.

3.5. Cooperativity between binding of the eIF4G peptide and cap analogues
is observed only for Dm eIF4E-4 isoforms

It has been shown by both coimmunoprecipitation experiments and
the yeast two-hybrid systems that all Drosophila Class I eIF4E proteins
bind Dm eIF4G, in contrast to both Drosophila and mammalian 4EHP
[7,26,28,65,66]. Moreover, recent studies [38,39] have shown that Dm
eIF4E-2 binds Dm eIF4G only via the canonical 4E-binding motif
621YDREQLL627 in eIF4EG. In six Class I Drosophila eIF4E proteins,
all residues involved in eIF4G binding by the C-motif are conserved
(Fig. 1), whereas in Dm eIF4E-3 and Dm 4EHP they are not [26].

Several biophysical and biological studies have shown that the asso-
ciation of eIF4G to eIF4E in the apo form enhances cap binding by eIF4E.
This cooperativity effect has been observed in the case of both, human
and yeast, eIF4Es, where interaction with eIF4G increased cap affinity
2-fold [67] and up to 100-fold, respectively [68]. It has been suggested
that this effect is important for formation of an active eIF4F complex
and therefore for translation control [69]. In disagreement with these
observations, other biophysical studies have shown that binding of a
90-residue-long fragment of eIF4G tomammalian eIF4Edid not increase
the cap binding affinity of eIF4E [34,70].

Next, we wanted to extend our fluorescence-based comparative
analyses of cap binding to Drosophila eIF4E proteins in complex with a
peptide (13 amino acids) consisting of the eIF4E-binding site of either
Table 3
Equilibrium association constants (Kas) of the binary complexes of the Drosophila and human e
respective eIF4E-binding site, with the non-binding counterpart in the case of the Drosophila
tide-saturated eIF4E.

Class I

Hs eIF4E Dm eIF4E-1 Dm eIF4E-2

Kas [μM−1] fo
Dm eIF4G peptide 4.44 ± 0.62 0.99 ± 0.21 1.16 ± 0.08
Dm eIF4G3A peptide b0.17 No binding b0.03
Hs eIF4G peptide 7.08 ± 0.30 0.74 ± 0.23 1.29 ± 0.06

Kas [μM−1] for m7GTP when e
Apo 73.5 ± 2.4 8.09 ± 0.25 7.34 ± 0.12
Dm eIF4G peptide saturated 70.3 ± 3.1 7.71 ± 0.20 6.06 ± 0.08
Dm eIF4G3A peptide saturated 73.4 ± 3.2 8.30 ± 0.45 7.04 ± 0.09
Hs eIF4G peptide saturated 68.4 ± 5.5 6.77 ± 0.15 7.00 ± 0.67

a Substitution of Trp residue taking a part in binding of eIF4G and others 4E-BP proteins by
human or Drosophila eIF4G. As a control, we used a Drosophila eIF4G
peptide, in which the residues important for eIF4E binding, Tyr621,
Leu626 and Leu627, are substituted by Ala.

First, we determined theKas values for binary complexes ofDm eIF4E
withDm eIF4G peptide, taking advantage of the fact that binding to eIF4E
dorsal surface leads to quenching of the intrinsic eIF4E fluorescence
through interaction with a tryptophan residue corresponding to human
Trp73. The obtained Kas values for Drosophila (except for Dm eIF4E-3,
which does not have a Trp residue in this position) and human eIF4Es
are presented in Table 3. We observed Kas of the order of 106 M−1,
which is similar to the values published for mammalian proteins with
short eIF4G peptides containing only the C-motif [34,67,71,72]. As ex-
pected, Dm 4EHP did not interact with Dm eIF4G peptide [65]. We also
observed no interaction between the peptide Dm eIF4G3A and any of
all Dm eIF4E isoforms. Unexpectedly, we observed the strongest binding
affinity betweenDm eIF4Gpeptide andDm eIF4E-4,with Kas value for the
binary complex ca. 7-fold higher than that for the corresponding complex
with Dm eIF4E-1 (Table 3). We also observed formation of a strong com-
plex in the case of Dm eIF4E-5 isoform with Kas value ca. 3.5-fold higher
than for Dm eIF4E-1 and Dm eIF4E-2. The most crucial difference that
might explain higher affinity ofDm eIF4E-4 andDm eIF4E-5 to eIF4Gpep-
tides corresponds to the replacement ofDm eIF4E-2Met73 by Glu55 and
Glu58 in Dm eIF4E-4 and Dm eIF4E-5, respectively (Fig. 5C). These
glutamic acids may form additional interactions with two conserved ly-
sines, namely Lys618 and Lys619 in Dm eIF4G, and Lys609 and Lys610
in human eIF4G. Interestingly, both, Dm eIF4E-4 and human eIF4E,
showed the highest affinity for their own eIF4G peptide, even though
the peptides differ from each other only in 5 amino acids. The differences
in binding affinities between human eIF4G and Dm eIF4G to the
corresponding eIF4Es are by 2-fold (Table 3). These results suggest that
the composition of amino acids in the C-binding motif and in the
neighbouring regions, especially the presence of arginine and lysine
IF4E protein from Class I with the Drosophila and human eIF4G peptides that contain the
eIF4G peptide, and for the ternary complexes: peptide–eIF4E–m7GTP of previously pep-

Class II

Dm eIF4E-3a Dm eIF4E-4 Dm eIF4E-5 Dm eIF4E-7 Dm 4EHP

r peptide
ND 7.39 ± 0.60 3.44 ± 0.78 1.15 ± 0.52 b0.07
ND b0.03 No binding b0.08 No binding
ND 4.64 ± 0.14 2.33 ± 0.33 ND ND

IF4E is peptide-saturated
21.97 ± 0.72 2.12 ± 0.06 19.7 ± 0.8 5.70 ± 0.13 2.76 ± 0.10
20.86 ± 0.76 3.70 ± 0.05 17.3 ± 3.0 5.52 ± 0.07 2.71 ± 0.08
20.2 ± 2.4 2.24 ± 0.08 18.0 ± 0.7 5.56 ± 0.07 2.96 ± 0.05
ND 4.00 ± 0.06 21.4 ± 0.8 ND ND

Phe residue.



Fig. 5. Cooperativity in the formation of the ternary complex eIF4G–Dm eIF4E-4–cap analogue. (A) Comparison of the fluorescence titration curves for the formation of Dm eIF4E-4 binary
and ternary complexeswithm7GTP and theDm eIF4G-peptide. (B) Thermodynamic cycle for ternary complex formation ofDm eIF4G-peptide,Dm eIF4E-4 and eitherm7GTP orm7GpppG
cap analogues with the changes in the standard free energy (ΔΔGo) as calculated from free energy of binding (ΔGo) determined for sequential binding of each member of the complex.
(C) Comparison of the reported structure of Dm eIF4E-2 (PDB: 4UEC) and the modelled structures of Dm eIF4E-4 and Dm eIF4E-5 in complex with the Dm eIF4G peptide and cap
analogue. Dm eIF4G peptide and cap analogue are indicated in orange and green, respectively. Critical Dm eIF4G lysines are shown in yellow. Amino acids critical for the difference in
the binding affinity for Dm eIF4G are depicted in cyan.
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residues (KKXYXR/KX2LϕX2R/K), play an important role in diversifica-
tion of eIF4G and other 4E-BPs binding affinities among eIF4Es, as also
suggested Peter and co-workers [39].

Then, we asked whether eIF4G binding to Drosophila eIF4E proteins
exerts a cooperative effect on their ability to bind cap analogues. To ad-
dress this question, we determined Kas values for m7GTP binding, when
the eIF4G peptide was already bound to Dm eIF4Es. The saturation con-
centration of eIF4G peptide for each eIF4E isoformwas calculated based
on the equation for concentration of eIF4E–eIF4G peptide complex
using the determined Kas values. A short (13 amino acids) eIF4G peptide
enhanced binding to m7GTP only in the case of Dm eIF4E-4, by 2-fold
(Table 3). To probe the synergy in formation of the ternary complex of
eIF4G peptide–eIF4E-4–cap analogues, we conducted fluorescence
binding titration for all four binding reactions involving Dm eIF4G pep-
tides, Dm eIF4E-4 and one of two cap analogues, namely, m7GTP and
m7GpppG (Fig. 5A). The obtained results are summarised in Fig. 5A, B
and in Suppl. Table S3. In the case of Dm eIF4E-4, we observed a cooper-
ative activity in ternary complexes formation. Both, eIF4G peptides and
cap analogues, increased Dm eIF4E-4 affinity for the other ligand by an
average of 0.2–0.3 kcal/mol in the case of Dm eIF4G peptide and 0.3–
0.4 kcal/mol in the case of human eIF4G (1.5–2.0-fold increase of Kas

values). Equivalent experiments for human complexes did not show
the cooperativity in formation of ternary complex (in Suppl. Table S3).
Previous studies on human complex formation showed both eIF4E
cap-affinity enhancement by eIF4G binding [67], as well as lack of influ-
ence of eIF4G on eIF4E cap binding [34,70]. However, the eIF4E–eIF4G
binding studies for human protein were performed with different
length of eIF4GI and eIF4GII fragments (short 12–20 amino acid pep-
tides and 90-residue-long eIF4G fragment), and according to our and
previous studies the length and sequences composition of eIF4Gpeptide



Fig. 6. Schematic representation of the cap structure and its interactions with Dm eIF4Es. The differences in ability of the Drosophila eIF4E proteins to bind the individual elements of a 5′
mRNA cap structure are indicated. The cap is represented bym7GpppA. For consistencywith text, thenumberingof phosphate groups applied formononucleotide cap analogueswas used.
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is important for the interaction with eIF4E [39,71,72]. Furthermore, in
contrast toDrosophila eIF4E, the humanprotein probably contains a sec-
ond NC-motif for eIF4G binding [72,73].

Although the cooperativity in formation of ternary eIF4G peptide–
eIF4E–cap analogue complexes remains controversial, some NMR, MS
and crystallographic studies have shown significant structural differ-
ences between a binary and a ternary complex [36,62,74]. eIF4E binding
to the cap results in structural rearrangements, not only around the re-
gion of cap binding, but also on the dorsal surface of eIF4E and, con-
versely, eIF4G binding alters the conformation around the cap binding
slot especially in the region that interacts with phosphate moiety of
the cap [62].

4. Conclusion

Using fluorescence binding studies combined with sequence/struc-
ture analyses, we demonstrate shared and distinct features of cap bind-
ing by Drosophila eIF4E family members. Although Class I Dm eIF4Es
have all the key conserved residues involved in cap recognition, differ-
ences in amino acid sequences confer different binding affinities to the
elements of the cap structure: N7-methylguanosine, phosphate chain
and the second nucleoside (Fig. 6). The Kas values for complexes of Dm
eIF4Es with individual cap analogues differed by as much as 14-fold.
However, the N7-methyl group is crucial for cap recognition by all Dm
eIF4E proteins.

According to our 3Dmodels,Dm eIF4E-3 and eIF4E-5 display, typical
for nuclear cap binding complex (CBC), stabilisation of the second cap
nucleoside by potential stacking interaction with an aromatic residue:
His234 and Phe222, respectively. In human CBC, the second nucleoside
is stabilised by stacking interactionwith Tyr138 [75] and its substitution
by alanine reduces CBC binding affinity for m7GpppG about 4-fold [76,
77]. Dm eIF4E-3 binds dinucleotide cap analogues 1.3–1.9 fold stronger
than human eIF4E. Interestingly, Dm eIF4E-3 expression is restricted to
testes of adult male flies and regulates translation during spermatogen-
esis by forming specific eIF4F complexes with eIF4G and eIF4G2, and its
activity is not regulated by 4E-BP. Moreover, male flies lacking eIF4E-3
are viable but are completely sterile [28].
Other Drosophila eIF4E cognate, for which the biological role is
known, is 4EHP that acts as a translation repressor by competing with
eIF4E for binding of the mRNA cap. It represses translation of specific
maternal mRNAs, such as caudal (cad) and hunchback (hb), which are
important for establishing the correct anterior-posterior axis polarity
in the Drosophila embryo [30,31]. 4EHP inhibits translation of cad
mRNA by simultaneous binding with the cap and Bicoid, which in turn
binds to 3′UTR of cad mRNA. In the case of hb mRNA, 4EHP binds the
cap and a Brat protein member of NRE complex required for inhibition
of hbmRNA [31,78]. In mammals, such inhibition of mechanism involv-
ing 4EHP was documented during maturation of mouse oocyte, where
4EHP in complex with Prep1 protein inhibits translation of Hox4
mRNA [14]. Interactions of 4EHPwith specific protein partners together
with the lack of eIF4G binding, as well as its low affinity for the cap in
apo formwere considered key factors for translational inhibition of spe-
cific mRNAs. The significantly lower (100–200 fold) cap binding affinity
of human 4EHP as compared to human eIF4E [56] can prevent cap rec-
ognition of all mRNA and hence uncontrolled translation inhibition.
Drosophila 4EHP binds only 3-fold weaker to m7GTP and m7GpppG
thanDm eIF4E-1, suggesting the existence of different additional control
mechanisms of 4EHP availability for mRNA recognition in Drosophila
and human.

Altogether, our studies showed that some local sequence differences
play an important role in the eIF4E–cap interactions that might have an
impact on their biological role.
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Figure S1.  Analysis of recombinant eIF4E proteins (purified on ion-exchange column) by 15% SDS-

PAGE and Bio-Safe Coomassie staining. Lane 1, Dm eIF4E-1; Lane 2, Dm eIF4E-2; Lane 3, Dm 

eIF4E-3; Lane 4, Dm eIF4E-4; Lane 5, Dm eIF4E-5; Lane 6, Dm eIF4E-7; Lane 7; Dm 4EHP; Lane 8, 

Molecular weight ladder (SIGMA); Lane 9, human eIF4E. 

  



 

Ligand Dm eIF4E-4 
(apo) 

Dm eIF4E-4_C217A/C228A 
(apo) 

Kas (µM-1) 

m7GTP 2.12 ± 0.06 2.32 ± 0.07 

Dm eIF4G peptide 7.39 ± 0.60 6.6 ± 0.9 

 Dm eIF4E-4 
(saturated with Dm eIF4G peptide) 

Dm eIF4E-4_C217A/C228A 
(saturated with Dm eIF4G peptide) 

 Kas (µM-1) 

m7GTP 3.70 ± 0.05 3.55 ± 0.14 
 

Figure S2. Comparison of biochemical and cap binding properties of Dm eIF4E-4 isoform and its 

mutant, in which cysteines 217 and 228 were replaced by alanine. (A) Molecular weight analysis of 

Dm eIF4E-4 isoform (26372.1 Da) and its mutant Dm eIF4E-4_C217A/C228A (26308.0 Da) samples, 

carried out on a size exclusion chromatography column – Enrich SEC70 (BIO-RAD). The separations 

were performed in 50 mM Hepes/KOH (pH 7.2), 300 mM KCl at 20°C and at a flow rate of 0.5 ml/min. 

The chromatography runs show the presence of the monomeric and dimeric state of Dm eIF4E-4 and 

only the monomeric state for its mutant. (B) Equilibrium association constants (Kas) of binary and 

ternary complex of Dm eIF4E-4 and its mutants with m7GTP and Dm eIF4G peptide. 
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Table S1. Numbering position of key residues taking part in interaction with the cap and eIF4G protein for human and Drosophila eIF4E 
 
 

Class I Class II 

Hs eIF4E Dm eIF4E-1 Dm eIF4E-2 Dm eIF4E-3 Dm eIF4E-4 Dm eIF4E-5 Dm eIF4E-7 Hs 4EHP Dm 4EHP 

Trp56 Trp100 Trp89 Trp86 Trp71 Trp74 Trp270 Tyr78 Tyr68 

Trp102 

 

Trp146 Trp135 Trp132 Trp117 Trp120 Trp316 Trp124 Trp114 

Glu103 Glu147 Glu136 Glu133 Glu118 Glu121 Glu317 Glu124 Glu115 

Arg112 Arg156 Arg145 Arg142 Arg127 Arg130 Arg326 Lys134 Gln124 

Arg157 Arg199 Arg188 Arg185 Arg170 Arg173 Arg369 Arg174 Lys164 

Lys159 Lys201 Lys190 Lys187 Lys172 Lys175 Lys371 Glu176 Pro166 

Lys162 Lys204 Lys193 Lys190 Lys175 Lys178 Lys374 Ile179 Ser169 

Trp166 Trp208 Trp197 Trp194 Trp179 Trp182 Trp378 Trp183 Trp173 

  



Table S2. Binding free energy (ΔGo) for various complexes of human and Drosophila eIF4E proteins with cap analogues at 20oC. Standard Gibbs free energy 

of binding was calculated from equilibrium association constants (Kas) obtained based on titration assay, according to the standard equation ΔGo = - RTlnKas. 

 

 Class I Class II 

Cap Analogue Hs eIF4E Dm eIF4E-1 Dm eIF4E-2 Dm eIF4E-3 Dm eIF4E-4 Dm eIF4E-5 Dm eIF4E-7 Hs 4EHP Dm 4EHP 
 

ΔGo (kcal/mol)  

m7GMP -7.93 ± 0.03 -7.40 ± 0.02 -7.34 ± 0.04 -8.67 ± 0.01 -6.72 ± 0.06 -7.94 ± 0.02 -7.56 ± 0.01 -6.49 ± 0.12 -7.42 ± 0.02 

m7GDP -9.73 ± 0.01 -8.62 ± 0.01 -8.59 ± 0.01 -9.49 ± 0.01 -7.80 ± 0.02 -9.19 ± 0.01 -8.36 ± 0.01 -7.20 ± 0.08 -8.00 ± 0.02 

m7GTP -10.52 ± 0.01 -9.31 ± 0.02 -9.28 ± 0.02 -9.77 ± 0.02 -8.49 ± 0.02 -9.72 ± 0.05 -9.01 ± 0.01 -7.84 ± 0.03 -8.66 ± 0.02 

m7Gp4 -11.40 ± 0.03 -10.02 ± 0.02 -9.99 ± 0.03 -10.17 ± 

0.03 

-9.22 ± 0.02 -10.76 ± 0.01 -10.03 ± 0.02 -8.15 ± 0.02 -8.91 ± 0.04 

m7GpppG -9.11 ± 0.01 -8.19 ± 0.02 -8.16 ± 0.02 -9.27 ± 0.02 -7.48 ± 0.01 -8.91± 0.03 -8.302 ± 0.004 -7.02 ± 0.02 -7.94 ± 0.02 

m2
7,2’OGpppG -9.08 ± 0.01 -8.18 ± 0.01 -8.07 ± 0.02 -9.32 ± 0.04 -7.43 ± 0.01 -9.03 ± 0.01 -8.133 ± 0.004 -6.80 ± 0.03 -7.98 ± 0.01 

m7GpppA -8.70 ± 0.01 -7.90 ± 0.05 -7.86 ± 0.02 -9.07 ± 0.01 -7.20 ± 0.01 -8.57 ± 0.02 -7.78 ± 0.03 -6.85 ± 0.02 -7.84 ± 0.01 

m7GpppC -8.76 ± 0.03 -8.02 ± 0.01 -8.01 ± 0.01 -8.96 ± 0.04 -7.27 ± 0.01 -8.71 ± 0.02 -7.99 ± 0.02 -6.97 ± 0.07 -7.86 ± 0.04 

m7GppppG -10.32 ± 0.01 -9.17 ± 0.01 -9.14 ± 0.01 -10.12 ± 

0.02 

-8.36 ± 0.01 -9.86 ± 0.08 -9.03 ± 0.02 -7.86 ± 0.01 -8.58 ± 0.04 

GTP -6.23 ± 0.02 -6.11 ± 0.09 -6.30 ± 0.12 -6.08 ± 0.02 -6.48 ± 0.03 -6.37 ± 0.03 -6.52 ± 0.04 -6.02 ± 0.04 -5.59 ± 0.08 

 

  



Table S3. Equilibrium association constants (Kas) for the formation of binary and ternary complexes of Dm eIF4E-4 and human eIF4E proteins with eIF4G 

peptides, and with the cap analogs m7GTP and m7GpppG. 

  Dm eIF4G peptide Dm eIF4G3A peptide Hs eIF4G peptide 

 Kas for the peptides, (µM-1) 

Dm eIF4E -4 (apo)  7.39 ± 0.60 <0.03 4.64 ± 0.14 

Dm eIF4E-4 (saturated with m7GTP)  10.95 ± 0.88 ND 9.32 ± 0.49 

Dm eIF4E-4 (saturated with m7GpppG)  12.47 ± 0.79 ND 8.55 ± 0.35 

Hs eIF4E     (apo)  4.44 ± 0.62 <0.17 7.08 ± 0.30 

Hs eIF4E    (saturated with m7GTP)  ND  ND 7.75 ± 0.30 

Hs eIF4E   (saturated with m7GpppG)  ND ND 7.52 ± 0.68 

 Kas for m7GTP, (µM-1) 

Dm eIF4E -4 (apo) 2.12 ± 0.06   

Dm eIF4E-4 (saturated with the peptide)  3.70 ± 0.05 2.24 ± 0.08 4.00 ± 0.06 

Hs eIF4E     (apo) 73.5 ± 2.4    

Hs eIF4E    (saturated with the peptide)  70.3 ± 3.1 73.4 ± 3.2 68.4 ± 5.5 

 Kas for m7GpppG, (µM-1) 

Dm eIF4E -4 (apo) 0.40 ± 0.01   

Dm eIF4E-4 (saturated with the peptide)  0.58 ± 0.02 0.41 ± 0.01 0.69 ± 0.01 

Hs eIF4E       (apo) 6.17 ± 0.25    

Hs eIF4E      (saturated with the peptide)  N.D N.D 5.41 ± 0.18 

 

 













Biochemical and structural bioinformatics studies
of fungal CutA nucleotidyltransferases explain their unusual
specificity toward CTP and increased tendency for cytidine
incorporation at the 3′′′′′-terminal positions of synthesized tails
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ABSTRACT

Noncanonical RNA nucleotidyltransferases (NTases), including poly(A), poly(U) polymerases (PAPs/PUPs), and C/U-adding
enzymes, modify 3′′′′′-ends of different transcripts affecting their functionality and stability. They contain PAP/OAS1 substrate-
binding domain (SBD) with inserted NTase domain. Aspergillus nidulans CutA (AnCutA), synthesizes C/U-rich 3′′′′′-terminal
extensions in vivo. Here, using high-throughput sequencing of the 3′′′′′-RACE products for tails generated by CutA proteins in
vitro in the presence of all four NTPs, we show that even upon physiological ATP excess synthesized tails indeed contain an
unprecedented number of cytidines interrupted by uridines and stretches of adenosines, and that the majority end with two
cytidines. Strikingly, processivity assays documented that in the presence of CTP as a sole nucleotide, the enzyme terminates
after adding two cytidines only. Comparison of our CutA 3D model to selected noncanonical NTases of known structures
revealed substantial differences in the nucleotide recognition motif (NRM) within PAP/OAS1 SBD. We demonstrate that CutA
specificity toward CTP can be partially changed to PAP or PUP by rational mutagenesis within NRM and, analogously, Cid1
PUP can be converted into a C/U-adding enzyme. Collectively, we suggest that a short cluster of amino acids within NRM is a
determinant of NTases’ substrate preference, which may allow us to predict their specificity.

Keywords: CutA; nucleotidyltransferase (NTase); noncanonical poly(A) polymerase; NTP specificity; 3′′′′′-RACE-seq

INTRODUCTION

3′-End processing andmodification contribute to determina-
tion of stability of various RNA molecules. The most wide-
spread post-transcriptional modification of the RNA 3′-end
is a template-independent addition of nucleotides. This
process is catalyzed by enzymes belonging to the DNA poly-
merase β-like nucleotidyltransferase (NTase) superfamily
(Aravind and Koonin 1999; Martin and Keller 2007) (also
known as NTase fold superfamily [Kuchta et al. 2009]),
which display variable substrate specificity. The best charac-
terized representatives of these NTases are (i) canonical
poly(A) polymerases (PAPs), responsible for polyadenylation
of mRNA and (ii) CCA-adding enzymes, synthesizing CCA
triplet at the 3′-end of tRNAs (Yue et al. 1996; Martin and

Keller 2007). Furthermore, there is an expanding group of
noncanonical NTases, encompassing not only atypical PAPs,
but also 2′-5′-oligoadenylate synthetases (OAS), poly(U) po-
lymerases (PUPs), and terminal uridyltransferases (TUTases)
(Aphasizhev 2005; Stevenson and Norbury 2006; Kwak
and Wickens 2007; Martin and Keller 2007; Rissland and
Norbury 2008; Torralba et al. 2008; Schmidt and Norbury
2010).
Shortening or removal of poly(A) tails from the 3′-ends of

mRNAs has been long considered as a rate-limiting step of
their degradation, which may then proceed in a 5′–3′ direc-
tion (through concerted action of decapping enzymes and
Xrn1 exoribonuclease) or in a 3′–5′ direction (catalyzed by

4These authors contributed equally to this work.
Corresponding authors: rtom1916@gmail.com, kginal@cent.uw.edu.pl
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/rna.061010.
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the RNA exosome complex) (for review, see Labno et al.
2016a). Studies in Schizosaccharomyces pombe revealed that
deadenylation is not an absolute prerequisite for degradation,
and uridylation by noncanonical cytoplasmic NTase Cid1
stimulates decapping instead (Rissland and Norbury 2009).
Importantly, both oligo(A) tails arising after deadenylation
and 3′-uridylation tags are recognized by the Lsm1-7/Pat1
complex, which recruits decapping machinery and is there-
fore crucial for both deadenylation-dependent and -indepen-
dent decay (Chowdhury et al. 2007; Song andKiledjian 2007).
mRNA uridylation and the responsible PUPs gained sig-

nificant attention because they are conserved among
eukaryotes (except Saccharomyces cerevisiae, which genome
does not encode noncanonical NTase with PUP activity), al-
though some species-specific differences exist (Scott and
Norbury 2013; Munoz-Tello et al. 2015; Viegas et al. 2015;
Scheer et al. 2016). For instance, uridylation of oligo(A) tails
in Arabidopsis thaliana by URT1 PUP does not seem to
influence the mRNA degradation rates globally, but rather
protects 3′-ends from trimming to ensure a 5′–3′ directional-
ity of cotranslational mRNA decay (Sement et al. 2013;
Scheer et al. 2016; Zuber et al. 2016). In mammals, uridyla-
tion catalyzed by Cid1 homologs—TUT4 (ZCCHC11) or
TUT7 (ZCCHC6)—occurs on deadenylated mRNAs with
oligo(A) tails shorter than 25 nt (Chang et al. 2014; Lim
et al. 2014). Furthermore, all above-mentioned TUTases
regulate small RNA biogenesis and activity. In human stem
cells or certain cancer cells, TUT4/7 are recruited to pre-
miRNAs by Lin28 protein, which leads to 3′-uridylation
and degradation by a Perlman syndrome exonuclease
DIS3L2 (Heo et al. 2009; Chang et al. 2013; Ustianenko
et al. 2013; Faehnle et al. 2014; Kim et al. 2015). Notably,
nucleolytic activity of the latter, stimulated by TUTase-medi-
ated oligo(U) tail synthesis, has been recently documented
to control quality of multiple noncoding cytoplasmic tran-
scripts in different species (Labno et al. 2016b; Pirouz et al.
2016; Reimao-Pinto et al. 2016; Ustianenko et al. 2016).
In addition to uridylation, a substantial fraction of eukary-

otic poly(A)+mRNAs is subject to guanylation, performed by
as yet unidentified NTases (Chang et al. 2014; Zuber et al.
2016). The function of guanosine-rich extensions remains
unknown—it was proposed that they may protect poly(A)
tails from deadenylation (Chang et al. 2014).
Another interesting example of posttranscriptional mRNA

3′-end modification was discovered in Aspergillus nidulans.
It involves addition of short (1–7 nt) C/U-rich tails by a
Cid1-related enzyme, CutA (Morozov et al. 2010). Similar
to S. pombe, such heteropolymeric C/U extensions are added
to poly(A) tails, circumventing the need for their shortening
prior to decapping (Morozov et al. 2010).
Several crystal structures of Cid1 provided insights into

the catalytic mechanism of uridylation (Lunde et al. 2012;
Munoz-Tello et al. 2012, 2014; Yates et al. 2012, 2015). The
structural basis for addition of other nucleotides, like cytidine
in the case of CutA, has not been explained. Noncanonical

NTases generally comprise catalytic and central domains
(the latter also known as PAP/OAS1 substrate binding
domain [SBD]) (Fig. 1; Aravind and Koonin 1999;
Stevenson and Norbury 2006; Martin and Keller 2007;
Kuchta et al. 2009), and some of them may additionally con-
tain other functionally important motifs, like zinc fingers
(Hagan et al. 2009; Heo et al. 2009; Rajappa-Titu et al.
2016). The catalytic domain of Cid1 is built from a five-
stranded β-sheet flanked by α-helices (Lunde et al. 2012;
Yates et al. 2012). The second β-strand contains a DxD motif
between positions 101–103, which, together with the third D
in the fifth β-strand (D160) (Fig. 1), interacts with the in-
coming RNA molecule and two metal ions, thus creating
the active site, located at the bottom of the cleft separating
catalytic and central domains (Lunde et al. 2012; Munoz-
Tello et al. 2012; Yates et al. 2012). The three catalytic aspar-
tates also face β- and γ-phosphates of the UTP substrate
(Munoz-Tello et al. 2012). The α-helical central domain con-
tains a nucleotide recognition motif (NRM)—it corresponds
to a ∼10–15 aa-long loop (located between positions 327–
339 in Cid1) (Fig. 1), forming one end of the NTP-binding
pocket (Lunde et al. 2012; Munoz-Tello et al. 2012). The res-
idues in the NRM, together with amino acids from other
parts of the protein (Fig. 1) stabilize the base of the NTP sub-
strate via water-mediated and/or direct hydrogen bonds with
their side chain atoms (Munoz-Tello et al. 2012). The hydro-
gen bond crucial for UTP selectivity of Cid1 is formed by the
unique histidine (H336) in the NRM (Fig. 1), and the nucle-
obase (Lunde et al. 2012; Munoz-Tello et al. 2012; Yates et al.
2012). The affinity of Cid1 toward UTP is 30-fold higher
than toward ATP and substituting H336 with asparagine or
alanine significantly increases Cid1 ability to utilize ATP as
a substrate (Lunde et al. 2012; Yates et al. 2012). UTP recog-
nition by Cid1 is supported by water-mediated interactions
between D330 and E333 (Fig. 1) and uridine (Lunde et al.
2012; Yates et al. 2012). The preference for UTP over CTP
is partially due to the protonation state of H336, which disfa-
vors formation of the hydrogen bond with the latter (Lunde
et al. 2012). Cid1 interaction with UTP is further stabilized by
several other hydrogen bonds, involving particularly N171
and T172 (Fig. 1), which contact the ribose directly or via wa-
ter bridge, and K193/K197, interacting with phosphate
groups with some contribution from S90, S211, and Y212
(Fig. 1; Lunde et al. 2012; Munoz-Tello et al. 2012; Yates
et al. 2012).
In this study, we investigated the molecular basis for the

ability of A. nidulans CutA and its homolog from Thielavia
terrestris—a thermophilic fungus species—to add both cyti-
dine and uridine to the 3′-ends of RNA. To assess preference
of these enzymes toward different NTPs, products of in vitro
nucleotidylation were subjected to the 3′-RACE analysis
coupled with high-throughput sequencing (3′-RACE-seq),
a methodology never previously used to study specificity of
NTases. We noted that the wild-type versions of CutA pro-
teins have an unprecedented preference toward cytidine,
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even in the excess of ATP over the other nucleotides, mimick-
ing physiological conditions. Furthermore, most of the tails
ended with two cytidines. This was in agreement with results
of biochemical assays, which demonstrated low CutA proces-
sivity in the presence of CTP as the sole nucleotide and ter-
mination of the reaction after addition of only two cytidine
residues. In silico structure modelling revealed substantial
differences in the NTP-binding site, which likely explain dis-
tinct substrate specificity of CutA in comparison to other
noncanonical NTases. Corroborating our presumptions, we
were able to partially convert CutA into PAP or PUP by
changing several amino acids critical for NTP recognition.

Similarly, we successfully transformed
Cid1 PUP into a variant with increased
specificity toward CTP. Our data provide
newmechanistic insight into the catalytic
mechanism of RNA nucleotidylation.

RESULTS

Fungal CutA proteins are
noncanonical NTases with enzymatic
activity dependent on the intact
conserved aspartate residues in the
active site

In this study, we focused on CutA protein
from A. nidulans (AnCutA), which was
previously shown to synthesize C/U-
rich 3′-terminal tails in vivo (Morozov
et al. 2010), and on its close homolog
from T. terrestris (TtCutA). CutA pro-
teins contain both catalytic (NTase) and
central (PAP/OAS1 SBD) domains and
show significant sequence similarity to
several NTases of known structure, in-
cluding poly(U) polymerase Cid1 and
noncanonical poly(A) polymerase Trf4
(Figs. 1, 2A; Lunde et al. 2012; Munoz-
Tello et al. 2012, 2014; Yates et al. 2012,
2015). In CutA enzymes, NTase and
PAP/OAS1 SBD domains are flanked
with a relatively short upstream fragment
and C-terminal region, considerably ex-
tended in comparison to Cid1 and Trf4
(Fig. 2A).
To analyze the specificity of CutA en-

zymes, we first produced recombinant
AnCutA (Fig. 2B), which displayed a
nucleotidyltransferase activity, but its
efficiency varied depending on the
NTP utilized (ATP >CTP≈UTP>GTP)
(Fig. 2C). These results unveil differences
in the enzyme processivity rather than
specificity. Notably, the length of tails

synthesized in the presence of ATP + CTP + GTP +UTP
(AGCU) combinations was comparable to those generated
in the presence of individual CTP or UTP (Fig. 2C), suggest-
ing that AnCutA may indeed have an unusual substrate spec-
ificity, which would agree with in vivo data (Morozov et al.
2010). Importantly, the AnCutAD203A/D205A catalytic mutant
(DADA variant) was inactive in vitro, proving that the ob-
served activity was indeed attributable to the analyzed protein
and demonstrating the importance of the conserved aspartic
acid residues (Fig. 2C). Finally, the enzyme displayed a pref-
erence toward RNA substrates with terminal A or U, while it
had low activity for terminal C (Fig. 3). The activity toward

FIGURE 1. Multiple sequence alignment of the catalytic (NTase) and central (PAP/OAS1 SBD)
domains from S. pombe Cid1 poly(U) polymerase, S. cerevisiae Trf4 poly(A) polymerase, and
CutA proteins from A. nidulans (AnCutA) and T. terrestris (TtCutA). Domain ranges are shown
above the alignment with dashed lines ending with arrowheads. Locations of observed secondary
structure elements in Cid1: α-helices and β-strands are marked with red “H” and blue “E” letters,
respectively, above its amino acid sequence. Three conserved aspartates in the active site are high-
lighted in red. H336, primarily responsible for UTP selectivity of Cid1, and corresponding amino
acids in other proteins are marked with green. Other residues within or in the vicinity of the nu-
cleotide recognition motif (NRM), including those that were subjected to mutations in our study,
are highlighted in magenta. Amino acids from other parts of the protein, involved in NTP recog-
nition, aremarked with blue. Remaining residues important for nucleotidyltransferase activity are
highlighted in gray (β-trapdoor loop, unique for Cid1, is additionally marked with italics). Cid1
NRM (residues 327–339) is underlined. Other highly evolutionary conserved amino acids are in-
dicated in yellow.
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substrate with terminal G could not be analyzed, because
such RNA precipitated in the gel wells. Therefore, only sub-
strates terminating with adenosine or uridine stretches were
utilized in subsequent experiments.

Identification of the enzymatically active core
of a fungal CutA enzyme

Recombinant full-length AnCutA and TtCutA proteins were
prone to degradation and their enzymatic activity successive-
ly decreased after consecutive stages of purification (Figs. 2B,

4A and data not shown). Thus, in further
experiments, we aimed at using more sta-
ble, highly active enzyme fragments. To
this end, TtCutAwas subjected to limited
proteolysis (Fig. 4). Protein obtained af-
ter nickel affinity chromatography (Fig.
4A) was digested using different concen-
trations of trypsin, and the samples were
analyzed in SDS-PAGE (Fig. 4B). We ob-
served that the full-length TtCutA (lane
ND) got degraded to ∼38- to 44-kDa-
long fragments (lanes B1–B7), of which
the longest, relatively stable one was pres-
ent in the lane B3 (Fig. 4B). Since all
samples collected after limited proteoly-
sis comprised some common contami-
nant migrating at ∼60 kDa, we further
separated proteins present in the sample
B3 by gel filtration (Fig. 4C). The band
corresponding to the TtCutA proteolytic
digestion product was analyzed by
Edman degradation, which revealed that
the four most N-terminal residues of
this fragment have the following se-
quence: SAYS (Fig. 4C). This allowed us
to localize the N-terminal boundary of
this fragment to position 216 in the
TtCutA amino acid sequence.

In parallel to SDS-PAGE analyses, the
nucleotidyltransferase activity of the frac-
tions obtained in the course of limited
proteolysis and gel filtration was moni-
tored by in vitro assays. Notably, frac-
tions resulting from limited proteolysis
retained nucleotidyltransferase activity,
but it was profoundly reduced in com-
parison with the full-length protein,
particularly in the case of CTP as an
NTP substrate (Fig. 4D,E). This was
most likely related to significantly lower
protein concentration (cf. lanes B3 and
A1 in Fig. 4B and 4A, respectively). The
decrease of the enzymatic activity corre-
lated with the increased trypsin concen-

tration and thus, with the reduced length of the proteolytic
fragments (Fig. 4E). Analysis of nucleotidyltransferase activ-
ity for fractions obtained after gel filtration revealed that
the faster-migrating band (see fractions C4–C6 in Fig. 4C)
indeed represented the proteolytic fragment of TtCutA, at
least partially retaining its catalytic properties (Fig. 4F), while
the slower-migrating protein (see fractions C1–C3 in Fig. 4C)
was an unrelated contamination, lacking enzymatic activity
(Fig. 4F).
To summarize, a limited proteolysis approach and Edman

degradation analysis, in conjunction with biochemical

FIGURE 2. AnCutA displays a nucleotidyltransferase activity, dependent on the intact aspartates
in the active site. (A) Domain organization of different fungal noncanonical nucleotidyltransfer-
ases: S. pombeCid1 poly(U) polymerase, S. cerevisiae Trf4 poly(A) polymerase, and CutA proteins
from A. nidulans and T. terrestris (AnCutA and TtCutA, respectively). All proteins contain NTase
domain (dark gray rectangle), which is inserted into PAP/OAS1 SBD (light gray rectangle),
formed by protein fragments separated in the primary sequence, but located in proximity in
the three-dimensional structure. Italicized numbering refers to amino acids located at the borders
of NTase (above) and PAP/OAS1 SBD (below) domains. (B) SDS-PAGE analysis of the recombi-
nant full-length AnCutA WT and DADA mutant (with aspartates at positions 203 and 205 sub-
stituted with alanines) variants purified by nickel-column affinity chromatography. Protein
preparations were analyzed together with PageRuler Prestained Protein Ladder (Thermo Fisher
Scientific) as a molecular weight marker (lane MW). Masses of individual bands are indicated
on the right. Position of band corresponding to the full-length protein is marked with an open
arrow. (C) Analysis of nucleotidyltransferase activity, performed for AnCutAWT and DADA var-
iants with three different RNA oligonucleotides, labeled with fluorescein amidite (FAM) at the 5′-
end. Reactions were programmed with individual NTPs or a mixture, as indicated at the top, and
terminated after the time points indicated below the lanes.
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investigation of nucleotidyltransferase activity allowed us
to identify a stable, enzymatically active fragment of TtCutA
protein.

Based on the results of limited proteolysis and secondary
structure predictions, we designed truncated variants of
TtCutA and AnCutA: TtCutA216-617 and AnCutA84-487, as
well as a longer version of TtCutA: TtCutA127-827, further re-
ferred to herein as TtCutA_tr1, AnCutA_tr, and TtCutA_tr3,
respectively. All three truncated proteins were successfully
purified (Fig. 5A), and biochemical analyses confirmed their
ability to synthesize 3′-terminal extensions in the presence of
each of the four individual NTPs as well as CU and AGCU
mixtures, for each of the RNA substrates tested (Fig. 5B).
3′-Tails synthesized by TtCutA_tr3 were considerably longer
than in the case of TtCutA_tr1, irrespective of the NTPs
utilized. Furthermore, TtCutA_tr3 was able to generate 3′-
terminal tails with individual NTPs in the following order
of decreasing efficiency: ATP > CTP >UTP > GTP (Fig.
5B). On the contrary, for TtCutA_tr1, as well as its counter-
part from A. nidulans—AnCutA_tr—reaction efficiency was
comparable in the presence of CTP and UTP (Fig. 5B). This
indicates that the lateral extensions present in TtCutA_tr3,
when compared to TtCutA_tr1, may influence enzyme pro-
cessivity. Importantly, there were no significant differences in

the pattern of nucleotidylation between substrates having
stretches of either adenosine (ss17-A35, ss22-A4) or uridine
(ss22-U4) residues of different lengths at their 3′-termini
for any of the examined protein variants (Fig. 5B).

Full-length and truncated wild-type CutA proteins
display a strong preference toward CTP as an NTP
substrate in vitro

In vitro assays for nucleotidyltransferase activity based on
incubation of the recombinant proteins in the presence of la-
beled RNA substrates and individual NTPs, combined with
an in-gel analysis of the products may be misleading in terms
of the evaluation of the NTP preference. Therefore, to analyze
NTP-specificity of the wild-type full-length and truncated
AnCutA and TtCutA protein variants in a more reliable
way, we devised a 3′-RACE procedure combined with high-
throughput sequencing (3′-RACE-seq). Libraries were pre-
pared for products of reactions catalyzed by AnCutA,
AnCutA_tr, TtCutA, TtCutA_tr1, and TtCutA_tr3 in the
presence of either ss22-A4 or ss22-U4 substrate and an equi-
molar AGCU mixture.
Comparison of the average tail lengths revealed that trun-

cated protein variants usually produced shorter 3′-terminal

FIGURE 3. AnCutA efficiently extends 3′-ends of RNA substrates terminating with adenosines or uridines, but not cytidines. Nucleotidyltransferase
activity assays were performed for the full-length AnCutAWT protein with two sets of synthetic oligoribonucleotides (ss17-A31 or ss22 in panelsA and
B, respectively), labeled with fluorescein amidite (FAM) at the 5′-end, having 4-nucleotide-long stretches of adenosines, cytidines, or uridines at their
3′-ends. Reactions were programmed with individual NTPs or a mixture and terminated after the time points indicated below the lanes. Position of the
substrates is marked with an arrow on the left. Products of unspecific degradation are indicated.
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extensions than full-length CutA enzymes, possibly due to
the lack of some additional interactions between the synthe-
sized tail and the C-terminal unstructured CutA region,
absent in shorter versions (Fig. 6A). Inspection of the per-
centage distribution of synthesized tails’ lengths showed
that most of the examined wild-type proteins and their vari-
ants synthesized shorter tails for the ss22-U4 substrate than
for the ss22-A4 substrate (Fig. 6A). This might be the conse-
quence of the fact that the frequency of cytidine addition to
the ss22-U4 substrate is high, and the resulting tail, ending
with uridines and cytidines, interacts most probably very
weakly with the substrate binding site (see below).

Importantly, for virtually all tested AnCutA and TtCutA
protein variants, cytidine was the predominant incorporated
nucleotide, usually followed by adenosine, while the incorpo-
ration of uridine and—particularly—guanosine, was signifi-
cantly less frequent (Fig. 6B,C).
We also realized that the nucleotide incorporation is non-

random. Thus, to analyze the distribution of nucleotides in
the added tails, we have aligned all the sequences starting
from the 3′-end. Most importantly, almost all tails synthe-
sized by AnCutA and TtCutA ended with at least two
cytidines (Fig. 6B,C), which seems to be a unique feature of
CutA enzymes. Furthermore, we observed that the addition

FIGURE 4. Identification of the N terminus of enzymatically active TtCutA proteolytic degradation fragment. (A) SDS-PAGE analysis of protein
fractions obtained after purification of the full-length TtCutA by affinity chromatography on the nickel resin. Fraction A1 was subjected to limited
proteolysis with trypsin. (B) SDS-PAGE analysis of TtCutA sample, which was not treated with trypsin (laneND) and samples subjected to proteolytic
digestion with different concentrations of trypsin (increasing from lane B1 to lane B7, as indicated above the lanes). Fraction B3 was further purified by
gel filtration. (C) SDS-PAGE analysis of protein fractions obtained after separation of the TtCutA limited proteolysis products by gel filtration. Band
marked with a white rectangle in lane C6 was subjected to Edman degradation analysis, which demonstrated that the N terminus of the proteolysis-
derived fragment begins with S at position 216 of TtCutA, as indicated below the gel. Protein fractions were loaded on SDS-PAGE gels shown in A–C
together with PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) as a molecular weight marker (lanes MW). Masses of individual
bands are indicated on the left. Positions of bands corresponding to the full-length protein are marked with an open arrow in A and B.
Fractions highlighted in bold were tested for nucleotidyltransferase activity in the corresponding assays presented in panels D–F. (D–F)
Nucleotidyltransferase activity assays were performed for protein fractions highlighted in bold in panels A–C, using 5′-FAM-ss17-A35 RNA oligo-
nucleotide as a substrate (position indicated with an arrow). Reactions were programmed with individual NTPs or a mixture and terminated after
the time points indicated below the lanes.
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of the particular nucleotide strongly depends on the previ-
ously added nucleotide. For instance, AnCutA and TtCutA
apparently incorporated adenosine more frequently when
the antecedent nucleotide of the substrate was also adenosine.
For ss22-A4 oligonucleotide, the percentage of added adeno-
sines is increased in such case to 42% and 59%, compared

to the average frequency of adenosine incorporation, which
is 31% and 48% for AnCutA and TtCutA, respectively
(Supplemental Table S1). The situation was different when
the last nucleotide of the primer was cytidine or uridine. In
such an instance, for the same RNA substrate, we observed:
(i) decrease of the adenosine incorporation, (ii) increase of

FIGURE 5. Truncated AnCutA and TtCutA variants are enzymatically active. (A) SDS-PAGE analysis of the recombinant (wild-type) AnCutA_tr,
TtCutA_tr1, and TtCutA_tr3 variants, purified by nickel-column affinity chromatography followed by gel filtration. Protein preparations were ana-
lyzed together with PageRuler Prestained Protein Ladder (Thermo Fisher Scientific) as a molecular weight marker (lanesMW). Masses of individual
bands are indicated on the right. (B) Analysis of nucleotidyltransferase activity, performed for truncated CutA protein variants from panel Awith three
different RNA oligonucleotides, labeled with FAM at the 5′-end, as substrates (positions indicated with arrows on the left). Reactions were pro-
grammed with individual NTPs or mixtures (CU or AGCU), as indicated at the top, and terminated after the time points indicated below the lanes.
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the cytidine incorporation (from 53% or 44% on average to
77% or 76% for AnCutA or TtCutA, respectively) when the
preceding nucleotide was uridine, and (iii) increase of the
uridine incorporation (from 16% and 8% on average to
22% and 11% for AnCutA and TtCutA, respectively) when

the previous nucleotide of the substrate was cytidine
(Supplemental Table S1). It is worth noting that the de-
scribed effect was slightly enhanced when the primer ended
with the CU doublet (increasing the percentage of added
cytidines to 79% and 78% for AnCutA and TtCutA,

FIGURE 6. Full-length and truncated recombinant AnCutA and TtCutA proteins synthesize 3′-terminal tails rich in cytidines, most frequently end-
ing with two C residues. (A) Length distribution for tails added by different AnCutA/TtCutA variants to ss22-A4 (left) and ss22-U4 (right) oligoribo-
nucleotide substrates. Numbers of analyzed sequences, obtained after 3′-RACE-seq high-throughput analysis for each protein variant, are indicated in
parentheses. (B,C) Analysis of nucleotide composition for tails added by different AnCutA/TtCutA variants to ss22-A4 (panel B) and ss22-U4 (panel
C) RNA substrates. Pie charts demonstrate an overall frequency of incorporation of individual nucleotides into the 3′-terminal extensions. Histograms
show the percentage of nucleotide types incorporated at the given position of the tail (the ultimate, 3′-terminal position is on the right). Only those
positions, which were covered by at least 5% of the 3′-RACE-seq reads, are presented in the histograms. Furthermore, a limit of 25 nucleotides (nt)
from the 3′-end of the tail was arbitrarily set for simplicity.
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respectively) or UC (increasing the percentage of added uri-
dines to 14% for TtCutA) (Supplemental Table S1). This is
important in the context of findings reported by Morozov
et al. (2010), who suggested that AnCutA is a CUCU-adding
enzyme that participates in mRNA modification, which pro-
motes decapping and transcript degradation in A. nidulans.
The results of our analyses are partially consistent with their
observation, as we noticed that the presence of uridine at
the 3′-end of the RNA substrate enhances the possibility of
cytidine incorporation, and vice versa, by CutA proteins.
Consequently, it is evident that nucleotide selectivity of these
enzymes depends on preceding added nucleotides and is
determined by protein–substrate interactions. It must be
pointed out, however, that AnCutA and TtCutA protein var-
iants do not terminate the nucleotides incorporation process
after adding a single (CU) or double (CUCU) nucleotide
doublet, in contrast to CCA-adding enzymes, which add a
single (CCA) or double (CCACCA) nucleotide triplet to
the 3′end of tRNAs (Kuhn et al. 2015).

To sum up, high-throughput 3′-RACE-seq analysis unam-
biguously demonstrated that CutA enzymes from two fungal
species display strong preference toward CTP as an NTP sub-
strate in vitro, which has not been observed for noncanonical
nucleotidyltransferases studied so far.

3D model of T. terrestris CutA proteins reveals
the location of the potential NTP specificity
determinant region

We next asked what could be the structural basis for the
observed in vitro CutA enzymes’ preference toward CTP.
To answer this question, we generated a 3D homology model
of TtCutA and compared it to the experimentally solved
structures of closely related enzymes: wild-type and H336N
mutant of poly(U) polymerase Cid1 from S. pombe (Lunde
et al. 2012), and noncanonical poly(A) polymerase Trf4
from S. cerevisiae (Hamill et al. 2010) (Fig. 7; see Fig. 1 for
alignment of amino acid sequences of these NTases).

In addition, we investigated our 3D model of TtCutA
in complex with RNA [oligo(A)], which was taken from

S. cerevisiae canonical poly(A) polymerase (pdb|2q66) (Balbo
and Bohm 2007) after superposition of the structures. We
noticed that the analyzed CutA variants might interact main-
ly with the last three nucleotides of the RNA substrate. The
interaction of the third nucleotide with the protein is the
weakest, while the second nucleotide is most probably inter-
acting mainly with the C-terminal, unstructured extension
of the enzyme. As both AnCutA and TtCutA modify
mRNA in vivo, they are evolutionarily designed to bind to
RNAs ending with adenosines. Consequently, substrates
with two pyrimidines at the 3′-end probably could not be
strongly bound in their active sites. This observation, com-
bined with the ability of these proteins to incorporate their
preferred nucleotide—cytidine, may fully explain the phe-
nomenon that the final product is almost always terminated
with two cytidines (see above).
The Cid1 PUP incorporates mostly uridines, while Trf4

and H336N mutants of Cid1 are effective in adding poly(A)
tails. TtCutA, similarly to Cid1 and Trf4, possesses the
two following domains: a PAP/OAS1 SBD with an inserted
NTase domain right after the first core PAP/OAS1 SBD α-he-
lix (Figs. 1, 2A). All these proteins share highly conserved
NTase domain motifs ([DE]h[DE]h, h[DE]h, and hG[GS])
(Kuchta et al. 2009) and, in addition, they also retain three
residues critical for NTP binding (T404, K425, Y445 in
TtCutA), which are conserved in proteins possessing both
NTase domain and PAP/OAS1 SBD (Fig. 1; Kuchta et al.
2016). The PAP/OAS1 SBD specifically binds a nucleobase
of the incoming NTP mainly by amino acids that provide
Watson–Crick hydrogen bonds, either directly or indirectly
(via water molecules). Those amino acids are located mostly
in the NRM region, between the fourth and fifth core α-
helixes of PAP/OAS1 SBD (Kuchta et al. 2016). In Cid1,
residues from this region, which are responsible for UTP
selectivity (D330, E333, and H336; see Fig. 1), cluster around
the N3 amine group of uridine and interact with uridine
directly or indirectly via one or more water molecules (Fig.
7; Yates et al. 2012, 2015). Another residue, N171 (Fig. 1),
binds the uridine O2 carbonyl group, while O4 carbonyl
group forms a water-mediated contact to S210 (Figs. 1, 7).

FIGURE 7. Comparison of the 3D model of TtCutA with CTP, and available crystal structures of poly(U) polymerase Cid1 with UTP (pdb|4fh5),
Cid1 (H336N) mutant with ATP (pdb|4fhx), and noncanonical poly(A) polymerase Trf4 (pdb|3nyb). Key amino acids forming a nucleobase binding
pocket are shown in blue. Nucleotides are shown in magenta. Position of CTP in TtCutA was taken from pdb|4fhv. Selected water molecules respon-
sible for interactions between Cid1 and UTP are denoted by red spheres.
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In addition, V338 makes a hydrophobic interaction with the
nucleobase (Figs. 1, 7; Lunde et al. 2012). The H336Nmutant
of Cid1 is effective in adding poly(A) tails mainly through the
direct interaction of arginine R340 with the N1 position of
the incoming adenosine (Figs. 1, 7; Lunde et al. 2012).
Position R340 is stabilized by N336, which also forms a hy-
drogen bond to the side chain of D330 (Figs. 1, 7), probably
having a discriminating effect on the uridine selection in the
H336N mutant (Lunde et al. 2012). On the contrary, larger
H336 in wild-type Cid1 precludes such unique positioning
of the R340 side chain, which adopts a different conforma-
tion (Fig. 7). It should be noted that the key residues
(D330, N336, and R340) present in the active site of the
H336N mutant of Cid1 are also conserved in the noncanon-
ical poly(A) polymerase Trf4 from S. cerevisiae (D425, N431
and R435) (Figs. 1, 7; Hamill et al. 2010), which also utilizes
ATP in the reaction. We thus concluded that the TtCutA
NRM region located between the fourth and fifth core α-he-
lices of the PAP/OAS1 SBD (mostly the fragment encompass-
ing amino acids 551–559—see Fig. 1) remains likely the most
important NTP-specificity determinant (NSD) of the ana-
lyzed enzymes.

Deciphering the mechanism of CutA preference
toward CTP through site-directed mutagenesis
in the NRM region

Having identified the NSD of CutA enzymes, we focused on
verifying whether particular amino acids within NRM indeed
play a role in the CTP specificity, and rationally designed
mutations in this region of TtCutA.
We noticed that R557, substituted by H336 in Cid1, is

unique for both TtCutA and AnCutA (Fig. 1). It allowed us
to speculate that changing this residuemay strongly influence
substrate specificity. We thus constructed the R557A mutant
(PAP1) following the H336A mutation in Cid1 proposed by
Yates and coworkers (Yates et al. 2012, 2015) to strengthen
the production of poly(A) tails. We also proposed R557Q
(PAP2) mutation following the study of Lunde and cowork-
ers, who demonstrated that the Cid1H336N mutant catalyzes
robust adenosine incorporation (Lunde et al. 2012). We
chose the mutation R557Q over R557N, because the Q557
side chain in the PAP2 mutant could probably be better sta-
bilized by longer E551, compared to a shorter D330 in the
H336N mutant of Cid1. We also wondered how to enhance
the poly(A) polymerase activity by additional changes in the
NRM, apart from substituting a R557 residue. Therefore, we
created a PAP3 mutant (E551D/N554E/R557A), in which we
reconstructed other amino acids present in the active site
of Cid1H336A, which has proven PAP activity (Yates et al.
2012). Additionally, we constructed another mutant—
PAP4 (E551T/R557A/L559S), with the aim of enlarging the
TtCutA active site and eliminating some (in)direct interac-
tions between the protein and its preferred incoming nucle-
otide—CTP. The construction of PAP4 variant was guided by

the idea that a canonical poly(A) polymerase (e.g., PAP from
S. cerevisiae) binds the incoming NTP mainly through non-
polar interactions above and below the plane of the adenosine
base and to the sugar, and water mediated interactions to po-
lar groups in the plane of the base, and to the sugar hydroxyl
groups (Balbo and Bohm 2007).
We also proposed three mutants: PUP1 (R557H), PUP2

(E551D/R557H), and PUP3 (E551D/N554E/R557H), which
we assumed should allow us to gradually construct a modi-
fied nucleobase recognition site in TtCutA, resembling the
one observed in the Cid1 poly(U) polymerase.
To experimentally analyze the influence of the designed

mutations on the NTP specificity, we expressed and purified
TtCutA_tr3 variants containing appropriate amino acid
substitutions within NRM. All purified TtCutA_tr3 versions
still displayed nucleotidyltransferase activity, but based on
the biochemical data it was impossible to assess whether
the NTP substrate preference was definitely changed upon
a givenmutation (data not shown). Thus, to analyze the spec-
ificity, 3′-RACE-seq for both ss22-A4 and ss22-U4 substrates
was performed (Figs. 8 and 9). In concordance with previ-
ously obtained results, the most predominant nucleotide
added by the wild-type TtCutA_tr3 in the presence of an
equimolar AGCU mixture, was cytidine, followed by adeno-
sine and uridine (Figs. 8 and 9). The frequency of guanosine
incorporation fluctuated around 0.5%–2%, corroborating
biochemical data indicating that it is definitely the least often
utilized nucleotide (Figs. 8 and 9).
Importantly, in the case of the TtCutA_tr3R557A (PAP1)

mutant, the frequency of adenosine incorporation was in-
creased, which was particularly visible for tails added to
ss22-A4 substrate (Fig. 8), indicating that R557A substitution
partially converted the enzyme specificity from PCP to PAP.
This implied that R557 is an important residue for selection
of CTP over other nucleotides, but not as crucial as its Cid1
counterpart (H336) for the UTP selectivity of the latter (Yates
et al. 2012). The R557A mutation weakened the CTP binding
affinity, probably because of destroying one of the key con-
tacts between the protein and this preferred nucleotide.
Additionally, replacing arginine with much smaller alanine
enlarged the TtCutA nucleobase binding site. As a result,
the R557A mutation, by diminishing the cytidine-adding
activity of the enzyme, increased the presence of adenosines
in synthesized tails, as we expected.
The influence of PAP2, PAP3, and PAP4 mutations on the

NTP specificity of TtCutA_tr3 was less obvious (Fig. 8).
Similar to other mutant protein variants, the number of cy-
tidines built into the 3′-terminal tails by TtCutA_tr3R557Q

(PAP2), TtCutA_tr3E551D/N554E/R557A (PAP3), and
TtCutA_tr3E551T/R557A/L559S (PAP4) was reduced in compar-
ison to the wild-type enzyme (Fig. 8). The percentage of
adenosines was also lower for these protein variants than in
the wild-type control—such an effect was most remarkable
for the PAP3 triple mutant (Fig. 8). On the other hand, the
parallel increase in the frequency of uridine incorporation,
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FIGURE 8. Effect of mutations designed to change TtCutA specificity into PAP. (A) Length distribution for tails added by wild-type (WT) and mu-
tant (PAP1-PAP6) TtCutA_tr3 variants to ss22-A4 (left) and ss22-U4 (right) oligoribonucleotide substrates. Numbers of analyzed sequences, obtained
after 3′-RACE-seq high-throughput analysis for each protein variant, are indicated in parentheses. (B,C) Analysis of nucleotide composition for tails
added by different TtCutA_tr3 variants to ss22-A4 (panel B) and ss22-U4 (panel C) RNA substrates. Results are presented as in Figure 6.
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observed for all these protein variants (again—most clearly in
the case of PAP3 mutant) (Fig. 8), suggested that R557Q sin-
gle mutation and E551D/N554E/R557A or E551T/R557A/
L559S triple substitutions change NTP preference more to-
ward UTP than ATP. It thus seems that PAP2, PAP3, and
PAP4 mutants gained additional interactions with uridine,
in the case of PAP2 and PAP3 probably through increase of
similarity to Cid1 in the NRM region. Specifically, Q557 in
PAP2 corresponds to H336 in Cid1 and thus seems to replace
it functionally to perform a similar role in UTP recognition.
In addition, we did not observe the increased amount of
adenosines in tails synthesized by PAP2 (Fig. 8), probably
because TtCutA possesses asparagine (N561) instead of
key arginine, which can be found at this position in the non-
canonical poly(A) polymerase Trf4 (R435) and Cid1H336N

mutant, specific toward adenosine (R340). On the other
hand, according to the 3D modeling, R557 may be a struc-
tural equivalent of this key arginine responsible for ATP
recognition, which may explain substantial adenosine-add-
ing activity of wild-type TtCutA. Consequently, we intro-
duced the N561R mutation and gradually changed TtCutA
to make it more similar to both the Cid1H336N mutant and
Trf4, by generation of PAP5 (R557N/N561R) and PAP6
(E551D/R557N/N561R) variants. Surprisingly, these mu-
tants had significantly decreased frequency of adenosine in-
corporation and largely increased specificity toward
uridines (particularly PAP6) (Fig. 8). This suggests that in
TtCutA—probably due to slight differences in the geometry
of the NTP binding site (e.g., NRM conformation)—the role
of arginine at position 557 in adenosine recognition cannot

FIGURE 9. Effect of mutations designed to change TtCutA specificity into PUP. (A) Length distribution for tails added by wild-type (WT) and mu-
tant (PUP1-PUP3) TtCutA_tr3 variants to ss22-A4 (left) and ss22-U4 (right) oligoribonucleotide substrates. Numbers of analyzed sequences, obtained
after 3′-RACE-seq high-throughput analysis for each protein variant, are indicated in parentheses. (B,C) Analysis of nucleotide composition for tails
added by different TtCutA_tr3 variants to ss22-A4 (panel B) and ss22-U4 (panel C) RNA substrates. Results are presented as in Figure 6.
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be substituted by moving this arginine to position 561 (where
it is present in Trf4 poly(A) polymerase).

When trying to re-engineer poly(U) polymerase from
TtCutA, we noticed other apparent changes in the substrate
preference in the case of TtCutA_tr3R557H (PUP1),
TtCutA_tr3E551D/R557H (PUP2), and TtCutA_tr3E551D/N554E/
R557H (PUP3) mutants. First of all, they all synthesized 3′-tails
with fewer adenosines than the wild-type counterpart (Fig.
9). At the same time, the percentage of uridines increased
considerably (three- to ninefold, depending on the substrate
and the length of analyzed tails), which suggested that for
these variants, the specificity toward uridines was increased
(Fig. 9). Furthermore, the amount of uridines in the 3′-ter-
minal extensions generated by TtCutA_tr3E551D/N554E/R557H

was higher than for TtCutA_tr3E551D/R557H, and simultane-
ously the frequency of cytidine incorporation decreased
by ∼20%–25% (Fig. 9). This implicated that while E551D
and R557H substitutions are partially responsible for
PCP→PUP modification of specificity, N554E amino acid
change may additionally increase enzyme preference toward
UTP. These results collectively indicate that while replacing
TtCutA E551 and R557 residues with their Cid1 counterparts
(aspartic acid and histidine, respectively) apparently failed to
reconstruct all water-mediated contacts between protein and
UTP, an additional N554E substitution caused UTP to be the
preferred nucleotide. This also implies that N554, together
with R557 is a very important residue responsible for CTP
selectivity of TtCutA.

In sum, results of our high-throughput 3′-RACE-seq anal-
ysis, combined with structural inspection, demonstrated the
critical importance of arginine (R), glutamic acid (E), and
asparagine (N) at positions 557, 551, and 554 of TtCutA
(Fig. 1), located within NRM, for CTP-specificity of the ex-
amined enzyme. Furthermore, R557A substitution enabled
partial conversion of TtCutA nucleotidyltransferase activity
from PCP to PAP, whereas R557H, E551D, and N554E sub-
stitutions changed the enzyme specificity from PCP to PUP.
Notably, however, while we successfully engineered proteins
with significantly reduced or increased specific nucleotide
selectivity, we were not able to construct the enzymes, which
would use only one preferred nucleotide for the polymeriza-
tion process. This may be caused by the character of the CutA
enzymes’ NRM region, which allows binding of all NTPs in
the active site without a stringent preference for a single
nucleotide.

Nucleotide specificity of TtCutA variants is preserved
at a physiologically relevant NTP ratio

Since the 3′-RACE-seq analyses described above were per-
formed for products of reactions with equimolar AGCU
mixtures, the increased frequency of cytidine incorporation
in vitro by TtCutA wild-type protein could potentially result
from artificially high CTP concentration. To test this possibil-
ity, assays for TtCutA_tr3 WT, as well as for PAP1 and PUP3

variants, which displayed the most obvious changes in NTP
specificity, were repeated at more physiologically accurate
10:1:1:1 ratio of ATP:GTP:CTP:UTP, assuming that ATP is
in approximately 10-fold excess over other NTPs in vivo.
Analysis of the 3′-RACE-seq data derived from assays con-

ducted in such modified conditions (Fig. 10) revealed for the
TtCutA_tr3 wild-type version that although the overall per-
centage of adenosines increased to 60%–70% (from 30% to
40% for equimolar NTP ratio), depending on the substrate,
the level of cytidine incorporation decreased at the same
time from 50%–60% to 30%–40% (cf. Fig. 10B,C with Fig.
8B,C). This demonstrates that even when CTP is underrepre-
sented, the enzyme retains high specificity toward this nucle-
otide. Furthermore, decreasing CTP concentration did not
preclude predominant incorporation of cytidine at the 3′-ter-
minal and penultimate positions of the extension (Fig. 10B,C
and data not shown). In addition, we noticed that more than
99%, ∼80%, and ∼15% of tails contained at least one, two,
and three cytidines, respectively (Fig. 11).
We then checked whether changes in the NTP specificity

that we observed for TtCutA_tr3 PAP1 and PUP3 mutant
variants could be due to the excess of ATP. Surprisingly,
the frequency of overall ATP incorporation increased
very modestly for PAP1 variant, when compared to WT
(Fig. 10B,C), but this could be partly due to a shorter average
length of the tails generated by the PAP1 mutant relative to
the wild-type protein (Fig. 10A and data not shown).
Nevertheless, the R557A mutation present in TtCutA_tr3
PAP1 variant led to other apparent changes, e.g., the in-
creased presence of adenosine at two ultimate tail positions
(more tails contained AA, AC, or CA 3′-terminal dinucleo-
tides) (Fig. 10B,C and data not shown), appearance of a frac-
tion of tails (∼10%) lacking cytidine, and concomitant
reduction in the percentage of tails containing at least two
(∼20%) consecutive cytidines (Fig. 11). This confirms that
the partial change of specificity from CTP toward ATP has
been achieved in the case of the TtCutA_tr3 PAP1 variant.
More pronounced changes were noted at the physiological-

ly relevant NTP ratio for the TtCutA_tr3 PUP3 mutant (Fig.
10B,C). First, despite significant ATP excess, uridine incorpo-
ration into tails increased to∼30% (compared to∼2% for the
WT variant). Second, numerous tails contained CU, UC, UU,
UA, and AU dinucleotides at the 3′-end, instead of CC (Fig.
10B,C and data not shown). Finally, fractions of tails lacking
cytidines and containing two or more cytidines in a row were
more and less abundant, respectively, than for TtCutA_tr3
WT (Fig. 11). At the same time, the percentage of extensions
encompassing at least one uridine was as high as∼85%, com-
pared to only 10%–20% for WT and PAP1 versions (Fig. 11).
Furthermore, longer (2–5 nt) stretches of uridines were also
evident in some tails generated by the PUP3 mutant (Fig. 11
and data not shown), which virtually did not occur in the ex-
tensions synthesized by TtCutA_tr3 WT and PAP1.
In summary, the relatively high in vitro preference of

TtCutA_tr3 WT toward CTP is maintained even in
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conditions where the availability of this nucleotide is consid-
erably reduced with respect to ATP, which likely reflects
the situation in vivo. Moreover, changes of NTP specificity
toward adenosine or uridine due to mutations within NRM
introduced in PAP1 or PUP3 variant, respectively, could be
observed under the same conditions, which further supports
our conclusion about the importance of E, N, and R amino
acids at TtCutA positions 551, 554, and 557, respectively,
for CTP selectivity.

Distinct affinities and variable enzyme processivity in
the presence of various NTPs account for differences
in the nucleotide composition of extensions generated
by different TtCutA variants

We next sought to determine whether differential nucleotide
composition of tails synthesized by different variants of
TtCutA_tr3 could result from distinct affinities toward vari-
ous NTPs. To this end, we first attempted to monitor poly-
merization efficiency in the presence of individual NTPs
by fluorescence-based coupled activity assays, which rely on

indirect measuring of pyrophosphate release with the use
of inorganic pyrophosphatase (PPase) and purine nucleoside
phosphorylase (PNP), able to cleave a fluorescent 7-methyl-
guanosine derivative in the presence of generated phosphate.
Similar approach proved previously to be successful for
calculation of kinetic parameters for S. pombe Cid1 (Lunde
et al. 2012). However, we found it inappropriate in the case
of TtCutA, since the reaction conditions optimized for
PPase and PNP were totally incompatible with requirements
of TtCutA polymerization activity.
Therefore, to roughly compare affinities of TtCutA_tr3

WT, PAP1, and PUP3 variants toward different NTPs, a set
of gel-based assays was performed under conditions where
the RNA:protein molar ratio was 40:1 and individual ATP,
CTP, or UTP were utilized at various concentrations, ranging
from 0.1 to 300 µM and reactions were stopped after much
shorter time-points than in previous biochemical analyses.
Results of these experiments are presented in Figure 12.
While basing on data obtained in this manner we were

unable to provide quantitative measurements of kinetic con-
stants (which is also due to substantial differences in enzyme

FIGURE 10. Specificity of TtCutA with an excess of ATP over other nucleotides. (A) Length distribution for tails added by wild-type (WT) and mu-
tant (PAP1 and PUP3) TtCutA_tr3 variants to ss22-A4 (left) and ss22-U4 (right) oligoribonucleotide substrates in the presence of 10:1:1:1 ATP:GTP:
CTP:UTPmolar ratio. Numbers of analyzed sequences, obtained after 3′-RACE-seq high-throughput analysis for each protein variant, are indicated in
parentheses. (B,C) Analysis of nucleotide composition for tails added by different TtCutA_tr3 variants to ss22-A4 (panel B) and ss22-U4 (panel C)
RNA substrates at physiologically relevant NTP ratio. Results are presented as in Figure 6.
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processivity in the presence of ATP relative to CTP or UTP, as
discussed below), some relative comparisons could be made.
First, both WT and PAP1 variants displayed a similar affinity
toward ATP, starting polymerization at 1 µMATP concentra-
tion (Fig. 12A). In contrast, the PUP3 mutant was unable to
begin ATP addition unless its concentration was higher than
10 µM. Moreover, the reaction progressed much more slowly
and resulting tails were significantly shorter (Fig. 12A). This,
together with other observations discussed below, may par-
tially explain why the stretches of adenosines present in tails
generated by TtCutA_tr3 PUP3 variant are more often inter-
rupted with other residues, particularly uridine.

In the case of CTP, PUP3 and PAP1 were able to start
polymerization at a much higher concentration of this nucle-
otide (10 and 30 µM, respectively), when compared to the
wild-type TtCutA_tr3 version (Fig. 12B). This indicates
that the affinity of PAP1 and PUP3 mutants toward CTP
might be indeed somewhat lower, which is reflected by a
lower incidence of cytidine in tails generated by these protein
variants in comparison to TtCutA_tr3 WT (see Fig. 11). On
the contrary, affinity of all three tested TtCutA_tr3 versions
toward UTP did not seem to differ dramatically, since all
of them started adding uridine already at 1 µM UTP
concentration.

In addition, we noted that when the RNA substrate was in
excess over protein, reflecting an in vivo situation, all
TtCutA_tr3 variants synthesized very short tails with CTP
and UTP, when compared to ATP, indicating lower enzyme
processivity in the presence of pyrimidines. This difference

was less obvious in previous gel-based as-
says, where a slight excess of protein over
RNA (2.5:1) was applied.
To investigate differences in processiv-

ity more systematically, reactions were
carried out individually for each of the
three TtCutA_tr3 variants with either
ATP, CTP, or UTP at a fixed, nonlimiting
(100 µM) concentration in a time-course
extended to 60 min, and the products
were analyzed in a sequencing gel to
obtain single-nucleotide resolution
(Fig. 13). Initial analysis revealed that at
1 µM CTP concentration, TtCutA_tr3
WT was able to add only one cytidine,
whereas at higher concentrations of this
nucleotide maximum length of the ex-
tension achieved only two residues,
demonstrating that the enzyme tends to
terminate after adding two cytidines (at
least by the end of a short reaction
time-course) (Fig. 13A). Further experi-
ments demonstrated that all protein
variants were processive with ATP and
acted distributively in the presence of
CTP or UTP (Fig. 13B–D). Processivity

of TtCutA_tr3 PUP3 variant with ATP was a bit lower than
that observed for WT or PAP1 versions, but this conclusion
may be obscured due to RNA degradation at later time
points. On the contrary, bothWT and PUP3 variants stopped
after adding maximally two cytidines or uridines, whereas in
the case of the PAP1 mutant termination occurred even after
the addition of one pyrimidine.
These observations corroborate our 3′-RACE-seq data,

demonstrating for instance that in the presence of AGCU
mixture, TtCutA_tr3 wild-type protein usually processively
adds a stretch of adenosines, before switching at some point
to cytidine (or sometimes uridine), but is able to distributive-
ly add only one or two such residues. Then, depending on the
nature of the next incoming nucleotide, the enzyme likely
dissociates from the substrate, resulting in the frequent gen-
eration of tails terminating with two cytidines, or continues
synthesis of longer adenosine stretches if the subsequent
nucleotide is ATP. Furthermore, the majority of tails gener-
ated by PAP1 variant contain only one cytidine, since addi-
tion of the second one seems to be inefficient in this case.
In conclusion, nucleotide composition of tails synthesized

by different TtCutA variants is determined by a combination
of several interdependent factors, such as NTP specificity de-
termined by the character of the NRM (affinity toward par-
ticular NTPs), enzyme processivity and the nature of
preceding nucleotide in the RNA substrate. It should be
also noted that the analyzed mutations (e.g., substitution of
arginine) in the NRM region may also have some effect on
the electrostatic environment of the nucleotide binding

FIGURE 11. Different fractions of tails synthesized by WT, PAP1, and PUP3 variants of
TtCutA_tr3 contain a given number of cytidines or uridines. Upper graph shows percentage of
tails derived from the 3′-RACE-seq data presented in Figure 10, which entirely lack cytidine
(0xC), or contain at least one single cytidine or at least one 2- or 3-nt-long string of consecutive
cytidines. Lower graph demonstrates analogous results for uridines.
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pocket, which could influence interaction with the RNA 3′-
end near the active site.

Mutations in the Cid1 NRM region enable its partial
conversion from PUP to PCP

To further confirm our conclusions about the importance of
particular amino acids within the NRM of CutA enzymes,
and to extend our findings to other fungal noncanonical
NTases, we attempted to construct the mutant of S. pombe
Cid1 PUP with increased preference for cytidine. To this
end, we expressed in E. coli a full-length wild-type Cid1
(Cid1WT), as well as its mutated variant, in which aspartic
acid, glutamic acid, and histidine, at positions 330, 333,
and 336, equivalent to critical TtCutA positions 551, 554,
and 557 (Fig. 1), were changed into arginine, glutamate,
and asparagine present in the latter protein, respectively.
Such amino acid changes, designed to convert Cid1 PUP
into PCP were rationalized not only by 3D structure model-
ing, but also justified by data obtained for TtCutA, demon-
strating that the reciprocal substitutions within its NRM

partially alter NTP specificity of this en-
zyme from CTP toward UTP (see above).
We will further refer to this Cid1 triple
mutant as Cid1D330E/E333N/H336R or Cid1
PCP variant. Both Cid1WT and
Cid1D330E/E333N/H336R proteins were suc-
cessfully purified following heterologous
expression, and biochemical assays con-
firmed that they have nucleotidyltrans-
ferase activity (data not shown).

To verify whether Cid1D330E/E333N/H336R

triple mutant indeed acquired specificity
toward CTP, reactions for Cid1WT and
Cid1D330E/E333N/H336R proteins were car-
ried out for both ss22-A4 and ss22-U4

substrates in the presence of equimolar
AGCU combination, followed by 3′-
RACE-seq. Results of this experiment
are summarized in Figure 14. The 3′-ter-
minal tails synthesized by Cid1WT were
composed almost exclusively of uridines
(specificity >97%), as expected. On the
contrary, Cid1D330E/E333N/H336R variant
generated 3′ extensions containing
only ∼50% of uridines. In parallel, incor-
poration of remaining nucleotides in-
creased significantly, in the following
order: C > A > G. Importantly, fraction
of cytidines built into the tails achieved
30%–40%, indicating that the mutations
that we designed indeed significantly
increased cytidine and decreased uridine
incorporation by Cid1 enzyme.

In conclusion, investigation of Cid1
specificity allowed us to complement data obtained for
TtCutA, demonstrating that the ExxNxxR and DxxExxH
clusters present at the equivalent positions of NRM, are pri-
marily responsible for the preference of noncanonical NTases
toward CTP or UTP, respectively. Unfortunately, we were
unable (via proposed mutations) to convert TtCutA into
highly effective poly(A) or poly(U) polymerase, as we proba-
bly failed to reconstruct all Watson–Crick hydrogen bonds
between protein and the desired nucleotide. It seems that
TtCutA has a unique geometry and environment of the nu-
cleotide binding site, which makes it impossible to achieve
specificity toward a single nucleotide by only a fewmutations.

DISCUSSION

It has been more than 10 years from the discovery of nonca-
nonical PAPs (Saitoh et al. 2002; Wang et al. 2002). Multiple
follow-up studies have demonstrated that several enzymes
from this group synthesize polyuridine, rather than polyaden-
osine tails, which classified them as PUPs or TUTases
(Kwak and Wickens 2007; Rissland et al. 2007). Since then,

FIGURE 12. Different affinity of TtCutA_tr3 variants toward individual NTPs. (A–C)
Nucleotidyltransferase activity assays were performed for WT, PAP1, and PUP3 TtCutA_tr3 pro-
tein variants, with 40-fold molar excess of the 5′-FAM-labeled ss22-A4 RNA substrate. Reactions
were programmed with individual ATP (A), CTP (B), or UTP (C) at different concentrations, as
indicated above the lanes and terminated after short time points (2–12 min) following start of
incubation.
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cytoplasmic uridylation was demonstrated to play a crucial
role in the maintenance of cellular homeostasis by regulating
stability of both coding and various noncoding transcripts in

virtually all model organisms analyzed
(Scott and Norbury 2013; Munoz-Tello
et al. 2015; Viegas et al. 2015; Scheer
et al. 2016). S. pombe Cid1 has been the
most extensively investigated PUP, for
which several crystal structures were
solved (both apo- and NTP-bound)
(Lunde et al. 2012; Munoz-Tello et al.
2012, 2014; Yates et al. 2012, 2015),
which laid the ground for the attempts
to explain differences in the substrate
specificity between noncanonical PAPs
and PUPs. What made the situation even
more complicated was the discovery that
Cid1 homolog in A. nidulans—CutA—
does not act as a PUP in vivo, but rather
adds C/U-rich tails to the 3′-ends of
mRNAs in this fungal species (Morozov
et al. 2010). Subsequent global transcrip-
tomic analyses demonstrated that
untemplated incorporation of cytidines
(and also guanosines) into the 3′-termi-
nal extensions is not an uncommon
event (Chang et al. 2014; Zuber et al.
2016); however, the noncanonical
NTases responsible for such modifica-
tions occurring in mammalian or
plant cells have not been identified yet.
Nevertheless, these findings unequivo-
cally show that the repertoire of substrate
specificity among this class of enzymes is
not limited to ATP/UTP and some of the
group members display distinct NTP
preferences. This warrants further inves-
tigations of the molecular basis for the
observed variability in the substrate spec-
ificities of noncanonical NTases.
Previous structural inspections, con-

firmed by biochemical studies, revealed
that H336 in the Cid1 NRM is a major
determinant of its specificity toward
UTP (Lunde et al. 2012; Munoz-Tello
et al. 2012; Yates et al. 2012). UTP
recognition by Cid1 is supported by
interactions involving other amino
acids from the NRM, particularly D330
and E333, which together with H336
constitute DxxExxH cluster (Table 1).
Importantly, very similar clusters are pres-
ent in the human TUTases ZCCHC6 and
ZCCHC11 and proteins from other spe-
cies, for which PUP activity has been

confirmed (Ren et al. 2012; Zhao et al. 2012; Sement et al.
2013; Chang et al. 2014; Lim et al. 2014; Tu et al. 2015;
Zuber et al. 2016), although A. thaliana HESO-1 TUTase

FIGURE 13. TtCutA_tr3 variants act processively with ATP and distributively in the presence of
CTP or UTP. (A) Products of reactions shown in Figure 12B for TtCutA_tr3 WT protein were
resolved in 10% high-resolution sequencing gel, showing that the substrate 3′-end can be extend-
ed by not more than two cytidines, as indicated on the right (B–D). Nucleotidyltransferase activity
assays were performed for WT (B), PAP1 (C), and PUP3 (D) TtCutA_tr3 protein variants, with
40-fold molar excess of the 5′-FAM-labeled ss22-A4 RNA substrate (position marked with ar-
rows). Reactions were programmed with 100 µM ATP, CTP, or UTP, as indicated above the lanes
and terminated after 2–60 min following start of incubation. Lengths of the synthesized tails are
indicated on both sides of the gel images.
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possesses valine instead of otherwise conserved histidine
(Table 1). It would be interesting to check whether differenc-
es between these NRM clusters present in A. thaliana HESO-
1 and URT1 TUTases (Table 1) contribute somehow to
variable preference of these two enzymes toward small
RNA substrates terminating with adenosines or uridines, as
has been demonstrated recently (Tu et al. 2015).
On the contrary, S. cerevisiae Trf4 and Trf5 proteins, dis-

playing PAP activity (LaCava et al. 2005; Vanacova et al.
2005; Wyers et al. 2005; Houseley and Tollervey 2006;
Hamill et al. 2010), contain DxxDxxN cluster at the equiva-
lent position and the same is true for S. pombe nuclear non-
canonical PAP, Cid14 (Table 1;Win et al. 2006). Importantly,
asparagine seems to be invariantly present in the last position
of the NRM cluster in all noncanonical NTases, for which
PAP activity has been experimentally demonstrated, includ-
ing recently studied human GLD-2 (TUT2) which contains
ExxDxxN cluster (Table 1; Chung et al. 2016). In concor-
dance, the Cid1 H336N mutation (creating DxxExxN clus-
ter) changed Cid1 specificity from PUP into PAP (Lunde et
al. 2012). The identity of the remaining residues within the
cluster seems to be less critical—the first one is always acidic
(D or E), whereas the middle one is most often aspartate, but
other amino acids also occur at this position, as exemplified
by well-characterized C. elegans PAPs: Gld-2 and Gld-4 and
Drosophila melanogaster Trf4 homolog, DmTrf4-1 (Table 1;
Kwak et al. 2004; Nakamura et al. 2008; Schmid et al. 2009).

These examples indicate that the presence of H or N at the
last position of the cluster largely determines whether the
noncanonical NTase acts as PUP or PAP, respectively. The
only significant exception from this rule regards mitochon-
drial PAPs (mtPAPs) in animals (Tomecki et al. 2004), which
contain a completely different, but highly conserved,
NxxExxL cluster (Table 1). Notably, substitution of the aspar-
agine with aspartate results in the compromised PAP activity,
both in vitro and in vivo, which leads to development of pro-
gressive neurodegenerative disorder—spastic ataxia 4 (Wilson
et al. 2014; Lapkouski and Hallberg 2015). Structural studies
revealed that this asparagine may play a role in a correct spatial
positioning of the mRNA 3′-end and the bound ATP sub-
strate, rather than in discrimination of mtPAP specificity
toward NTP (Lapkouski and Hallberg 2015). Therefore, the
molecular mechanisms ensuring the same NTP preference
of nuclear/cytoplasmic and mitochondrial noncanonical
PAPs may be distinct, and further structural insights are clear-
ly required to understand these differences. It would be partic-
ularly interesting to determine whether there is any link
between the divergence of NRM clusters present in nuclear/
cytoplasmic and mitochondrial PAPs and the fact that the
former act as homodimers, which is a unique feature among
noncanonical NTases, obligatory for enzymatic activity of
mtPAPs (Bai et al. 2011; Lapkouski and Hallberg 2015).
In this paper, we investigated the basis of unusual proper-

ties of the fungal CutA enzymes. Unlike other authors, we

FIGURE 14. Substitution of several amino acids within Cid1 NRM increases its specificity toward CTP. (A) Length distribution for tails added by
wild-type (WT) and D330E/E333N/H336R triple mutant (PCP) Cid1 variants to ss22-A4 (left) and ss22-U4 (right) oligoribonucleotide substrates.
Numbers of analyzed sequences, obtained after 3′-RACE-seq high-throughput analysis for each protein variant, are indicated in parentheses. (B,
C) Analysis of nucleotide composition for tails added by Cid1 WT and PCP variants to ss22-A4 (panel B) and ss22-U4 (panel C) RNA substrates.
Results are presented as in Figure 6.
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refrained from drawing conclusions based on gel analysis of
the in vitro reaction products generated by recombinant pro-
teins in the presence of individual NTPs. We reasoned that
such, nota bene commonly used, approach provides informa-
tion about differences in enzyme processivity toward partic-
ular NTPs (see Fig. 13 herein as an example), rather than
illustrates genuine NTase specificity. Instead, we took advan-

tage of the high-throughput methodology and subjected 3′-
RACE products generated for tails synthesized by recombi-
nant proteins in the presence of AGCU mixture to next-gen-
eration sequencing and data analysis. This strategy allowed us
to quantify percentage of individual nucleotides in tails gen-
erated by analyzed NTases and to analyze distribution of nu-
cleotides at every position of the synthesized extensions.

TABLE 1. Comparison of cluster sequences present in NRMs of noncanonical NTases with distinct NTP specificities

Poly(U) polymerases (confirmed)
S. pombe Cid1 (SPAC19D5.03) DPFEISHNVGR
Homo sapiens ZCCHC11/TUT4 (Uniprot: Q5TAX3.3) DPFDLNHNLGA
H. sapiens ZCCHC6/TUT7 (Uniprot: Q5VYS8) DPFDLNHNLGA
H. sapiens U6 TUTase/TUT1/Star-PAP (Uniprot: Q9H6E5) DPFDLSHNVAA
A. thaliana URT-1 (At2g45620) DPFETSHDLGR
D. melanogaster Tailor (CG1091) DPIQLNHNVTK
A. thaliana HESO-1 (At2g39740) DPFEQPVNAAR

Poly(U) polymerases (predicted)
C. elegans PUP-1/Cid1 homolog (CELE_K10D2.3) DPFDLSHNLSS
C. elegans PUP-2 (CELE_K10D2.2) DPFETDHNLAQ
C. elegans MUT-2/RDE-3 (CELE_K04F10.6) DPFD-EHNPGR

Poly(A) polymerases (confirmed)
S. cerevisiae Trf4/Pap2 (Uniprot: P53632) DPGDESNNISR
S. cerevisiae Trf5/Pap2 (Uniprot: P48561) DPGDPNNNISR
S. pombe Cid14 (SPAC12G12.13c) DPVDFQNDVSK
D. melanogaster Wispy/GLD-2 (CG15737) EPFDQTNTARS
H. sapiens hGLD-2/TUT2 (Uniprot: Q6PIY7) EPFDGTNTARA
C. elegans GLD-2 (CELE_ZC308.1) EPFTNSNTAHS
C. elegans GLD-4 (CELE_ZK858.1) DPLLTANDVGR
D. melanogaster Trf4-1 (CG11265) DPLLPGNDVGR

Poly(A) polymerases (predicted)
S. pombe Cid12 (SPCC663.12) DPIDRNNDIGK
C. elegans CELE_F31C3.2 EPFDAINTART
D. melanogaster Trf4-2 (CG17462) DPVTPTNDIGR
H. sapiens PAPD7/POLS/TRF4-1 TUT5 (Uniprot: Q5XG87) DPLLPGNDVGR
H. sapiens PAPD5/TRF4-2/TUT3 (Uniprot: Q8NDF8) DPLQPGNDVGR
A. thaliana At2g40520 DPLKHSNNLGR
A. nidulans CutB (AN5694) DPNNPDNDISG

Mitochondrial poly(A) polymerases
H. sapiens hmtPAP/PAPD1 (Uniprot: Q9NVV4) NPFETSLNISK
Gallus gallus mtPAP (Uniprot: F1NBW0) NPFEQDLNISK
D. melanogaster MTPAP/PAPD1 (CG11418) NPLEQLLNVSK
Danio rerio mtPAP (Uniprot: E7FEW2) NPFEATLNVSK
Strongylocentrotus purpuratus mtPAP (Uniprot: W4Y7K4) NPLEPDLNSSK

C/U-adding NTases (confirmed)
A. nidulans CutA (AN7748) EPFNTIRNLGN
T. terrestris CutA (Uniprot: G2R014) EPFNDGRNLGN

C/U-adding NTases (predicted)
S. pombe Cid11 (SPBC1685.06) EPFNTARNLAN
S. pombe Cid13 (SPAC821.04c) EPFHTSRNLAN
D. melanogaster Mkg-p (CG7163) DPFELSRNVAK
C. elegans PUP-3 (CELE_F59A3.9) DPLLIPRNCAG

Uncertain
A. thaliana At3g45750 DFTNISQNVAR
S. pombe Cid16 (SPAC17H9.01) DPFLKKKNLTK

Amino acids located at positions equivalent to S. pombe Cid1 330–340 are shown. Highly conserved residues at positions 1, 4, and 7 of NRM
clusters characteristic for PUPs/TUTases, PAPs, mtPAPs and C/U-adding enzymes are highlighted in green, yellow, blue, or magenta, respec-
tively. Other residues occurring at these positions, or those present in enzymes with unclear specificity are highlighted in boldface black.
Arginine, located four amino acids downstream from the NRM cluster characteristic for PAPs, which plays an important role in ATP binding, is
indicated in red. Where indicated, amino acid sequences were retrieved from the Uniprot database (www.uniprot.org). In remaining cases, da-
tabases dedicated to given model organisms were utilized as sequence sources (S. pombe—www.pombase.org; D. melanogaster—flybase.org;
C. elegans—www.wormbase.org; A. nidulans—www.aspergillusgenome.org), and numbers in parentheses refer to IDs from these databases.
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Owing to this approach, we were able to confirm that S.
pombe Cid1 is extremely specific toward uridines, whereas
CutA enzymes from two different fungal species display
less strict specificity, but tend to predominantly incorporate
cytidines. Importantly, the most striking feature of these en-
zymes is a frequent incorporation of two cytidine residues as
the last added nucleotides, evident even at a physiologically
relevant NTP ratio. Moreover, biochemical experiments
with CTP as the only nucleotide present in the reaction mix-
ture revealed that if RNA is in excess over protein, mimicking
the in vivo situation, CutA is not able to efficiently extend the
RNA substrate with more than two cytidines.
As expected, a 10-fold increase in the ATP concentration

over CTP resulted in the appearance of longer adenosine
stretches in the tails synthesized by the wild-type CutA, but
the overall incorporation of cytidines did not decrease dra-
matically, indicating that the enzyme retains a high degree
of specificity toward CTP, even if the latter is underrepresent-
ed. The pattern of tail composition, wherein strings of aden-
osines are interrupted by one or two cytidines and frequently
terminate with two C residues, is due to several factors, as
demonstrated herein, namely: character of the nucleotide
recognition motif (NRM) and variable affinity of the enzyme
toward different NTP substrates, much higher processivity of
CutA with ATP than with CTP or UTP, as well as a tendency
to poorly bind RNA molecules with two cytidines at their 3′-
ends. It should be emphasized that these findings may be rel-
evant to CutA activity in vivo. In A. nidulans, the enzyme was
implicated in addition of C/U-rich extensions to polyadenyl-
ated mRNAs. However, it was not directly demonstrated that
these unique tails are added to nascent poly(A) tails. It could
be envisioned that after normal mRNA deadenylation, CutA
synthesizes mixed extensions, containing several processively
added adenosines, followed by distributively added cytidines
and uridines. Interestingly, in addition to CutA’s previously
described CU-tagging activity (Morozov et al. 2010), it has
recently been found that CutA is able to adenylate 3′-ends
of some mRNAs in vivo (N Dube, IY Morozov, and MX
Caddick, pers. comm.) Thus, although our work was per-
formed on recombinant proteins, concordance with in vivo
observations suggests that the nucleotide specificity of CutA
was preserved.
Comparison of the 3D model of CutA with solved crystal

structures of Cid1 and Trf4, combined with site-directed mu-
tagenesis led to the conclusion that CutA NTases have an un-
usual nucleotide-binding site, in which the unique ExxNxxR
cluster, at position equivalent to NRM clusters present in the
noncanonical PAPs and PUPs, is mainly responsible for the
observed preference of CutA toward cytidine. To support
this conclusion, we demonstrated that introduction of
ExxNxxR cluster into Cid1 NRM significantly increased cyti-
dine incorporation at the expense of uridine inclusion into the
3′-terminal tails. Importantly, replacing CutA ExxNxxR with
Cid1-likeDxxExxH resulted in generation of the tails contain-
ing less cytidines andmoreuridines, but sucha triplemutation

did not lead to the complete conversion of CutA into PUP en-
zyme. Similarly, we were not able to convert CutA into highly
efficient PAP, probably due to a unique geometry and envi-
ronment of the nucleotide binding site, which makes it im-
possible to achieve specificity toward a single nucleotide by
only a fewmutations. Further structural studies—particularly
analysis of CutA cocrystals with differentNTP substrates, sup-
ported by mutational and biochemical studies are clearly
needed to fully understand the complete network of pro-
tein-nucleotide interactions responsible for the specificity of
NTP selection for these noncanonical NTases.
We believe that based on the NRM cluster sequence one

may now try to predict the specificity of the putative nonca-
nonical NTases in themajority of the cases. For instance, there
are three yet-uncharacterized enzymes fromC. elegans, which
all contain DxxD/ExxH NRM cluster and several other pro-
teins from different species with D/ExxXxxN cluster, which
are most likely PUPs and PAPs, respectively (Table 1). Most
of the NTases from the latter group also possess arginine lo-
cated four amino acids downstream from the NRM cluster,
which is known to stabilize interaction with ATP, provided
that the NRM cluster terminates with asparagine (Table 1).
Furthermore, inspection of NRM clusters present in en-

zymes from several model species suggests that there are en-
zymes which may display an NTP preference similar to CutA,
namely: Cid11 and Cid13 from S. pombe, Mkg-p from D.
melanogaster and PUP-3 from C. elegans (Table 1). Neither
of these proteins has been thoroughly characterized in terms
of NTP substrate specificity, however it was shown that Cid13
utilizes CTP more readily than UTP or GTP (Saitoh et al.
2002). Therefore, it would be worth checking if the enzymes
mentioned above are able to synthesize 3′-terminal tails con-
taining mainly cytidines in vitro using the 3′-RACE-seq ap-
proach described herein, as well as to perform in parallel
global TAIL-seq experiments to analyze whether RNA mole-
cules with C/U-rich tails exist in vivo in fission yeast, fruitfly
and worm. Strikingly, it seems that mammalian genomes do
not encode a noncanonical PAP with NRM cluster that
would suggest such specificity toward CTP, which is in agree-
ment with TAIL-seq analysis of human mRNA 3′-ends, in
which tails containing cytidine were very rarely detected,
when compared to uridine-rich extensions (Chang et al.
2014). All of that suggests that various species may utilize
different enzymes and mechanisms to modify mRNA fate
by addition of nontemplated nucleotides to the 3′ ends of
RNA molecules, however further research is needed to un-
cover physiological functions of various noncanonical PAPs
with distinct nucleotide specificities.

MATERIALS AND METHODS

Bacterial strains

The following Escherichia coli strains were used in this study:

• MH1 (E. coli araD lacX74 galU hsdR hsdM rpsL),
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• BL21-CodonPlus-RIL [Stratagene; E. coli B F– ompT hsdS(rB
− mB

−)
dcm+ Tetr gal endA Hte (argU ileY leuW Camr)]

Oligonucleotides, plasmids, and cloning

Plasmids and oligonucleotides used in this study are listed in
Supplemental Tables S2 and S3, respectively. All restriction enzymes
and Phusion DNA polymerase for amplification of inserts were from
Thermo Fisher Scientific. DNA purification kits (DNA Plasmid
Mini and Gel-Out) were from A&A Biotechnology.

All plasmids for heterologous expression of fungal proteins in E.
coli were generated by a sequence and ligation independent cloning
(SLIC) approach (Li and Elledge 2007).

Plasmids pUC57-AnCutA and pUC57-TtCutA contained
recoded sequences (see Supplemental Fig. S1) of CutA enzymes
from A. nidulans and T. terrestris, which were synthesized by
Genscript with the aim of codon optimization for heterologous
expression in E. coli, and precloned into pUC57 vector.

Plasmids pCC1 and pCC4were generated by inserting open-read-
ing frames corresponding to the full-length AnCutA and TtCutA,
respectively, amplified using respective primer pairs (278F–278R
and 280F–280R) and templates (pUC57-AnCutA and pUC57-
TtCutA), into NcoI–XhoI sites of pET28 C-6xHisTag vector.

Plasmid pCC2 was generated by site-directed mutagenesis with
oligonucleotide pair CUCUmutF–CUCUmutR, using pCC1 as a
template.

Plasmid pCC3 was constructed by inserting AnCutA ORF
fragment corresponding to amino acids 84–487, amplified with
primer pair 278SumoF–278Sumo2 and pCC1 as a template,
into BamHI–XhoI sites of pET28 N-6xHis-SUMOTag vector.
Plasmid pCC5, containing TtCutA ORF fragment corresponding
to amino acids 216–617, was generated similarly, but using primer
pair 280SumoF–280Sumo2 and pCC4 as a template in the amplifi-
cation step.

Plasmids pCC6 and pCC7, containing TtCutA ORF fragments
corresponding to amino acids 216–557 or 127–827, respectively,
were constructed by inserting amplicons obtained with the respec-
tive primer pairs (12.280 S_F–12.280 sI_R or 280sIIIF–280sIIIR),
into NcoI–XhoI sites of pET28 C-6xHisTag vector.

Plasmids pCC8, pCC9, pCC12, pCC14, and pCC15 were
generated by site-directed mutagenesis with oligonucleotide
pairs 280PAP1F–280PAP1R, 280PAP2F–280PAP2R, 280PAP5F–
280PAP5R, 280PUP1F–280PUP1R, and 280PUP2F–280PUP2R, re-
spectively, using pCC7 as a template. Plasmids pCC10 and pCC16
were constructed by site-directed mutagenesis with oligonucleotide
pairs 280PAP3F–280PAP3R or 280PUP3F–280PUP3R, using pCC8
or pCC15 as templates, respectively. Plasmid pCC11 was generated
by site-directed mutagenesis with oligonucleotide pair 280PAP4F–
280PAP4R, using pCC8 as a template. Plasmid pCC13 was con-
structed by site-directed mutagenesis with oligonucleotide pair
280PAP6F–280PAP6R, using pCC15 as a template.

Plasmid pCC17 was constructed by inserting Cid1 ORF, ampli-
fied with primer pair Cid1SumoF–Cid1SumoR, using cDNA
obtained following oligo(dT)-primed reverse transcription on total
S. pombe RNA as a template, into BamHI–XhoI sites of pET28
N-6xHis-SUMOTag vector. Plasmid pCC18 was generated by site-
directed mutagenesis with oligonucleotide pair Cid1PCPF–
Cid1PCPR, using pCC17 as a template.

The presence of introduced mutations was verified by digestion
with relevant restriction enzymes and correctness of sequences

was checked by sequencing the inserts with appropriate primers,
listed in Supplemental Table S3.

Heterologous expression of proteins in E. coli

For expression of different variants of fungal nucleotidyltransfer-
ases, Escherichia coli BL21-CodonPlus-RIL strain was transformed
with appropriate plasmids (pCC1–pCC18). Transformants were
grown at 18°C for 48 h in 1 L or 50 mL (for large-scale and small-
scale purification, respectively) of Auto Induction Media Super
Broth Base Including Trace Elements (Formedium), supplemented
with 2% glycerol, kanamycin (50 µg/mL), and chloramphenicol
(34 µg/mL), following inoculation from a preculture, grown in stan-
dard Luria-Broth (LB) medium containing both antibiotics.

Small-scale protein purification

A bacterial pellet from 50 mL of liquid culture was resuspended in
5 mL of the lysis buffer (20 mM Na-phosphate, pH = 4.5 or 8.0/
20 mM Tris–HCl, pH = 8.0; 300 mM NaCl; 10 mM imidazole;
1 mM PMSF; 10 mM β-mercaptoethanol; 50 µg/mL lysozyme)
and subjected to 60 cycles of sonication (30 sec of full power soni-
cation : 30 sec pause) in a Bioruptor XL device (Diagenode).
Homogenate was centrifuged at 10,000g for 45 min at 4°C. The
supernatant was then loaded onto a Protino 96 Ni-IDA plate
(Macherey-Nagel), pre-equilibrated with the lysis buffer. Following
protein binding, the resin was washed sequentially with 2mL of low-
salt (LS) buffer (20 mM Na-phosphate/Tris–HCl, pH = 8.0; 150–
300 mM NaCl; 10 mM imidazole), 1 mL of high-salt (HS) buffer
(20 mM Na-phosphate/Tris–HCl, pH = 8.0; 1 mM NaCl; 10 mM
imidazole) and 2 mL of LS buffer. Bound proteins were recovered
by three consecutive rounds of elution with 0.25 mL of buffer E
(20 mM Na-phosphate/Tris–HCl, pH = 8.0; 150–300 mM NaCl;
300 mM imidazole). Purified proteins were analyzed by standard
SDS-PAGE.

Large-scale protein purification

Following centrifugation of 1 L of the liquid culture at 4500 rpm in
a Sorvall H6000A/HBB6 swinging bucket rotor for 15 min at 4°C, a
bacterial pellet was resuspended in 70 mL of the lysis buffer, incu-
bated with lysozyme (50 µg/mL; Roth) for 20 min in a cold room,
and then broken in the EmulsiFlex-C3 High Pressure homogenizer
at 1500 Bar. Homogenate was centrifuged in a Sorvall WX ULTRA
SERIES ultracentrifuge (F37L rotor) at 32,000 rpm for 45 min at
4°C. The supernatant (extract) was then used for protein purifica-
tion with the ÄKTA Xpress system (GE Healthcare).

Depending on the proteins’ stability and contamination level,
several various methods were used in purification procedures. The
basic step of purification was nickel affinity chromatography on
the 5 mL column compatible with ÄKTA, filled with Ni-NTA
Superflow resin (Qiagen). The column was equilibrated with 25
mL of LS buffer prior to the extract loading. After protein binding,
the resin was washed sequentially with 35–60mL of LS buffer, 25mL
of HS buffer (to reduce contaminations), and 20 mL of LS buffer.
Proteins with a C-terminal HisTag were simply recovered by elution
with 25 mL of buffer E. For proteins fused with an N-terminal
HisTag-SUMO, purification involving SUMO protease cleavage
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(see Supplemental Table S4) included additional on-column diges-
tion with 100 µg of the home-made SUMO protease resuspended in
5 mL of buffer E (8 h), followed by buffer exchange to LS on the
desalting column and final separation of the desired protein from
the cut out HisTag-SUMO epitope and SUMO protease on the
Ni-NTA column.
Furthermore, size-exclusion chromatography on a Hiload 16/60

Superdex S200 column (GE Healthcare), was carried out in the ma-
jority of cases by applying 5 mL of eluate from the affinity chroma-
tography step, with the use of 1.2 column volumes of gel-filtration
(GF) buffer (20 mM Na-phosphate/Tris–HCl, pH = 8.0; 150 mM
NaCl), to increase protein purity. Purified proteins were analyzed
by standard SDS-PAGE. See Supplemental Table S4 for more details
on purification protocols applied to particular CutA variants.

Protein concentration

Following purification, recombinant proteins were concentrated
with the use of Vivaspin (500, 2, 4, or 15, depending on the initial
volume of protein solution) ultrafiltration devices (Sartorius
Stedim), according to the manufacturer’s instructions.

Limited proteolysis

After small-scale purification of the full-length TtCutA, 15 µg of the
protein was subjected to digestion with various trypsin concentra-
tions (ranging from 0.0005 to 0.125 µg/µL) in 20 µL of the buffer
containing 10 mM Tris–HCl, pH = 7.4 and 100 mM NaCl for
30 min at room temperature. Of note, 1 mM PMSF was then added
to terminate reactions and standard SDS-PAGE was used for prod-
ucts’ analysis.

Edman degradation analysis

Three hundred micrograms of TtCutA was digested as above in a
total volume of 0.8 mL with trypsin (0.001 µg/mL) for Edman deg-
radation analysis. Reaction products were separated by gel filtration
on a Hiload 16/60 Superdex 75 column (GE Healthcare) in a buffer
containing 10 mMNa-phosphate, pH = 8.0 and 100 mMNaCl. The
fraction containing properly sized protein (about 40 kDa, as verified
by SDS-PAGE) was concentrated approximately 10-fold. Fifteenmi-
croliters of the concentrated protein preparation was then mixed
with 5 µL of denaturation buffer (150 mM Tris–HCl, pH = 6.8;
12% SDS; 30% glycerol; 0.05% Coomassie blue G-250; 6% β-mer-
captoethanol) and separated in Tricine–SDS-PAGE with the use of
anode buffer (0.2 M Tris–HCl, pH = 8.9) and cathode buffer (0.1 M
Tris; 0.1 M tricine; 0.1% SDS). The protein was then subjected to
wet electrotransfer onto methanol preactivated PVDF membrane
(Thermo Fisher Scientific) in CAPS buffer (0.22% CAPS, pH =
11.0; 10%methanol). Following transfer, the membrane was stained
with 0.1%Coomassie Brillant Blue R-250 in 40%methanol; 1% ace-
tic acid, then washed four times in 50%methanol and air-dried. The
PVDF membrane fragment containing a protein of interest was
cut out and an N-terminal sequence was analyzed by chemical
Edman degradation with a fully automated Procise 491 Sequencer
(Applied Biosystems) at the Selvita company.

Protein secondary structure analysis

CFSSP (Chou&Fasman Secondary Structure Prediction Server, avail-
able at https://sourceforge.net/projects/cfpred/files/latest/download)
was used to predict AnCutA and TtCutA secondary structures.

3D protein model

Homologs of TtCutA and AnCutA proteins were identified with
BLAST (Altschul et al. 1997) searches performed against the
NCBI nonredundant protein sequence database using sequences
of TtCutA and AnCutA as queries. Multiple sequence alignment
was derived using PCMA program (Pei et al. 2003) followed by
some manual adjustments. Secondary structures were predicted
with PSIPRED (McGuffin et al. 2000). A 3D model of TtCutA pro-
tein was constructed with MODELLER (Fiser and Sali 2003) using
S. pombe Cid1 poly(U) polymerase (pdb|4fh5) (Lunde et al. 2012)
as a template (Ginalski and Rychlewski 2003). The structures were
visualized with Pymol (pymol.org).

In vitro biochemical assays

Nucleotidyltransferase activity of different AnCutA, TtCutA, and
Cid1 protein variants was assessed by in vitro assays. Reactions
were performed in the volume of 20 µL, containing 10 mM Tris–
HCl, pH = 8.0; 50 mM NaCl; 1 mMMnCl2; 1 mM DTT; and either
individual NTP (ATP/GTP/CTP/UTP; 1 mM) or mixtures of two
(0.5 mM each) or four (0.25 mM each, or 0.77 mM ATP:0.077
mM GTP:0.077 CTP:0.077 UTP, when a physiologically relevant
NTP ration was desirable) different NTPs. In most experiments,
each reaction was programmed with 5 µL of the purified protein
(0.5 µM), and started by adding 4 µL of 1 µM 5′-FAM-labeled
RNA substrate solution (see Supplemental Table S3 for sequences).
For estimation of enzyme affinity towards various nucleotides and
analysis of processivity, reactions were performed similarly, but us-
ing an excess of RNA substrate (1 µM) over the enzyme (0.025 µM),
and individual NTPs (ATP, CTP, or UTP) at final concentrations
ranging from 0.1 to 300 µM. Reactions were carried out at 37°C
and terminated at various time-points after the start by collecting
4 µL of reaction mixture and adding it to 5 µL of formamide loading
dye (90% formamide; 20 mM EDTA; 0.03% bromophenol blue;
0.03% xylene cyanol in 1× Tris–borate–EDTA [TBE]), followed
by snap-freezing in liquid nitrogen. After thermal denaturation at
90°C for 5 min, reaction products were resolved either in denaturing
20% polyacrylamide/8 M urea/1× TBE gels, or—if single-nucleotide
resolution was required—in 10% sequencing gels. A Typhoon FLA
9000 laser scanner (GE Healthcare) was used to visualize fluores-
cently labeled RNA molecules.

3′′′′′-RACE-seq

Nucleotide composition of the 3′-extensions added by different
variants of fungal nucleotidyltransferases in the in vitro assays
was analyzed by 3′-RACE and sequencing. Sequences of oligonu-
cleotides used in the 3′-RACE are listed in the Supplemental
Table S3.
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RNA purification

Following RNA visualization, a gel fragment containing reaction
products was cut out, frozen in liquid nitrogen and crushed with
a pipette tip. RNA was then eluted from acrylamide with 350 µL
of the gel elution buffer (100 mM Tris–HCl, pH = 8.0; 150 mM
NaCl; 12.5 mM EDTA; 1% SDS) in the presence of 800 µL of phe-
nol:chloroform (1:1, v:v) on a rotating device at room temperature
for 16 h. Following centrifugation at 13,500g for 15 min at room
temperature, the aqueous layer was transferred to a new tube and
RNA was precipitated with isopropanol in the presence of 1 µL of
glycogen (20 mg/mL) at −20°C for 16 h. RNA was pelleted by
centrifugation at 21,000g for 30 min at 4°C and washed twice with
80% ethanol. Eventually, the RNA pellet was suspended in 11 µL
of RNase-free water.

Adapter ligation

Of note, 10.7 µL of purified RNA was mixed with 2 µL of T4 RNA
Ligase Reaction buffer (New England Biolabs), 1 µL of 30 µM RA3
adapter, 4.8 µL of 50% PEG 8000 (New England Biolabs) and 0.5 µL
of RiboLock RNase Inhibitor (40 U/µL; Thermo Fisher Scientific).
After 2 min of incubation at 70°C, the tube was placed on ice, and
1 µL of T4 RNA Ligase 2, Truncated (200 U/µL; New England
Biolabs) was added. The reaction was carried out for 1 h at 25°C.

Reverse transcription

Following ligation of the 3′-adapter, 1.5 µL of 20 µM reverse
transcription (RTP) primer was annealed by heating the mixture
at 75°C for 5 min, followed by incubation at 37°C for 30 min and
at 25°C for 15 min. Tenmicroliters aliquot of the mixture was trans-
ferred to a new tube, mixed with 4 µL of the 5× First Strand Buffer
(Invitrogen), 1 µL of 10 mM dNTP Mix, 0.5 µL of RiboLock RNase
Inhibitor, 2 µL of 100mMDTT, 1.5 µL of RNase-free H2O and heat-
ed at 42°C for 2 min. Afterwards, 1 µL of the SuperScript III Reverse
Transcriptase (Invitrogen) was added, and RT-PCR was carried out
at 42°C for 1 h. Enzyme inactivation was performed by heating the
reaction mixture at 70°C for 30 min.

Amplification

Two-step amplification was performed for high-throughput RNA-
seq of the 3′-RACE products. The first round PCR reaction mixture
contained 20 µL of the first-strand cDNA, 0.2 mM dNTP Mix, 20
µM primer pair RA5_ss22-RPI_X (with Illumina index for RNA-
seq), 5× Phusion HF Buffer, Phusion DNA polymerase, and sterile
water to 40 µL. The following PCR profile was utilized: initial dena-
turation at 98°C for 30 sec, 25 cycles of amplification (with denatu-
ration at 98°C, annealing at 55°C, and elongation at 72°C carried out
for 10, 10, and 30 sec, respectively) and final elongation at 72°C for 5
min. The second round PCR reactionmixture comprised 1 µL of the
first-round PCR products, 0.2 mM dNTP Mix, 20 µM primer pair
RP1-RPI_X, 5× Phusion HF Buffer, Phusion DNA polymerase,
and sterile water to 50 µL. The PCR profile described above was es-
sentially the same as in the first round, but with only five cycles of
amplification. PCR products were analyzed by electrophoresis in
2% agarose gels.

Purification of the 3′-RACE-seq libraries

PCR products obtained following amplification were purified with
the use of Agencourt AMPure XP magnetic beads (Beckman
Coulter). Briefly, 48 µL of PCR products were mixed with 48 µL
of the beads, incubated for 15 min at room temperature, and then
placed on a magnetic stand. After 5 min, supernatant was discarded,
and the beads were washed twice with 100 µL of 80% ethanol and
air-dried for 15 min. Elution was done by suspending the beads in
20 µL of sterile water and 5 min of incubation at room temperature.
Magnetic stand was used to separate eluted DNA from the beads.

High-throughput sequencing of the 3′-RACE products
(3′-RACE-seq)

Concentration of the 3′-RACE-seq libraries was measured with the
KAPA Library Quantification Universal Kit (Kapa Biosystems).
Sequencing was performed using an Illumina NextSeq 500 System
and NextSeq 500 v2 High Output Kit (2 × 75 cycles), applying stan-
dard procedures of a pair-end run.

Analysis of the 3′-RACE-seq results

Initially, the strands encompassing sequences of RNA substrates
in the sense orientation were subjected to filtering, consisting in a
selection of sequences containing 26 nt of the respective RNA sub-
strate (ss22-A4 or ss22-U4) at the 5′-end, with no more than two
erroneous bases, and an entirely correct sequence of the RA3 oligo-
nucleotide (21 nt) at the 3′-end. Detailed analyses for all filtered se-
quences were carried out with in-house scripts using Python,
NumPy, SciPy, and Matplotlib.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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SUPPLEMENTAL FIGURE 

AnCutA          ATGGTGACCGTGACCGATGGCAACGATCGCCTGAGCAGCCGCCCGGGCGAACAGAGCCCG 

AnCutA_opt      ATGGTCACCGTCACCGATGGTAACGACCGCCTGTCCAGCCGCCCGGGCGAACAAAGTCCG 

                ***** ***** ******** ***** ******  ****************** ** *** 

protein          M  V  T  V  T  D  G  N  D  R  L  S  S  R  P  G  E  Q  S  P 

 

AnCutA          ATTGCGAGCGCGAAACTGAGCACCATGCCGTGGCGCAGCAGCAACGAAGAAAGCAGCGAA 

AnCutA_opt      ATTGCCTCAGCCAAACTGTCCACGATGCCGTGGCGTAGCTCTAACGAAGAAAGTTCCGAA 

                *****    ** ******  *** *********** ***   ***********   **** 

protein          I  A  S  A  K  L  S  T  M  P  W  R  S  S  N  E  E  S  S  E  

 

AnCutA          ACCCCGAACCGCCCGGCGCTGACCAGCCAGCAGAGCAACAGCCTGCCGAGCACCCCGTAT 

AnCutA_opt      ACCCCGAATCGCCCGGCACTGACGTCACAGCAATCGAACAGCCTGCCGTCGACCCCGTAT 

                ******** ******** *****    *****    ************   ********* 

protein          T  P  N  R  P  A  L  T  S  Q  Q  S  N  S  L  P  S  T  P  Y 

 

AnCutA          CAGCATGCGCGCAAAATTAGCTTTCATAGCCGCAGCCCGAGCCCGCGCCATGGCAGCACC 

AnCutA_opt      CAGCATGCTCGTAAAATTAGCTTTCACTCTCGTAGTCCGTCCCCGCGTCATGGTTCAACG 

                ******** ** **************    ** ** ***  ****** *****    **  

protein          Q  H  A  R  K  I  S  F  H  S  R  S  P  S  P  R  H  G  S  T   

 

AnCutA          AGCCCGCGCAGCACCCATAGCGAAAGCACCCATATTCCGCCGAGCGCGCGCAAACAGTTT 

AnCutA_opt      TCGCCGCGTAGCACCCATAGCGAATCTACGCACATCCCGCCGTCTGCACGCAAACAGTTC 

                   ***** ***************   ** ** ** ******   ** ***********  

protein          S  P  R  S  T  H  S  E  S  T  H  I  P  P  S  A  R  K  Q  F 

 

AnCutA          ACCGGCTGCAAATATGAAACCGCGATGAGCTTTTTTCGCCGCCGCATGCCGTATAGCATT 

AnCutA_opt      ACCGGCTGCAAGTATGAAACGGCTATGTCATTTTTCCGTCGCCGTATGCCGTACTCGATT 

                *********** ******** ** ***   ***** ** ***** ********    *** 

protein          T  G  C  K  Y  E  T  A  M  S  F  F  R  R  R  M  P  Y  S  I 

 

AnCutA          GGCGCGGATGTGCTGCCGGAAGAAAAAGAAGGCCTGAAACAGCGCCTGCGCCCGGAAGAA 

AnCutA_opt      GGTGCGGATGTGCTGCCGGAAGAAAAAGAAGGCCTGAAGCAGCGTCTGCGCCCGGAAGAA 

                ** *********************************** ***** *************** 

protein          G  A  D  V  L  P  E  E  K  E  G  L  K  Q  R  L  R  P  E  E 

 

AnCutA          GAACGCAAACTGACCGCGGATATGCTGGAAGTGTATGAACGCCTGCTGCCGAGCGCGGAA 

AnCutA_opt      GAACGTAAACTGACCGCGGATATGCTGGAAGTTTATGAACGCCTGCTGCCGAGCGCCGAA 

                ***** ************************** *********************** *** 

protein          E  R  K  L  T  A  D  M  L  E  V  Y  E  R  L  L  P  S  A  E 

 

AnCutA          AGCGAAAGCCGCCGCCGCCGCCTGGTGCGCAAACTGGAAGATCTGTTTAACCGCCAGTGG 

AnCutA_opt      AGTGAATCCCGCCGTCGCCGTCTGGTCCGTAAACTGGAAGACCTGTTTAACCGCCAGTGG 

                ** ***  ****** ***** ***** ** *********** ****************** 

protein          S  E  S  R  R  R  R  L  V  R  K  L  E  D  L  F  N  R  Q  W 

 

AnCutA          CCGGGCTGCGATATTAAAGTGCATGTGTTTGGCAGCAGCGGCAACAAACTGTGCAGCAGC 

AnCutA_opt      CCGGGTTGCGACATTAAAGTGCATGTTTTCGGTTCATCGGGCAATAAGCTGTGTAGCTCT 

                ***** ***** ************** ** **       ***** ** ***** ***   

protein          P  G  C  D  I  K  V  H  V  F  G  S  S  G  N  K  L  C  S  S 

 

AnCutA          GATAGCGATGTGGATATTTGCATTACCACCACCTGCAAAGAACTGGAACATGTGTGCCTG 

AnCutA_opt      GACAGTGATGTGGACATTTGCATCACCACGACCTGTAAAGAACTGGAACATGTTTGCCTG 

                ** ** ******** ******** ***** ***** ***************** ****** 

protein          D  S  D  V  D  I  C  I  T  T  T  C  K  E  L  E  H  V  C  L 

 

AnCutA          CTGGCGGATGTGCTGGCGAAAAACGGCATGGAACGCGTGGTGTGCATTAGCCATGCGAAA 

AnCutA_opt      CTGGCGGATGTCCTGGCCAAGAACGGCATGGAACGTGTGGTTTGTATCTCTCACGCGAAA 

                *********** ***** ** ************** ***** ** **    ** ****** 

protein          L  A  D  V  L  A  K  N  G  M  E  R  V  V  C  I  S  H  A  K 

 

AnCutA          GTGCCGATTGTGAAAATTTGGGATCCGGAACTGCGCCTGGCGTGCGATATGAACGTGAAC 

AnCutA_opt      GTGCCGATTGTTAAGATCTGGGATCCGGAACTGCGCCTGGCGTGTGACATGAACGTGAAC 

                *********** ** ** ************************** ** ************ 

protein          V  P  I  V  K  I  W  D  P  E  L  R  L  A  C  D  M  N  V  N 
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AnCutA          AACACCATGGCGCTGGAAAACACCCGCATGGTGCGCACCTATGTGGAAATTGATGAACGC 

AnCutA_opt      AATACCATGGCCCTGGAAAATACCCGTATGGTGCGCACGTATGTTGAAATTGATGAACGT 

                ** ******** ******** ***** *********** ***** **************  

protein          N  T  M  A  L  E  N  T  R  M  V  R  T  Y  V  E  I  D  E  R 

 

AnCutA          GTGCGCCCGCTGGCGATGATTATTAAACATTGGACCAAACGCCGCATTCTGAACGATGCG 

AnCutA_opt      GTTCGCCCGCTGGCGATGATTATCAAACATTGGACCAAGCGCCGTATCCTGAACGACGCC 

                ** ******************** ************** ***** ** ******** **  

protein          V  R  P  L  A  M  I  I  K  H  W  T  K  R  R  I  L  N  D  A 

 

AnCutA          GGCCTGGGCGGCACCCTGAGCAGCTATACCTGGATTTGCCTGATTATTAACTTTCTGCAG 

AnCutA_opt      GGTCTGGGCGGTACCCTGAGTTCCTACACGTGGATTTGCCTGATTATCAATTTTCTGCAG 

                ** ******** ********   *** ** ***************** ** ********* 

protein          G  L  G  G  T  L  S  S  Y  T  W  I  C  L  I  I  N  F  L  Q 

 

AnCutA          ACCCGCGAACCGCCGATTCTGCCGAGCCTGCAGGCGCGCCCGCATAAAAAACGCCTGACC 

AnCutA_opt      ACCCGTGAACCGCCGATCCTGCCGAGCCTGCAAGCACGTCCGCACAAAAAGCGCCTGACG 

                ***** *********** ************** ** ** ***** ***** ********  

protein          T  R  E  P  P  I  L  P  S  L  Q  A  R  P  H  K  K  R  L  T 

 

AnCutA          GCGGATGGCCTGGTGTGCAGCTTTGATGATGATCTGGATAGCCTGGTGGGCTATGGCAAA 

AnCutA_opt      GCCGATGGCCTGGTCTGTAGTTTCGATGACGATCTGGACTCCCTGGTGGGTTATGGCAAA 

                ** *********** ** ** ** ***** ********   ********* ********* 

protein          A  D  G  L  V  C  S  F  D  D  D  L  D  S  L  V  G  Y  G  K 

 

AnCutA          CAGAACAAACAGAGCCTGGGCGAACTGTTTTTTCAGTTTTTTCGCTATTATGGCCATGAA 

AnCutA_opt      CAGAATAAGCAATCTCTGGGTGAACTGTTTTTCCAGTTTTTCCGCTATTACGGCCATGAA 

                ***** ** **    ***** *********** ******** ******** ********* 

protein          Q  N  K  Q  S  L  G  E  L  F  F  Q  F  F  R  Y  Y  G  H  E 

 

AnCutA          CTGGATTTTGAAAAATATGTGATTAGCGTGCGCGAAGGCCGCCTGATTAGCAAAGAAGGC 

AnCutA_opt      CTGGATTTCGAAAAGTACGTCATTAGCGTGCGTGAAGGTCGCCTGATCTCTAAAGAAGGT 

                ******** ***** ** ** *********** ***** ********    ********  

protein          L  D  F  E  K  Y  V  I  S  V  R  E  G  R  L  I  S  K  E  G 

 

AnCutA          AAAGGCTGGCATCTGCTGCAGAACAACCGCCTGTGCGTGGAAGAACCGTTTAACACCATT 

AnCutA_opt      AAAGGTTGGCACCTGCTGCAGAACAATCGTCTGTGCGTGGAAGAACCGTTTAACACCATT 

                ***** ***** ************** ** ****************************** 

protein          K  G  W  H  L  L  Q  N  N  R  L  C  V  E  E  P  F  N  T  I 

 

AnCutA          CGCAACCTGGGCAACACCGCGGATGATACCAGCTTTCGCGGCGTGCATATGGAACTGCGC 

AnCutA_opt      CGCAACCTGGGTAATACGGCGGACGATACCAGTTTCCGTGGCGTTCATATGGAACTGCGC 

                *********** ** ** ***** ******** ** ** ***** *************** 

protein          R  N  L  G  N  T  A  D  D  T  S  F  R  G  V  H  M  E  L  R 

 

AnCutA          CGCGCGTTTAAAGCGCTGAGCGATGGCAACTTTGAACTGTGCTGCGAACAGTATGAATAT 

AnCutA_opt      CGTGCATTTAAAGCTCTGTCCGATGGCAATTTCGAACTGTGCTGTGAACAGTATGAATAC 

                ** ** ******** ***  ********* ** *********** **************  

protein          R  A  F  K  A  L  S  D  G  N  F  E  L  C  C  E  Q  Y  E  Y 

  

AnCutA          CCGCCGGAAGCGGAACGCAGCTGGGAACGCCCGGCGCCGCAGCCGCGCCCGGTGGTGACC 

AnCutA_opt      CCGCCGGAAGCAGAACGTTCATGGGAACGCCCGGCTCCGCAACCGCGCCCGGTCGTGACG 

                *********** *****    ************** ***** *********** *****  

protein          P  P  E  A  E  R  S  W  E  R  P  A  P  Q  P  R  P  V  V  T 

 

AnCutA          ACCGCGCCGCCGCCGAGCCGCGGCGGCCGCGGCGGCGGCCGCGGCGGCCGCCATAGCAAC 

AnCutA_opt      ACCGCACCGCCGCCGTCCCGTGGCGGTCGCGGCGGTGGCCGTGGTGGCCGCCATAGTAAC 

                ***** *********  *** ***** ******** ***** ** *********** *** 

protein          T  A  P  P  P  S  R  G  G  R  G  G  G  R  G  G  R  H  S  N 

 

AnCutA          CAGTATAGCCGCGGCGGCCATAGCGGCGGCCGCCGCAGCAGCAACGCGGCGAACAAAAAC 

AnCutA_opt      CAGTATTCCCGTGGTGGCCACAGTGGTGGCCGCCGTTCATCGAATGCGGCCAACAAAAAT 

                ******  *** ** ***** ** ** ********       ** ***** ********  

protein          Q  Y  S  R  G  G  H  S  G  G  R  R  S  S  N  A  A  N  K  N 
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AnCutA          CATTTTCGCCAGGCGAACAACGGCATGAGCGCGAGCGAACTGAGCCTGCAGGCGCAGCAT 

AnCutA_opt      CATTTTCGCCAGGCGAACAATGGCATGTCAGCCTCGGAACTGAGCCTGCAGGCGCAACAC 

                ******************** ******   **    ******************** **  

protein          H  F  R  Q  A  N  N  G  M  S  A  S  E  L  S  L  Q  A  Q  H 

 

AnCutA          GCGCAGTATCTGCTGCATGATCATCTGTATCAGCAGATTCAGATTCTGCAGGCGCAGGAA 

AnCutA_opt      GCCCAGTATCTGCTGCATGATCACCTGTACCAGCAAATTCAAATCCTGCAGGCACAAGAA 

                ** ******************** ***** ***** ***** ** ******** ** *** 

protein          A  Q  Y  L  L  H  D  H  L  Y  Q  Q  I  Q  I  L  Q  A  Q  E 

 

AnCutA          CAGGAACTGCGCCTGCAGCTGCAGAACCAGGCGCTGATTACCGGCCGCCCGCCGCCGGTG 

AnCutA_opt      CAGGAACTGCGTCTGCAACTGCAGAACCAAGCTCTGATTACCGGTCGTCCGCCGCCGGTT 

                *********** ***** *********** ** *********** ** ***********  

protein          Q  E  L  R  L  Q  L  Q  N  Q  A  L  I  T  G  R  P  P  P  V 

 

AnCutA          CTGATTCGCCAGCCGTTTATTCAGTTTCCGGTGCCGGCGCAGGAAACCAGCGGCGATGAT 

AnCutA_opt      CTGATTCGTCAGCCGTTTATCCAATTCCCGGTCCCGGCACAGGAAACCAGCGGTGACGAT 

                ******** *********** ** ** ***** ***** ************** ** *** 

protein          L  I  R  Q  P  F  I  Q  F  P  V  P  A  Q  E  T  S  G  D  D 

 

AnCutA          AGCAGCCGCAGCCGCAGCGGCAGCCGCAGCGGCGCGGTGAACCATCAGCCGATTAGCGTG 

AnCutA_opt      AGCTCTCGTAGCCGCTCTGGTAGTCGTTCCGGCGCGGTGAATCATCAGCCGATCAGTGTG 

                ***   ** ******   ** ** **   ************ *********** ** *** 

protein          S  S  R  S  R  S  G  S  R  S  G  A  V  N  H  Q  P  I  S  V 

 

AnCutA          CCGAGCCGCCAGAACGTGTATTATAACAGCACCTATCTGCCGGTGGCGGTGCCGGGCGGC 

AnCutA_opt      CCGTCCCGCCAAAACGTTTATTACAATTCAACCTATCTGCCGGTCGCAGTGCCGGGTGGC 

                ***  ****** ***** ***** **    ************** ** ******** *** 

protein          P  S  R  Q  N  V  Y  Y  N  S  T  Y  L  P  V  A  V  P  G  G 

  

AnCutA          CCGGGCAGCAACACCAACCCGCCGAGCCCGAGCGCGGCGGCGGCGATGCCGGATCTGCGC 

AnCutA_opt      CCGGGTTCGAACACGAATCCGCCGTCACCGTCGGCAGCTGCAGCAATGCCGGATCTGCGC 

                *****    ***** ** ******   ***   ** ** ** ** *************** 

protein          P  G  S  N  T  N  P  P  S  P  S  A  A  A  A  M  P  D  L  R 

 

AnCutA          CGCAACCCGCGCCGCAGCAGCGTGGCGAACGGCAGCCCGAACGGCAGCCTGCGCGCGCAT 

AnCutA_opt      CGTAACCCGCGCCGTAGTTCCGTGGCCAACGGTTCACCGAATGGCTCGCTGCGTGCACAT 

                ** *********** **   ****** *****    ***** ***   ***** ** *** 

protein          R  N  P  R  R  S  S  V  A  N  G  S  P  N  G  S  L  R  A  H  

 

AnCutA          AGCCAGCCGGCGCGCCCGGTGAACAGCCTGCCGAACTTTGCGCCGCTGTATAGCATTAGC 

AnCutA_opt      AGTCAGCCGGCACGTCCGGTTAACTCCCTGCCGAATTTTGCGCCGCTGTACAGCATTTCT 

                ** ******** ** ***** ***  ********* ************** ******    

protein          S  Q  P  A  R  P  V  N  S  L  P  N  F  A  P  L  Y  S  I  S 

 

AnCutA          CAGCCGACCGAAACCAGCCAGAGCAGCAAACAGCGCCATCCGAGCGGCGCGAGCGATGAT 

AnCutA_opt      CAACCGACGGAAACCAGCCAGTCATCGAAACAACGCCACCCGTCAGGTGCCTCGGACGAT 

                ** ***** ************      ***** ***** ***   ** **    ** *** 

protein          Q  P  T  E  T  S  Q  S  S  K  Q  R  H  P  S  G  A  S  D  D 

 

AnCutA          AGCCTGAGCGAAGAAGATGGCACCAGCATGCCGAACAGCCTGCCGAACCGCACCCTGTTT 

AnCutA_opt      AGTCTGTCCGAAGAAGATGGCACCAGCATGCCGAACTCTCTGCCGAATCGTACGCTGTTT 

                ** ***  ****************************   ******** ** ** ****** 

protein          S  L  S  E  E  D  G  T  S  M  P  N  S  L  P  N  R  T  L  F 

 

AnCutA          ATTGATGAAGCGCGCAGCAACGATTATATGACCTATTATTTTGGCGGCAGCCCGCAGCTG 

AnCutA_opt      ATCGATGAAGCGCGCAGTAACGACTATATGACCTATTACTTCGGTGGCTCCCCGCAGCTG 

                ** ************** ***** ************** ** ** ***  ********** 

protein          I  D  E  A  R  S  N  D  Y  M  T  Y  Y  F  G  G  S  P  Q  L 

 

AnCutA          CATGCGTATCATCAGAACGCGATGCTGAGCCCGATGAGCGCGAGCCTGGGCCTGGCGCTG 

AnCutA_opt      CATGCATACCACCAAAATGCTATGCTGTCTCCGATGTCAGCATCGCTGGGTCTGGCACTG 

                ***** ** ** ** ** ** ******   ******   **    ***** ***** *** 

protein          H  A  Y  H  Q  N  A  M  L  S  P  M  S  A  S  L  G  L  A  L 
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AnCutA          CCGAACGGCGGCATTGTGCCGTGGGTGGGCAACCCGCAGGAATATATGAGCGCGGCGCCG 

AnCutA_opt      CCGAACGGTGGCATTGTTCCGTGGGTCGGCAATCCGCAGGAATATATGAGTGCAGCTCCG 

                ******** ******** ******** ***** ***************** ** ** *** 

protein          P  N  G  G  I  V  P  W  V  G  N  P  Q  E  Y  M  S  A  A  P 

 

AnCutA          GGCGCGGAAAGCTATGGCCATAGCTTTGATAACGGCAGCATTACCAGCCCGAAAAGCGGC 

AnCutA_opt      GGTGCGGAAAGTTACGGCCATTCCTTTGATAATGGCAGCATCACCTCTCCGAAAAGTGGC 

                ** ******** ** ******  ********* ******** ***   ******** *** 

protein          G  A  E  S  Y  G  H  S  F  D  N  G  S  I  T  S  P  K  S  G 

 

AnCutA          CAGAGCCAGCAGCGCATGGGCAGCCGCACCGCGGCGAGCAGCGATCGCGGCGGCCCGCTG 

AnCutA_opt      CAGTCCCAGCAACGTATGGGTAGCCGTACGGCAGCAAGCTCTGATCGTGGTGGCCCGCTG 

                ***  ****** ** ***** ***** ** ** ** ***   ***** ** ********* 

protein          Q  S  Q  Q  R  M  G  S  R  T  A  A  S  S  D  R  G  G  P  L 

 

AnCutA          ATTGTGGATGGCAGCGTGCCGCCGAGCGAACAGCGCATGAGCATTCCGGCGGATCATTAT 

AnCutA_opt      ATTGTCGACGGTTCAGTGCCGCCGTCGGAACAGCGCATGAGCATCCCGGCAGATCATTAT 

                ***** ** **    *********   ***************** ***** ********* 

protein          I  V  D  G  S  V  P  P  S  E  Q  R  M  S  I  P  A  D  H  Y 

 

AnCutA          GAACATTATGGCCTGATGAGCCATTGCCCGAGCAACAGCGATGATCAGAACACCGATACC 

AnCutA_opt      GAACACTACGGCCTGATGTCTCACTGTCCGAGCAACTCTGACGATCAGAATACGGATACC 

                ***** ** *********   ** ** *********   ** ******** ** ****** 

protein          E  H  Y  G  L  M  S  H  C  P  S  N  S  D  D  Q  N  T  D  T 

 

AnCutA          CCGGCGAGCGTGAGCGATAGCTTTAGCCAGGATTTTCAGGATAGCAGCAGCGTGGAAATT 

AnCutA_opt      CCGGCCAGTGTCTCCGACTCATTTTCGCAGGATTTCCAAGACAGTTCCTCAGTGGAAATT 

                ***** ** **   ***    ***   ******** ** ** **   *   ********* 

protein          P  A  S  V  S  D  S  F  S  Q  D  F  Q  D  S  S  S  V  E  I  

 

AnCutA          GATCCGAGCCCGTTTTTTAGCCGCCAGGGCTTTGATAGCCATGCGATGGGCGGCCCGGCG 

AnCutA_opt      GATCCGAGCCCGTTTTTCTCTCGTCAGGGTTTTGATAGCCATGCAATGGGTGGCCCGGCT 

                *****************    ** ***** ************** ***** ******** 

protein          D  P  S  P  F  F  S  R  Q  G  F  D  S  H  A  M  G  G  P  A 

 

AnCutA          GATGTGTTTGTGAACGGCCATAGCGGCAAACAGAGCCTGCTGAGCAGCCGCCTGCAGGGC 

AnCutA_opt      GACGTTTTCGTCAACGGTCACAGTGGCAAACAGTCCCTGCTGTCGAGCCGCCTGCAAGGT 

                ** ** ** ** ***** ** ** *********  *******   *********** ** 

protein          D  V  F  V  N  G  H  S  G  K  Q  S  L  L  S  S  R  L  Q  G 

 

AnCutA          CTGCATCTGAGCAACGGCGAAAAAGTGGATATTGCGAGCAAAAGCGCGCAGGATAAACCG 

AnCutA_opt      CTGCATCTGTCTAATGGCGAAAAAGTGGATATTGCAAGCAAGTCTGCTCAGGACAAACCG 

                *********   ** ******************** *****    ** ***** ****** 

protein          L  H  L  S  N  G  E  K  V  D  I  A  S  K  S  A  Q  D  K  P 

 

AnCutA          AAAGCGGTGGTGCCGCATAACGATGCGGTGGAACGCGAAGCGCCGCGCGCGAAAAACCAT 

AnCutA_opt      AAGGCAGTTGTCCCGCACAACGATGCTGTGGAACGTGAAGCACCGCGCGCTAAAAATCAT 

                ** ** ** ** ***** ******** ******** ***** ******** ***** *** 

protein          K  A  V  V  P  H  N  D  A  V  E  R  E  A  P  R  A  K  N  H 

 

AnCutA          CATGCGGTGGATAAAGGCCCGAGCGCGAGCAGCTTTAGCCATGCGGCGGATAGCCATATT 

AnCutA_opt      CACGCGGTTGATAAGGGCCCGAGCGCCTCTAGTTTTTCTCATGCAGCTGACTCACACATC 

                ** ***** ***** ***********    ** ***   ***** ** **    ** ** 

protein          H  A  V  D  K  G  P  S  A  S  S  F  S  H  A  A  D  S  H  I 

 

AnCutA          GCGAGCCCGAACGGCCGCCGCCGCCATCATGGCAGCGATACCAGCGAAAAAGTGAACGGC 

AnCutA_opt      GCATCGCCGAACGGTCGCCGTCGCCATCACGGCTCAGATACCTCGGAAAAAGTTAACGGT 

                **    ******** ***** ******** ***   ******   ******** *****  

protein          A  S  P  N  G  R  R  R  H  H  G  S  D  T  S  E  K  V  N  G 

  

AnCutA          ACCGCGCATAAAGGCAAACCGCGCAACCAGACCAGCAGCACCGCGAGCAACGATCAGAAA 

AnCutA_opt      ACGGCACATAAAGGCAAGCCGCGTAATCAGACGTCCTCAACCGCAAGCAACGATCAAAAA 

                ** ** *********** ***** ** *****   *   ***** *********** *** 

protein          T  A  H  K  G  K  P  R  N  Q  T  S  S  T  A  S  N  D  Q  K 

 

 

 



6 
 

 

AnCutA          GAACGCAACGCGGGCGGCCCGCGCAAACCGAACGCGGCGGGCCTGACCCCGCAGGATAGC 

AnCutA_opt      GAACGTAATGCGGGTGGCCCGCGTAAGCCGAATGCAGCAGGTCTGACCCCGCAGGACAGC 

                ***** ** ***** ******** ** ***** ** ** ** ************** *** 

protein          E  R  N  A  G  G  P  R  K  P  N  A  A  G  L  T  P  Q  D  S 

 

AnCutA          AACCATAGCCATGCGAACAGCGGCTGGCAGACCACCAAACGCAAAAACAAAAAAAACAAC 

AnCutA_opt      AACCATTCTCACGCGAATTCAGGCTGGCAAACGACCAAGCGTAAGAACAAAAAGAACAAC 

                ******   ** *****    ******** ** ***** ** ** ******** ****** 

protein          N  H  S  H  A  N  S  G  W  Q  T  T  K  R  K  N  K  K  N  N 

 

AnCutA          AAACTGTTTAGCGATCATCGCCATGGCCTGCAGAACGGCGCGGAACCGCTGCCGATTGAT 

AnCutA_opt      AAGCTGTTCTCGGATCATCGCCACGGTCTGCAGAATGGCGCCGAACCGCTGCCGATTGAC 

                ** *****    *********** ** ******** ***** *****************  

protein          K  L  F  S  D  H  R  H  G  L  Q  N  G  A  E  P  L  P  I  D 

 

AnCutA          GAAAGCCTGCGCAAAGGCGGC 

AnCutA_opt      GAAAGCCTGCGCAAAGGTGGC 

                ***************** *** 

protein          E  S  L  R  K  G  G 

 

__________________________________________________________________________________ 

 

TtCutA          ATGGATAGCCAGCCGGCGACCGCGGAAAGCAAACATCATTATCAGAGCTATCCGTGGCCG 

TtCutA_opt      ATGGACTCGCAACCGGCAACCGCAGAATCAAAGCATCACTACCAATCATATCCGTGGCCG 

                *****    ** ***** ***** ***   ** ***** ** **    ************ 

protein          M  D  S  Q  P  A  T  A  E  S  K  H  H  Y  Q  S  Y  P  W  P 

 

TtCutA          GGCGCGCCGAGCGCGGGCACCACCAGCCGCGTGAAACCGGCGCCGGTGCCGGAAAGCAGC 

TtCutA_opt      GGCGCTCCGTCAGCAGGCACCACCAGCCGCGTGAAACCGGCACCGGTTCCGGAAAGCTCT 

                ***** ***   ** ************************** ***** *********    

protein          G  A  P  S  A  G  T  T  S  R  V  K  P  A  P  V  P  E  S  S 

 

TtCutA          CCGGGCTATTTTCCGGCGCAGCTGGATCTGCTGCCGATTCTGTTTCCGCAGCAGCTGTAT 

TtCutA_opt      CCGGGTTATTTCCCGGCCCAGCTGGATCTGCTGCCGATTCTGTTTCCGCAGCAACTGTAT 

                ***** ***** ***** *********************************** ****** 

protein          P  G  Y  F  P  A  Q  L  D  L  L  P  I  L  F  P  Q  Q  L  Y 

 

TtCutA          CAGGATAAACTGCTGCAGTATAACAAACTGGTGAGCGCGGGCCGCGGCGGCGGCGGCGGC 

TtCutA_opt      CAAGACAAGCTGCTGCAGTACAACAAACTGGTCAGCGCAGGTCGTGGCGGTGGCGGTGGC 

                ** ** ** *********** *********** ***** ** ** ***** ***** *** 

protein          Q  D  K  L  L  Q  Y  N  K  L  V  S  A  G  R  G  G  G  G  G  

 

TtCutA          CTGCAGACCCCGCCGCATCCGCCGGTGCTGAGCAGCCCGCAGAGCAAAAGCAGCACCCGC 

TtCutA_opt      CTGCAGACGCCGCCGCACCCGCCGGTTCTGAGTTCCCCGCAGAGTAAATCATCGACCCGC 

                ******** ******** ******** *****   ********* ***      ****** 

protein          L  Q  T  P  P  H  P  P  V  L  S  S  P  Q  S  K  S  S  T  R 

 

TtCutA          AGCCGCAGCAGCAGCAAAGTGAGCAACAAAGATAACAGCGCGCAGGCGAAAAGCGCGCCG 

TtCutA_opt      TCCCGTAGCTCTAGTAAGGTGTCTAACAAAGATAATTCCGCCCAAGCAAAAAGCGCGCCG 

                  *** ***   ** ** ***   ***********   *** ** ** ************ 

protein          S  R  S  S  S  K  V  S  N  K  D  N  S  A  Q  A  K  S  A  P 

 

TtCutA          CAGAGCTGCCATGGCAACAAACCGGCGAAAAACAGCGAACCGGCGGAACGCGCGCTGATG 

TtCutA_opt      CAGTCTTGCCATGGTAACAAGCCGGCCAAAAATTCAGAACCGGCAGAACGCGCTCTGATG 

                ***   ******** ***** ***** *****    ******** ******** ****** 

protein          Q  S  C  H  G  N  K  P  A  K  N  S  E  P  A  E  R  A  L  M 

 

TtCutA          AAAAGCGGCAAAGAACCGAGCAGCAAAATGAGCGCGAAAAAACCGAGCGAACAGGCGGTG 

TtCutA_opt      AAGTCGGGCAAAGAACCGTCCTCAAAAATGTCAGCAAAAAAGCCGTCGGAACAGGCTGTC 

                **    ************  *   ******   ** ***** ***   ******** **  

protein          K  S  G  K  E  P  S  S  K  M  S  A  K  K  P  S  E  Q  A  V 
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TtCutA          GATGGCGATGCGGCGGTGCGCCAGCCGCCGGCGAGCCGCCAGGGCGCGCCGGCGACCGCG 

TtCutA_opt      GATGGTGACGCGGCCGTGCGTCAACCGCCGGCATCACGTCAGGGTGCTCCGGCAACCGCC 

                ***** ** ***** ***** ** ********    ** ***** ** ***** *****  

protein          D  G  D  A  A  V  R  Q  P  P  A  S  R  Q  G  A  P  A  T  A 

  

TtCutA          ACCCAGAGCAGCAGCGTGCCGAGCACCCCGCATCAGCATCCGCGCAAATTTAGCTTTGAA 

TtCutA_opt      ACGCAATCGAGCTCTGTTCCGTCGACCCCGCATCAGCACCCGCGCAAATTTTCCTTCGAA 

                ** **    ***   ** ***   ************** ************  *** *** 

protein          T  Q  S  S  S  V  P  S  T  P  H  Q  H  P  R  K  F  S  F  E 

 

TtCutA          AGCCGCGAACAGAGCCCGGGCGCGGCGCAGAACCATAGCCCGCGCAGCGCGTATAGCGAA 

TtCutA_opt      TCACGTGAACAAAGTCCGGGTGCAGCTCAGAACCATTCGCCGCGCAGCGCCTATTCTGAA 

                   ** ***** ** ***** ** ** *********   *********** ***   *** 

protein          S  R  E  Q  S  P  G  A  A  Q  N  H  S  P  R  S  A  Y  S  E 

 

TtCutA          ACCAACGGCAACGTGCCGAGCCTGCGCCCGCTGCCGCCGCGCCTGGGCGGCTGCCGCTTT 

TtCutA_opt      ACCAACGGTAATGTGCCGAGCCTGCGTCCGCTGCCGCCGCGTCTGGGTGGCTGTCGCTTC 

                ******** ** ************** ************** ***** ***** *****  

protein          T  N  G  N  V  P  S  L  R  P  L  P  P  R  L  G  G  C  R  F 

 

TtCutA          GAAACCGCGATTCCGTTTAGCCGCCGCCGCATGCCGTATAGCCTGGGCACCGATAAACTG 

TtCutA_opt      GAAACGGCAATTCCGTTTAGCCGTCGCCGTATGCCGTACTCTCTGGGCACCGATAAGCTG 

                ***** ** ************** ***** ********    ************** *** 

protein          E  T  A  I  P  F  S  R  R  R  M  P  Y  S  L  G  T  D  K  L 

 

TtCutA          GAAAAAGTGGATCCGGATAAAATTAAAAGCAAACTGAGCGAAGATGTGGAACGCAAACTG 

TtCutA_opt      GAAAAAGTGGATCCGGACAAAATCAAGAGTAAACTGTCCGAAGACGTTGAACGTAAACTG 

                ***************** ***** ** ** ******  ****** ** ***** ****** 

protein          E  K  V  D  P  D  K  I  K  S  K  L  S  E  D  V  E  R  K  L 

 

TtCutA          GAAACCGATATGCGCGAACTGTATGATCGCCTGCTGCCGACCGAAGCGATTGAAGTGAAC 

TtCutA_opt      GAAACGGATATGCGTGAACTGTATGACCGCCTGCTGCCGACCGAAGCGATTGAAGTTAAC 

                ***** ******** *********** ***************************** *** 

protein          E  T  D  M  R  E  L  Y  D  R  L  L  P  T  E  A  I  E  V  N 

   

TtCutA          CGCCGCGAACTGGTGAGCAAACTGGAACGCCTGTTTAACACCGAATGGCCGGGCCATGAT 

TtCutA_opt      CGCCGTGAACTGGTCAGCAAACTGGAACGCCTGTTCAATACCGAATGGCCGGGTCATGAT 

                ***** ******** ******************** ** ************** ****** 

protein          R  R  E  L  V  S  K  L  E  R  L  F  N  T  E  W  P  G  H  D 

 

TtCutA          ATTCGCGTGCATCTGTTTGGCAGCAGCGGCAACCTGCTGTGCAGCGATGATAGCGATGTG 

TtCutA_opt      ATCCGTGTTCACCTGTTTGGTAGTTCCGGCAATCTGCTGTGCTCAGATGACTCGGATGTT 

                ** ** ** ** ******** **   ****** *********   *****    *****  

protein          I  R  V  H  L  F  G  S  S  G  N  L  L  C  S  D  D  S  D  V 

 

TtCutA          GATATTTGCATTACCACCCCGTGGCGCGAACTGGAAAGCGTGTGCATGATTGCGGAACTG 

TtCutA_opt      GACATTTGTATCACCACGCCGTGGCGCGAACTGGAAAGCGTCTGCATGATTGCAGAACTG 

                ** ***** ** ***** *********************** *********** ****** 

protein          D  I  C  I  T  T  P  W  R  E  L  E  S  V  C  M  I  A  E  L 

 

TtCutA          CTGGATCGCCATGGCATGGAAAAAGTGGTGTGCGTGAGCAGCGCGAAAGTGCCGATTGTG 

TtCutA_opt      CTGGATCGTCATGGCATGGAAAAGGTGGTTTGTGTGTCATCGGCGAAGGTGCCGATTGTT 

                ******** ************** ***** ** ***      ***** ***********  

protein          L  D  R  H  G  M  E  K  V  V  C  V  S  S  A  K  V  P  I  V 

 

TtCutA          AAAATTTGGGATCCGGAACTGAAACTGGCGTGCGATATGAACGTGAACAACACCCTGGCG 

TtCutA_opt      AAAATCTGGGATCCGGAACTGAAACTGGCATGCGACATGAACGTTAACAATACCCTGGCT 

                ***** *********************** ***** ******** ***** ********  

protein          K  I  W  D  P  E  L  K  L  A  C  D  M  N  V  N  N  T  L  A 

 

TtCutA          CTGGAAAACACCCGCATGGTGCGCACCTATGTGAGCATTGATGATCGCGTGCGCCCGCTG 

TtCutA_opt      CTGGAAAATACCCGCATGGTCCGTACGTATGTGAGCATTGATGACCGCGTGCGTCCGCTG 

                ******** *********** ** ** ***************** ******** ****** 

protein          L  E  N  T  R  M  V  R  T  Y  V  S  I  D  D  R  V  R  P  L 
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TtCutA          GCGATGATTATTAAATATTGGACCCGCCGCCGCGTGGTGAACGATGCGGCGTTTGGCGGC 

TtCutA_opt      GCGATGATTATCAAATACTGGACCCGCCGTCGCGTCGTGAACGATGCAGCCTTCGGTGGC 

                *********** ***** *********** ***** *********** ** ** ** *** 

protein          A  M  I  I  K  Y  W  T  R  R  R  V  V  N  D  A  A  F  G  G 

 

TtCutA          ACCCTGAGCAGCTATACCTGGATTTGCATGATTATTGCGTTTCTGCAGCTGCGCGATCCG 

TtCutA_opt      ACCCTGAGCTCTTACACGTGGATCTGTATGATTATCGCATTTCTGCAGCTGCGTGATCCG 

                *********   ** ** ***** ** ******** ** ************** ****** 

protein          T  L  S  S  Y  T  W  I  C  M  I  I  A  F  L  Q  L  R  D  P       

 

TtCutA          CCGGTGCTGCCGGCGCTGCATCAGCAGCATGATCTGAAACTGGTGAAACAGGATGGCGCG 

TtCutA_opt      CCGGTCCTGCCGGCTCTGCATCAGCAACACGACCTGAAGCTGGTGAAACAGGATGGTGCG 

                ***** ******** *********** ** ** ***** ***************** *** 

protein          P  V  L  P  A  L  H  Q  Q  H  D  L  K  L  V  K  Q  D  G  A 

 

TtCutA          CTGAGCGATTTTGCGGATGATATTCCGAAACTGCGCGGCTTTGGCGCGAAAAACAAAGAT 

TtCutA_opt      CTGTCTGACTTCGCCGATGACATTCCGAAACTGCGTGGTTTTGGCGCGAAGAATAAAGAT 

                ***   ** ** ** ***** ************** ** *********** ** ****** 

protein          L  S  D  F  A  D  D  I  P  K  L  R  G  F  G  A  K  N  K  D 

 

TtCutA          AGCCTGGCGGTGCTGCTGTTTCAGTTTTTTCGCTTTTATGCGCATGAATTTGATTATGAT 

TtCutA_opt      AGTCTGGCCGTGCTGCTGTTTCAGTTTTTCCGCTTCTATGCACACGAATTTGATTATGAC 

                ** ***** ******************** ***** ***** ** **************  

protein          S  L  A  V  L  L  F  Q  F  F  R  F  Y  A  H  E  F  D  Y  D 

 

TtCutA          AAATATACCCTGAGCATTCGCATGGGCACCCTGCTGACCAAAGCGGAAAAAAACTGGCAG 

TtCutA_opt      AAATACACCCTGAGCATCCGTATGGGCACCCTGCTGACGAAGGCAGAAAAGAACTGGCAG 

                ***** *********** ** ***************** ** ** ***** ********* 

protein          K  Y  T  L  S  I  R  M  G  T  L  L  T  K  A  E  K  N  W  Q 

 

TtCutA          TATCTGGTGAACAACGCGCTGTGCGTGGAAGAACCGTTTAACGATGGCCGCAACCTGGGC 

TtCutA_opt      TACCTGGTGAACAATGCTCTGTGCGTTGAAGAACCGTTTAATGATGGTCGCAACCTGGGC 

                ** *********** ** ******** ************** ***** ************ 

protein          Y  L  V  N  N  A  L  C  V  E  E  P  F  N  D  G  R  N  L  G 

 

TtCutA          AACACCGCGGATGAAACCAGCTTTCGCGGCCTGCATATGGAACTGCGCCGCGCGTTTGAT 

TtCutA_opt      AATACCGCCGACGAAACGAGCTTCCGTGGTCTGCATATGGAACTGCGTCGCGCATTTGAT 

                ** ***** ** ***** ***** ** ** ***************** ***** ****** 

protein          N  T  A  D  E  T  S  F  R  G  L  H  M  E  L  R  R  A  F  D  

 

TtCutA          CTGATTGCGGAAGGCAAACTGGAAGAATGCTGCGAACAGTATGTGTTTCCGAAAGAAGAA 

TtCutA_opt      CTGATTGCTGAAGGCAAACTGGAAGAATGCTGTGAACAGTATGTGTTTCCGAAAGAAGAA 

                ******** *********************** *************************** 

protein          L  I  A  E  G  K  L  E  E  C  C  E  Q  Y  V  F  P  K  E  E 

 

TtCutA          GAACGCGTGTGGCAGAAACCGCCGCCGGCGCCGCGCCCGATTCTGCTGCGCAGCAGCAGC 

TtCutA_opt      GAACGCGTTTGGCAGAAACCGCCGCCGGCACCGCGTCCGATCCTGCTGCGCAGTTCCTCA 

                ******** ******************** ***** ***** ***********   *    

protein          E  R  V  W  Q  K  P  P  P  A  P  R  P  I  L  L  R  S  S  S 

 

TtCutA          CAGCAGCATGGCAACAGCGGCAACCGCCTGCGCGGCGGCGGCTTTCGCGGCAACCGCCAG 

TtCutA_opt      CAGCAACACGGTAACAGCGGCAATCGCCTGCGTGGTGGCGGTTTCCGCGGTAACCGTCAG 

                ***** ** ** *********** ******** ** ***** ** ***** ***** *** 

protein          Q  Q  H  G  N  S  G  N  R  L  R  G  G  G  F  R  G  N  R  Q 

 

TtCutA          TTTCATCGCAACGGCGGCGCGGGCCGCCGCAGCAGCAGCAGCGTGACCTATGATCCGAAC 

TtCutA_opt      TTTCATCGTAATGGCGGTGCAGGTCGTCGCTCGAGCTCTAGTGTCACGTATGATCCGAAC 

                ******** ** ***** ** ** ** ***   ***   ** ** ** ************ 

protein          F  H  R  N  G  G  A  G  R  R  S  S  S  S  V  T  Y  D  P  N  

 

TtCutA          AGCGTGTATAGCCAGGCGGGCATGCCGCCGACCATGAGCCCGCAGGATCTGCTGTGGTAT 

TtCutA_opt      AGCGTGTACTCTCAAGCCGGTATGCCGCCGACCATGAGCCCGCAGGATCTGCTGTGGTAT 

                ********    ** ** ** *************************************** 

protein          S  V  Y  S  Q  A  G  M  P  P  T  M  S  P  Q  D  L  L  W  Y 
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TtCutA          CAGGCGCAGAGCCCGCAGCTGAGCGTGCCGCAGGAAATTCTGACCACCAGCCTGAACGCG 

TtCutA_opt      CAAGCTCAGAGTCCGCAACTGTCCGTGCCGCAGGAAATTCTGACCACGTCACTGAACGCG 

                ** ** ***** ***** ***  ************************    ********* 

protein          Q  A  Q  S  P  Q  L  S  V  P  Q  E  I  L  T  T  S  L  N  A 

 

TtCutA          CTGGCGGCGCAGGAAAGCATGCGCTTTCAGCTGTATACCCAGCTGAACCAGCAGCAGGTG 

TtCutA_opt      CTGGCAGCTCAGGAATCGATGCGCTTTCAACTGTACACCCAGCTGAATCAGCAACAGGTT 

                ***** ** ******   *********** ***** *********** ***** *****  

protein          L  A  A  Q  E  S  M  R  F  Q  L  Y  T  Q  L  N  Q  Q  Q  V 

 

TtCutA          CTGGCGCATGCGCAGCGCGTGCAGCAGGGCGCGAGCACCACCGATCGCAGCCGCACCAAC 

TtCutA_opt      CTGGCACACGCTCAGCGTGTCCAACAGGGCGCCAGCACCACGGATCGCTCACGTACGAAC 

                ***** ** ** ***** ** ** ******** ******** ******   ** ** *** 

protein          L  A  H  A  Q  R  V  Q  Q  G  A  S  T  T  D  R  S  R  T  N 

 

TtCutA          AGCCTGGATAACCCGCCGCTGACCGCGCCGGTGCGCCCGGAACTGATGTATGGCATTGGC 

TtCutA_opt      TCGCTGGACAATCCGCCGCTGACCGCACCGGTTCGTCCGGAACTGATGTACGGTATTGGC 

                   ***** ** ************** ***** ** ************** ** ****** 

protein          S  L  D  N  P  P  L  T  A  P  V  R  P  E  L  M  Y  G  I  G 

 

TtCutA          TTTCCGATTCAGCATGCGCCGTATTTTCATCCGGGCTTTACCACCTATCCGAGCAGCCCG 

TtCutA_opt      TTCCCGATCCAGCATGCGCCGTATTTTCACCCGGGTTTCACCACGTACCCGTCCTCACCG 

                ** ***** ******************** ***** ** ***** ** ***  *   *** 

protein          F  P  I  Q  H  A  P  Y  F  H  P  G  F  T  T  Y  P  S  S  P 

 

TtCutA          GCGACCGCGGCGCCGCCGAGCAACGGCCAGCCGGAATTTCGCCGCAGCCTGCATCGCACC 

TtCutA_opt      GCAACCGCAGCACCGCCGAGCAACGGCCAGCCGGAATTTCGTCGCTCTCTGCATCGTACC 

                ** ***** ** ***************************** ***   ******** *** 

protein          A  T  A  A  P  P  S  N  G  Q  P  E  F  R  R  S  L  H  R  T  

 

TtCutA          GCGGCGGCGAGCGATAGCGGCGTGAGCCCGGGCAGCGGCGCGCTGCGCAGCCAGAGCCAG 

TtCutA_opt      GCAGCTGCGTCAGATTCGGGTGTGAGTCCGGGTTCCGGTGCACTGCGTAGCCAATCTCAG 

                ** ** ***   ***   ** ***** *****   *** ** ***** *****    *** 

protein          A  A  A  S  D  S  G  V  S  P  G  S  G  A  L  R  S  Q  S  Q 

 

TtCutA          CCGGCGAGCCGCACCACCCTGCCGCCGCATAGCATGGCGGTGTATAGCACCAGCAGCCAG 

TtCutA_opt      CCGGCTTCTCGTACCACGCTGCCGCCGCATAGCATGGCGGTTTATTCTACCTCGAGCCAG 

                *****    ** ***** *********************** ***   ***   ****** 

protein          P  A  S  R  T  T  L  P  P  H  S  M  A  V  Y  S  T  S  S  Q 

 

TtCutA          AGCCATACCGGCATTGGCGCGAGCCAGAGCCGCCAGGTGCATGATGTGGCGGTGCCGAGC 

TtCutA_opt      AGTCACACGGGTATCGGCGCGAGTCAATCCCGCCAGGTGCATGATGTTGCCGTCCCGAGC 

                ** ** ** ** ** ******** **   ****************** ** ** ****** 

protein          S  H  T  G  I  G  A  S  Q  S  R  Q  V  H  D  V  A  V  P  S 

 

TtCutA          TTTATGCCGGATGAACGCGGCGATCTGGGCTTTGATGATGTGCCGACCAAACCGATTAGC 

TtCutA_opt      TTCATGCCGGATGAACGTGGTGACCTGGGCTTTGATGACGTTCCGACCAAACCGATTTCA 

                ** ************** ** ** ************** ** ***************    

protein          F  M  P  D  E  R  G  D  L  G  F  D  D  V  P  T  K  P  I  S 

 

TtCutA          GATAGCCCGCCGGAAAACGATGGCCCGCGCTTTATTGGCTATTATGTGAACGGCCATAGC 

TtCutA_opt      GATTCGCCGCCGGAAAATGACGGTCCGCGCTTCATCGGCTATTACGTGAACGGTCACAGC 

                ***   *********** ** ** ******** ** ******** ******** ** *** 

protein          D  S  P  P  E  N  D  G  P  R  F  I  G  Y  Y  V  N  G  H  S 

 

TtCutA          GGCAGCAGCCGCCCGGCGAACGGCTTTCCGAGCGTGGGCGTGGCGAGCGCGGAAAGCAGC 

TtCutA_opt      GGCTCTAGTCGTCCGGCCAATGGTTTTCCGTCCGTGGGCGTTGCGTCAGCCGAATCCTCA 

                ***   ** ** ***** ** ** ******  ********* ***   ** ***  *    

protein          G  S  S  R  P  A  N  G  F  P  S  V  G  V  A  S  A  E  S  S 

 

TtCutA          CAGAGCGGCCAGGGCGGCGGCCGCCGCCGCCTGAGCACCGATCAGCTGCCGCAGAGCGTG 

TtCutA_opt      CAATCTGGTCAGGGCGGTGGCCGTCGCCGTCTGAGTACGGATCAACTGCCGCAGTCCGTG 

                **    ** ******** ***** ***** ***** ** ***** *********  **** 

protein          Q  S  G  Q  G  G  G  R  R  R  L  S  T  D  Q  L  P  Q  S  V 
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TtCutA          CTGGATCGCCGCATGAAACGCACCAGCCGCAGCCCGAGCCCGATGGGCCATGCGCGCGCG 

TtCutA_opt      CTGGACCGCCGTATGAAACGCACCAGCCGTTCTCCGAGTCCGATGGGTCATGCACGTGCT 

                ***** ***** *****************    ***** ******** ***** ** **  

protein          L  D  R  R  M  K  R  T  S  R  S  P  S  P  M  G  H  A  R  A 

 

TtCutA          CTGAGCGTGGGCGTGAACAGCGCGCCGCTGCTGAGCGCGCCGTTTGCGCAGAGCAACGGC 

TtCutA_opt      CTGTCGGTCGGCGTGAACAGCGCACCGCTGCTGTCTGCACCGTTTGCACAGTCAAACGGC 

                ***   ** ************** *********   ** ******** ***   ****** 

protein          L  S  V  G  V  N  S  A  P  L  L  S  A  P  F  A  Q  S  N  G 

 

TtCutA          AAACTGCCGAGCAAACCGCTGGTGGTGAACGGCACCGCGCCGAAAACCGCGAGCACCCCG 

TtCutA_opt      AAGCTGCCGTCGAAACCGCTGGTTGTCAATGGTACCGCACCGAAAACCGCAAGCACGCCG 

                ** ******   *********** ** ** ** ***** *********** ***** *** 

protein          K  L  P  S  K  P  L  V  V  N  G  T  A  P  K  T  A  S  T  P 

 

TtCutA          GGCAGCGGCCGCCCGACCGTGGTGACCGAAAGCCTGGTGAGCGATGATAGCCTGCATGAT 

TtCutA_opt      GGTTCTGGTCGTCCGACCGTGGTTACGGAATCACTGGTGTCGGATGACAGCCTGCATGAT 

                **    ** ** *********** ** ***   ******   ***** ************ 

protein          G  S  G  R  P  T  V  V  T  E  S  L  V  S  D  D  S  L  H  D 

 

TtCutA          AACGCGCTGCATATTCATCAGGGCGTGAGCCCGAGCAGCAGCTGGCCGGAACAGCAGCCG 

TtCutA_opt      AATGCCCTGCATATTCACCAGGGTGTTTCCCCGTCGAGCTCTTGGCCGGAACAACAGCCG 

                ** ** *********** ***** **   ****   ***   *********** ****** 

protein          N  A  L  H  I  H  Q  G  V  S  P  S  S  S  W  P  E  Q  Q  P 

 

TtCutA          ACCCCGCCGAGCAGCGCGGCGGAAAGCGTGGCGACCCGCGTGCCGGAACGCCCGGTGATT 

TtCutA_opt      ACGCCGCCGAGTTCCGCAGCAGAAAGCGTGGCAACCCGTGTCCCGGAACGTCCGGTTATC 

                ** ********   *** ** *********** ***** ** ******** ***** **  

protein          T  P  P  S  S  A  A  E  S  V  A  T  R  V  P  E  R  P  V  I 

 

TtCutA          GTGAACGGCAGCAGCACCAACCGCAGCCCGAGCGCGACCGTGCCGAACCTGCTGGATACC 

TtCutA_opt      GTCAACGGCTCATCGACCAATCGCTCCCCGTCAGCCACGGTTCCGAACCTGCTGGATACC 

                ** ******      ***** ***  ****   ** ** ** ****************** 

protein          V  N  G  S  S  T  N  R  S  P  S  A  T  V  P  N  L  L  D  T 

 

TtCutA          AGCTTTCAGCAGCGCGTGGCGATGGGCGCGGGCCTGCATCTGCCGTATAGCGCGGTGGTG 

TtCutA_opt      AGCTTCCAACAGCGTGTCGCAATGGGTGCTGGCCTGCACCTGCCGTATAGTGCGGTCGTG 

                ***** ** ***** ** ** ***** ** ******** *********** ***** *** 

protein          S  F  Q  Q  R  V  A  M  G  A  G  L  H  L  P  Y  S  A  V  V 

 

TtCutA          GGCGATCCGAACGGCCTGGCGGGCTTTAGCCGCGCGCATACCCGCCAGCAGCTGGCGCCG 

TtCutA_opt      GGTGATCCGAATGGTCTGGCGGGCTTTTCCCGCGCCCATACGCGTCAACAGCTGGCACCG 

                ** ******** ** ************  ****** ***** ** ** ******** *** 

protein          G  D  P  N  G  L  A  G  F  S  R  A  H  T  R  Q  Q  L  A  P 

 

TtCutA          CTGGATCTGGCGACCGGCGATTATGCGGCGCATCAGGATCTGCCGCATCTGAGCCCGGTG 

TtCutA_opt      CTGGATCTGGCTACCGGCGACTATGCTGCGCATCAGGATCTGCCGCACCTGAGTCCGGTC 

                *********** ******** ***** ******************** ***** *****  

protein          L  D  L  A  T  G  D  Y  A  A  H  Q  D  L  P  H  L  S  P  V 

 

TtCutA          TATGAACATCGCACCCCGAGCCCGACCGTGCCGCGCAAATTTGAACCGAGCCCGATTAGC 

TtCutA_opt      TACGAACACCGTACCCCGTCCCCGACGGTGCCGCGTAAGTTTGAACCGTCTCCGATTAGT 

                ** ***** ** ******  ****** ******** ** *********   ********  

protein          Y  E  H  R  T  P  S  P  T  V  P  R  K  F  E  P  S  P  I  S 

 

TtCutA          CAGCTGAGCGGCGCGGGCGCGAAAGATTTTCGCAGCGATTTTAGCCCGAAAGCGACCCAG 

TtCutA_opt      CAGCTGTCCGGTGCGGGCGCCAAAGATTTTCGCTCAGACTTCTCGCCGAAGGCAACCCAG 

                ******  *** ******** ************   ** **    ***** ** ****** 

protein          Q  L  S  G  A  G  A  K  D  F  R  S  D  F  S  P  K  A  T  Q 

 

TtCutA          AAAGCGCCGAGCAGCCGCAGCCCGAACGGCGGCGCGCCGACCCGCCAGCAGGATAGCGCG 

TtCutA_opt      AAAGCTCCGAGCTCTCGTAGCCCGAATGGTGGCGCACCGACGCGTCAACAGGATTCTGCA 

                ***** ******   ** ******** ** ***** ***** ** ** ******   **  

protein          K  A  P  S  S  R  S  P  N  G  G  A  P  T  R  Q  Q  D  S  A 
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TtCutA          ACCAGCCGCAGCCCGGCGCAGGATCAGCGCATTAACGGCCTGGCGCGCGAAAACGGCCAT 

TtCutA_opt      ACCTCGCGTAGCCCGGCACAAGACCAGCGTATCAACGGTCTGGCGCGCGAAAATGGCCAT 

                ***   ** ******** ** ** ***** ** ***** ************** ****** 

protein          T  S  R  S  P  A  Q  D  Q  R  I  N  G  L  A  R  E  N  G  H 

 

TtCutA          GTGCGCGCGGCGAAAAGCCAGACCGAAAGCTTTAGCGGCTGGCAGAAAACCAAAACCCGC 

TtCutA_opt      GTGCGTGCCGCAAAAAGTCAAACCGAATCTTTCAGTGGTTGGCAGAAGACCAAAACGCGC 

                ***** ** ** ***** ** ******   ** ** ** ******** ******** *** 

protein          V  R  A  A  K  S  Q  T  E  S  F  S  G  W  Q  K  T  K  T  R 

 

TtCutA          AAAAAAGGCGGCGCGGCGGCGGCGGAACTGAAACAGAGCAGCGCGGCGAACGGCTTTCCG 

TtCutA_opt      AAAAAGGGTGGCGCTGCAGCAGCAGAACTGAAACAAAGTTCCGCTGCGAACGGCTTTCCG 

                ***** ** ***** ** ** ** *********** **   *** *************** 

protein          K  K  G  G  A  A  A  A  E  L  K  Q  S  S  A  A  N  G  F  P  

 

TtCutA          CAGAGCGAACCGCCGCCGAAAAACGAAGCGGATCGCAAAGGCGGC 

TtCutA_opt      CAGAGCGAACCGCCGCCGAAGAATGAAGCGGATCGTAAAGGTGGC 

                ******************** ** *********** ***** *** 

protein          Q  S  E  P  P  P  K  N  E  A  D  R  K  G  G 

 

SUPPLEMENTAL FIGURE 1. Alignments of the native (AnCutA/TtCutA) and recoded 
(AnCutA_opt/TtCutA_opt) open reading frames corresponding to AnCutA and TtCutA proteins. 
Nucleotides unchanged during recoding are marked with asterisks. Amino acid sequences of the 
proteins are shown in bold.  
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SUPPLEMENTAL TABLES 

SUPPLEMENTAL TABLE 1. Frequency of nucleotide incorporation into the tails synthesized by full-

length wild-type AnCutA and TtCutA depending on the identity of 1 or 2 preceding nucleotides at 

the primer’s end. Higher and lower frequencies, as compared to the average values (marked in grey), 

which are discussed in the main text, are indicated with green and red colors, respectively. 

Primer’s 

end 

AnCutA TtCutA 

ss22-A4 ss22-U4 ss22-A4 ss22-U4 

A G C U A G C U A G C U A G C U 

Average frequency of nucleotide incorporation [%] 

* 30.9 0.5 52.8 15.9 20.2 1.0 65.7 13.1 48.3 0.5 43.5 7.6 36.7 1.1 56.3 5.9 

Frequency of nucleotide incorporation depending on 1 preceding nucleotide 

*A 42.2 0.3 47.0 10.5 28.0 0.6 63.0 8.4 58.5 0.4 36.1 4.9 45.9 0.7 50.1 3.3 

*G 28.0 4.0 50.3 17.7 18.6 1.5 68.3 11.6 39.4 2.2 45.8 12.5 30.9 2.8 59.8 6.5 

*C 25.1 0.6 52.5 21.8 22.6 1.4 55.7 20.3 39.5 0.7 48.6 11.3 33.7 1.3 56.9 8.0 

*U 14.6 0.4 76.6 8.4 11.1 0.7 80.8 7.4 18.4 0.5 76.0 5.1 19.2 0.9 75.4 4.5 

Frequency of nucleotide incorporation depending on 2 preceding nucleotides 

*AA 48.9 0.3 39.4 11.5 31.3 0.4 61.8 6.5 60.4 0.4 33.9 5.3 47.9 0.7 48.5 2.9 

*AG 28.7 2.9 53.4 15.1 15.7 3.1 73.1 8.1 42.5 1.4 43.8 12.2 30.7 2.7 59.7 6.9 

*AC 25.9 0.3 56.0 17.8 18.6 0.6 65.5 15.4 39.2 0.5 50.9 9.4 29.9 0.9 62.6 6.6 

*AU 20.3 0.2 71.5 7.9 11.4 0.3 83.9 4.4 21.2 0.4 73.7 4.7 19.2 0.8 76.6 3.4 

*GA 26.5 2.4 62.7 8.4 18.1 2.0 72.7 7.2 55.2 1.5 36.8 6.5 53.4 0.9 42.4 3.4 

*GG 19.2 32.7 9.6 38.5 34.9 14.0 41.9 9.3 23.2 27.0 29.5 20.4 27.2 6.6 57.9 8.3 

*GC 24.5 0.8 48.4 26.3 20.6 1.6 56.4 21.4 37.7 1.5 47.8 13.0 41.0 1.5 52.9 4.6 

*GU 14.7 6.1 63.2 16.0 15.8 3.7 66.6 13.9 20.5 3.7 68.3 7.4 24.2 3.0 67.1 5.7 

*CA 32.1 0.3 59.6 8.1 28.8 0.7 61.5 9.0 53.2 0.4 42.4 4.1 44.0 0.8 51.8 3.4 

*CG 26.7 1.4 55.6 16.3 24.2 1.1 62.7 12.0 37.2 1.3 49.7 11.8 31.6 2.6 60.2 5.6 

*CC 25.1 0.6 49.5 24.8 17.7 1.5 53.7 27.0 39.1 0.7 47.7 12.4 29.2 1.6 60.4 8.7 

*CU 12.1 0.4 79.4 8.1 10.5 0.7 81.3 7.5 16.7 0.4 77.7 5.2 18.9 0.9 75.4 4.8 

*UA 31.4 0.4 58.2 10.0 23.6 0.6 67.5 8.3 51.6 0.4 42.7 5.3 47.6 0.7 47.5 4.2 

*UG 25.6 11.0 43.9 19.5 15.0 1.9 68.4 14.8 33.0 7.3 43.2 16.5 31.1 3.4 58.3 7.2 

*UC 22.9 0.9 55.1 21.2 22.9 1.8 53.9 21.5 40.6 0.9 44.8 13.7 44.1 1.5 42.9 11.5 

*UU 13.9 0.8 76.6 8.8 11.7 1.0 78.4 8.9 17.8 0.9 75.2 6.1 17.2 1.0 77.3 4.5 
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SUPPLEMENTAL TABLE 2. Plasmids used in this study. 

Plasmid Source or genotype 

pET28M N-6xHis-SUMOTag (Lebreton et al, 2008; Malakhov et al, 2004) 

pET28 C-6xHisTag pET-28b(+) from Novagen  

pUC57-AnCutA this study; recoded AnCutA ORF synthesized by Genscript 

pUC57-TtCutA this study; recoded TtCutA ORF synthesized by Genscript 

pCC1 [pET28 C-6xHisTag] AnCutAWT, full-length  

pCC2  [pET28 C-6xHisTag] AnCutAD203A/D205A (DADA), full-length  

pCC3  [pET28M N-6xHis-SUMOTag] AnCutA_trWT  

pCC4 [pET28 C-6xHisTag] TtCutAWT, full-length   

pCC5 [pET28M N-6xHis-SUMOTag] TtCutA_tr1WT 

pCC6 [pET28 C-6xHisTag] TtCutA_tr2WT 

pCC7 [pET28 C-6xHisTag] TtCutA_tr3WT 

pCC8 [pET28 C-6xHisTag] TtCutA_tr3R557A (PAP1) 

pCC9 [pET28 C-6xHisTag] TtCutA_tr3R557Q PAP2 (PAP2) 

pCC10 [pET28 C-6xHisTag] TtCutA_tr3E551D/N554E/R557A (PAP3)  

pCC11 [pET28 C-6xHisTag] TtCutA_tr3E551T/R557A/L559S (PAP4) 

pCC12 [pET28 C-6xHisTag] TtCutA_tr3R557N/N561R (PAP5) 

pCC13 [pET28 C-6xHisTag] TtCutA_tr3 E551D/R557N/N561R (PAP6) 

pCC14 [pET28 C-6xHisTag] TtCutA_tr3R557H (PUP1) 

pCC15 [pET28 C-6xHisTag] TtCutA_tr3E551D/R557H (PUP2) 

pCC16 [pET28 C-6xHisTag] TtCutA_tr3E551D/N554E/R557H (PUP3) 

pCC17 [pET28M N-6xHis-SUMOTag] Cid1WT 

pCC18 [pET28M N-6xHis-SUMOTag] Cid1D330E/E333N/H336R (PCP) 
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SUPPLEMENTAL TABLE 3. Oligonucleotides used in this study. 

Oligonucleotide Sequence (5’-3’) Purpose  

  Oligonucleotides for cloning and site-directed mutagenesis  

278F ttttgtttaactttaagaaggagatataccATGGTCACCGTCA

CCGATGG 

cloning of AnCutA WT ORF 
into pET28 C-6xHisTag 

278R atctcagtggtggtggtggtggtgctcgagGCCACCTTTGCGC

AGGCTTTC 

cloning of AnCutA WT ORF 
into pET28 C-6xHisTag 

280F ttttgtttaactttaagaaggagatataccATGGACTCGCAAC

CGGCAAC 

cloning of TtCutA WT ORF 
into pET28 C-6xHisTag 

280R atctcagtggtggtggtggtggtgctcgagGCCACCTTTACGA

TCCGCTTC 

cloning of TtCutA WT ORF 
into pET28 C-6xHisTag 

CUCUmutF CTCTGACagcgctGTGGCCATTTGCATCACCACGACCTGTAAA

GAACTGG 

site-directed mutagenesis  
(AnCutA D203A D205A) 

CUCUmutR TGCAAATGGCCACagcgctGTCAGAGCTACACAGCTTATTGCC

CGATGAACC 

site-directed mutagenesis  
(AnCutA D203A D205A) 

278sumoF gaagtctaccaggaacaaaccggtggatccAGCACCCATAGCG

AATCTAC 

cloning of AnCutA_tr into 
pET28M N-6xHis-SUMOTag  

278sumo2 tcagtggtggtggtggtggtgctcgagttaACGGGACGGCGGC

GGTGCGG 

cloning of AnCutA_tr into 
pET28M N-6xHis-SUMOTag 

280sumoF gaagtctaccaggaacaaaccggtggatccAGCGCCTATTCTG

AAACCAAC 

cloning of TtCutA_tr1 into 
pET28M N-6xHis-SUMOTag 

280sumo2 tcagtggtggtggtggtggtgctcgagttaGCGCAGCAGGATC

GGACGCG 

cloning of TtCutA_tr1 into 
pET28M N-6xHis-SUMOTag  

12.280 S_F ttttgtttaactttaagaaggagatataccatgAGCGCCTATT

CTGAAACC 

cloning of TtCutA_tr2 into 
pET28 C-6xHisTag 

12.280 sI_R atctcagtggtggtggtggtggtgctcgagGCGACCATCATTA

AACGGTTC 

cloning of TtCutA_tr2 into 
pET28 C-6xHisTag 

280sIIIF ttttgtttaactttaagaaggagatataccatgAAGCCGGCCA

AAAATTC 

cloning of TtCutA_tr3 into 
pET28 C-6xHisTag 

280sIIIR atctcagtggtggtggtggtggtgctcgagCAGCGTGGTACGA

GAAGCCG 

cloning of TtCutA_tr3 into 
pET28 C-6xHisTag 

280PAP1F GTTTAATGATGGTGCCAAcctaggCAATACCGCCGACGAAACG site-directed mutagenesis  
TtCutA WT→PAP1 (R557A) 

280PAP1R CGGCGGTATTGcctaggTTGGCACCATCATTAAACGGTTCTTC site-directed mutagenesis  
TtCutA WT→PAP1 (R557A) 

280PAP2F GTTTAATGATGGTCAGAAcctaggCAATACCGCCGACGAAACG site-directed mutagenesis  
TtCutA WT→PAP2 (R557Q) 

280PAP2R CGGCGGTATTGcctaggTTCTGACCATCATTAAACGGTTCTTC site-directed mutagenesis  
TtCutA WT→PAP2 (R557Q) 

280PAP3F 
 

GCGTTGAAGACCCGTTTGAGGATGGTGCCAAcctcggCAATAC

CGCCGAC 

Site-directed mutagenesis  
TtCutA PAP1→PAP3 
(E551D N554E R557A) 

280PAP3R ATTGccgaggTTGGCACCATCCTCAAACGGGTCTTCAACGCAC

AGAGCATTG 

site-directed mutagenesis  
TtCutA PAP1→PAP3 
(E551D N554E R557A) 

280PAP4F TTGAAACACCGTTTAATGATGGTGCCAAcagcggCAATACCGC

CGACGAAAC 

site-directed mutagenesis  
TtCutA PAP1→PAP4  
(E551T R557A L559S) 

280PAP4R TTGccgctgTTGGCACCATCATTAAACGGTGTTTCAACGCACA

GAGCATTGTTC 

site-directed mutagenesis  
TtCutA PAP1→PAP4  
(E551T R557A L559S) 

280PAP5F TTTAATGATGGTAACAAcctaggCAGGACCGCCGACGAAACGA

GCTTCC 

site-directed mutagenesis  
TtCutA WT→PAP5    
(R557N N561R) 
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280PAP5R TTTCGTCGGCGGTCCTGcctaggTTGTTACCATCATTAAACGG

TTCTTC 

site-directed mutagenesis  
TtCutA WT→PAP5 
(R557N N561R) 

280PAP6F TTTAATGATGGTAACAAccttggCAGGACCGCCGACGAAACGA

GCTTCC 

site-directed mutagenesis  
TtCutA PUP2→PAP6    
(E551D R557N N561R) 

280PAP6R TTTCGTCGGCGGTCCTGccaaggTTGTTACCATCATTAAACGG

ATCTTC 

site-directed mutagenesis  
TtCutA PUP2→PAP6 
(E551D R557N N561R) 

280PUP1F GTTTAATGATGGTCACAAcctaggCAATACCGCCGACGAAACG site-directed mutagenesis  
TtCutA WT→PUP1 (R557H) 

280PUP1R GCGGTATTGcctaggTTGTGACCATCATTAAACGGTTCTTC site-directed mutagenesis  
TtCutA WT→PUP1 (R557H) 

280PUP2F GCGTTGAAGATCCGTTTAATGATGGTCACAAcctaggCAATAC

CGCCGACGAAAC 

site-directed mutagenesis  
TtCutA WT→PUP2 (E551D 
R557H) 

280PUP2R GCGGTATTGcctaggTTGTGACCATCATTAAACGGATCTTCAA

CGCACAGAGCATTG 

site-directed mutagenesis  
TtCutA WT→PUP2 (E551D 
R557H) 

280PUP3F AGATCCGTTTGAAGATGGTCACAAcctcggCAATACCGCCGAC

GAAACG 

site-directed mutagenesis  
TtCutA PUP2→PUP3 
(E551D N554E R557H) 

280PUP3R CGGTATTGccgaggTTGTGACCATCTTCAAACGGATCTTCAAC

GCACA 

site-directed mutagenesis  
TtCutA PUP2→PUP3 
(E551D N554E R557H) 

Cid1SumoF tgattgaagtctaccaggaacaaaccggtggatccATGAACAT

TTCTTCTGCACAA 

cloning of Cid1 WT ORF 
into pET28M N-6xHis-
SUMOTag 

Cid1SumoR cggatctcagtggtggtggtggtggtgctcgagtcaCTCAGAA

TTGTCACCATCGG 

cloning of Cid1 WT ORF 
into pET28M N-6xHis-
SUMOTag 

Cid1PCPF GCGATTGAAgagcccTTCAATATTTCACGTAATGTGGGTAGGA

CAGTTAG 

site-directed mutagenesis  
Cid1 WT→PCP  
(D330E E333N H336R) 

Cid1PCPR TACCCACATTACGTGAAATATTGAAgggctcTTCAATCGCAAG

AATATAC 

site-directed mutagenesis  
Cid1 WT→PCP  
(D330E E333N H336R) 

 Sequencing primers  

T7promoter TAATACGACTCACTATAGGG Sequencing of inserts in 
pET28 C-6xHisTag 

SumoF TCATACTGTCAAAGACAGGG Sequencing of inserts in 
pET28M N-6xHis-SUMOTag 

T7terminator TGCTAGTTATTGCTCAGCGG Sequencing of inserts in 
pET28 C-6xHisTag and 
pET28M N-6xHis-SUMOTag 

278 seq 1 GAACAATACCATGGCCCTGG Sequencing of AnCutA 

278 seq 2 AGTAACCAGTATTCCCGTGG Sequencing of AnCutA 

12_107_s1 ACATTTGCATCACCACGACC Sequencing of AnCutA 

12_107_s2 AACACCATTCGCAACCTGGG Sequencing of AnCutA 

12_107_s3 CAATTCAACCTATCTGCCGG Sequencing of AnCutA 

12_107_s4 GCTGATTGTCGACGGTTCAG Sequencing of AnCutA 

280seq5 CAGCATTCTTCCAGTTTGCC Sequencing of TtCutA 

12_109_s1 GCAGCGCCTATTCTGAAACC Sequencing of TtCutA 

12_109_s2 TATCAAATACTGGACCCGCC Sequencing of TtCutA 

12_109_s3 CCGCGGTAACCGTCAGTTTC Sequencing of TtCutA 

12_109_s4 GAGCTTCATGCCGGATGAAC Sequencing of TtCutA 
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 RNA oligonucleotides  

5’-FAM-ss17-A35 FAM-r(CCCCACCACCAUCACUUAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAAAAA) 

RNA substrate used in 
biochemical assays 

5’-FAM-ss17-
A31U4 

FAM-r(CCCCACCACCAUCACUUAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAAUUUU) 

RNA substrate used in 
biochemical assays 

5’-FAM-ss17-
A31C4 

FAM-r(CCCCACCACCAUCACUUAAAAAAAAAAAAAAAA 

AAAAAAAAAAAAAAACCCC) 

RNA substrate used in 
biochemical assays 

5’-FAM-ss22-A4 FAM-r(CGACUGGAGCACGAGGACACUGAAAA) RNA substrate used in 
biochemical assays 

5’-FAM-ss22-U4 FAM-r(CGACUGGAGCACGAGGACACUGUUUU) RNA substrate used in 
biochemical assays 

5’-FAM-ss22-C4 FAM-r(CGACUGGAGCACGAGGACACUGCCCC) RNA substrate used in 
biochemical assays 

  Oligonucleotides used in the 3’-RACE-seq procedure  

RA3 TGGAATTCTCGGGTGCCAAGG Adapter oligonucleotide 

RTP GCCTTGGCACCCGAGAATTCCA Reverse transcription 
primer 

RA5_ss22 GTTCAGAGTTCTACAGTCCGACGATCCGACTGGAGCACGAGGA

CACTG 
First-round PCR primer 
(forward) 

RP1 AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTAC

AGTCCGA 

Second-round PCR primer 
(forward) 

RPI_X CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTT 

CCTTGGCACCCGAGAATTCCA 

PCR primer with RNA-seq 
index (reverse) 
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SUPPLEMENTAL TABLE 4. Summary of protein purification strategies. 

CutA variant Epitope Purification 
scale 

SUMO cleavage + 
desalting + 
second nickel 
column 

Buffering 
agent 

[NaCl] Additional 
purification 

Figure 

An FL WT 
An FL DADA 
Tt FL WT 

C-6xHisTag Small - Na-phosphate 
pH=8.0 

300 mM - 
 

Figs. 2-4 

An_tr WT 
Tt_tr1 WT 

N-6xHis-
SUMOTag 

Large Yes Na-phosphate 
pH=4.5 

300 mM Gel filtration 
(Superdex S200) 
20 mM Na-phosphate; 
150 mM NaCl 

Fig. 5 

Tt_tr3 WT C-6xHisTag Large - Na-phosphate 
pH=4.5 

300 mM Gel filtration 
(Superdex S200) 
20 mM Na-phosphate; 
150 mM NaCl 

Fig. 5 

An_tr WT 
Tt_tr1 WT 

N-6xHis-
SUMOTag 

Small No Na-phosphate 
pH=4.5 

300 mM - Fig. 6 

An FL WT 
Tt FL WT 
Tt_tr3 WT 

C-6xHisTag Small - Na-phosphate 
pH=4.5 

300 mM - Fig. 6 

Tt_tr3 
(WT, PAP1-
PAP6, PUP1-
PUP3) 

C-6xHisTag Large - Na-phosphate 
pH=4.5 

300 mM Gel filtration 
(S200) 
20 mM Na-phosphate; 
150 mM NaCl 

Figs. 8-13 

Cid1 (WT, 
PCP) 

N-6xHis-
SUMOTag 

Large Yes Tris-HCl 
pH=8.0 

150 mM  Gel filtration 
(S200) 
20 mM Tris-HCl 
150 mM NaCl 

Fig. 14 
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ABSTRACT

FAM46 proteins, encoded in all known animal
genomes, belong to the nucleotidyltransferase
(NTase) fold superfamily. All four human FAM46
paralogs (FAM46A, FAM46B, FAM46C, FAM46D) are
thought to be involved in several diseases, with
FAM46C reported as a causal driver of multiple
myeloma; however, their exact functions remain un-
known. By using a combination of various bioinfor-
matics analyses (e.g. domain architecture, cellular
localization) and exhaustive literature and database
searches (e.g. expression profiles, protein interac-
tors), we classified FAM46 proteins as active non-
canonical poly(A) polymerases, which modify cy-
tosolic and/or nuclear RNA 3′ ends. These pro-
teins may thus regulate gene expression and prob-
ably play a critical role during cell differentiation. A
detailed analysis of sequence and structure diver-
sity of known NTases possessing PAP/OAS1 SBD
domain, combined with state-of-the-art comparative
modelling, allowed us to identify potential active
site residues responsible for catalysis and substrate
binding. We also explored the role of single point
mutations found in human cancers and propose that
FAM46 genes may be involved in the development of
other major malignancies including lung, colorectal,
hepatocellular, head and neck, urothelial, endome-
trial and renal papillary carcinomas and melanoma.
Identification of these novel enzymes taking part in

RNA metabolism in eukaryotes may guide their fur-
ther functional studies.

INTRODUCTION

Proteins adopting the nucleotidyltransferase (NTase) fold
play crucial roles in various biological processes, such as
RNA stabilization and degradation (e.g. RNA polyadenyla-
tion), RNA editing, DNA repair, intracellular signal trans-
duction, somatic recombination in B cells, regulation of
protein activity, antibiotic resistance and chromatin remod-
elling (1). Almost all known members of this large and
highly diverse superfamily transfer nucleoside monophos-
phate (NMP) from nucleoside triphosphate (NTP) to an ac-
ceptor hydroxyl group belonging to protein, nucleic acid or
small molecule. They are characterized by the presence of a
common �/�-fold structure composed of a three-stranded,
mixed �-sheet flanked by four �-helices. This common core
corresponding to the minimal NTase fold is usually deco-
rated by various additional structural elements and addi-
tional domains, depending on the family. Sequence anal-
ysis of distinct members of this superfamily revealed the
following common sequence patterns in NTase fold do-
main: hG[GS], [DE]h[DE]h and h[DE]h (where h indicates
a hydrophobic amino acid) that include conserved active
site residues. Three conserved aspartates/glutamates are in-
volved in the coordination of divalent ions and activation of
the acceptor hydroxyl group of the substrate. Two of them
(from the [DE]h[DE]h motif) are located on the second core
�-strand, while the third carboxylate (from the h[DE]h mo-
tif) is placed on the structurally adjacent third �-strand. The
hG[GS] pattern is placed at the beginning of a short, sec-
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ond core �-helix and has a crucial role in harbouring the
substrate within the active site (1).

Human members of the NTase fold superfamily are en-
coded by 43 genes (1). Until now, only one group of po-
tentially active human NTases, belonging to the so-called
family-with-sequence-similarity-46 (FAM46), has not been
characterized for its exact biological function. Little is
known about FAM46 proteins apart from their involve-
ment in various diseases. FAM46A, a gene preferentially
expressed in the retina, was reported as a positional can-
didate for human retinal diseases since it maps within the
RP25 locus to chromosome 6p12.1-q14.1 interval where
several retinal dystrophy loci are located (2). It was also sug-
gested that a variable number of tandem repeat polymor-
phisms in FAM46A may be associated with non-small cell
lung cancer (3). Another FAM46 paralog, FAM46B, was
identified to have lower expression in metastatic melanoma
cells (United States Patent US 7615349 B2). FAM46B and
FAM46C have been recently described as potential mark-
ers for refractory lupus nephritis (4) and multiple myeloma
(5–10), respectively. Finally, it was reported that FAM46D
is overexpressed in lung and glioblastoma tumors (11), as
well as together with FAM46C, in the brain of autistic-like
behaving transgenic mice (8).

Functional proteomics studies showed that FAM46A
might have many potential protein interacting partners (12).
One of them, ZFYVE9, detected in the yeast two-hybrid
system, is involved in the recruitment of unphosphory-
lated SMAD2/SMAD3 to the transforming growth factor-
beta receptor (13). Another member of FAM46 family,
FAM46C, is recognized as a type I interferon stimulated
gene, which enhances the replication of certain viruses (14).
In addition, FAM46C can be an anti-viral factor in acute
infected long-tailed pygmy rice rats by Andes virus (15). It
was also suggested that FAM46C is functionally related in
some way to the regulation of translation (6).

To date, several studies have indicated that proteins be-
longing to FAM46 family might play an essential role in
the cell; however, their exact functions remain unknown. In
our previous work, we performed a comprehensive classi-
fication of the NTase fold proteins and assigned FAM46
proteins to this superfamily as potentially active members
(1). This classification allowed us only to speculate that
like other active NTases, FAM46 members may catalyze
template-independent incorporation of NMP from NTP
either to nucleic acid, protein or small molecule. In this
study we present an in-depth bioinformatics analysis of the
FAM46 family combined with an exhaustive literature and
database searches and propose that the FAM46 proteins
function as non-canonical poly(A) polymerases. Detailed
insight into the sequence and structure diversity of NTases
and their additional N- and C-terminal domains allowed
us to generate a reliable 3D model for one of the family
members (FAM46C) and to confidently identify the poten-
tial active site residues responsible not only for catalysis but
also for substrate binding. In addition, the obtained struc-
tural model for human FAM46C sheds some new light on
the molecular role of mutations found in cancer patients in
the FAM46 genes. Finally, the broad sampling of sequenced
genomes made it possible to track the evolutionary history
of FAM46 proteins back to the origin and hypothesize that

the FAM46 family members are present not only in animals
but also in all four sequenced Dictyosteliidae and two En-
tamoeba (Amebozoa) genomes.

MATERIALS AND METHODS

Sequence searches

Four human FAM46 paralogs (FAM46A, FAM46B,
FAM46C, FAM46D) were used as queries in PSI-BLAST
(16) searches performed against the NCBI non-redundant
(NR) protein sequence database with E-value threshold of
0.001 until profile convergence. Collected sequences were
split into organism-specific sets and clustered with CD-HIT
(17) in order to obtain unique sequences. All FAM46 family
members were aligned using Mafft (18) with some manual
adjustments. The alignment used for phylogeny reconstruc-
tion was additionally trimmed by TrimAl (19) to eliminate
poorly aligned and thus uninformative regions.

Additionally, proteins containing both NTase and C-
terminal four-helical up-and-down bundle fold domains
were collected with PSI-BLAST searches performed against
the NCBI NR database with E-value threshold of 0.001. Se-
quences (PDB SEQRES) of the following structures pos-
sessing this domain context: pdb|2pbe, pdb|3c18, pdb|3jyy,
pdb|3jz0, pdb|4ebs, pdb|1v4a, pdb|3k7d and pdb|1kan, were
used as queries.

Analysis of gene and protein features

The architecture of the human FAM46 genes was anal-
ysed using the UCSC genome browser (20). Protein lo-
calization was predicted with BaCelLo (21), CELLO (22),
WoLF PSORT (23), Euk-mPLoc 2.0 (24) and MultiLoc
(25). NetNES (26) was used to detect the nuclear export
signal (NES). Protein phosphorylation motifs were detected
with Eukaryotic Linear Motif (ELM) (27). Gene expression
patterns were analysed using the BioGPS database (28).
Genes with average z-scores higher than 5 (at least in one
probe set) in ‘Barcode on normal tissues’ dataset were con-
sidered as expressed in specific tissue/cell. ‘Barcode on nor-
mal tissues’ dataset provides a survey across diverse normal
human tissues from the U133plus2 Affymetrix microarray
(28). The z-scores in this dataset are generated with the bar-
code function from the R package ‘frma’, which bases on
barcode algorithm (29). The domain architecture was anal-
ysed using Meta-BASIC (30) and SMART (31).

Structural analysis of known NTases

Initially, known NTase fold families and structures were
identified from literature (including our previous classifica-
tion (1)) and various databases of catalogued protein fami-
lies (PFAM (32), COG (33) and KOG (34)) and structures
(PDB (35) and SCOP (36)). This initial set was then used
for a comprehensive, transitive searches for all NTase fold
superfamily members using our distant homology detection
method Meta-BASIC (30) and Gene Relational DataBase
(GRDB) system, as described in our previous work (1).
Briefly, Meta-BASIC is a highly sensitive meta-profile align-
ment method capable of finding very distant similarity be-
tween proteins through a comparison of sequence profiles
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enriched by predicted secondary structures (meta-profiles).
The GRDB system includes precalculated Meta-BASIC
connections between 16 230 PFAM, 4825 KOG and 4873
COG families and 38 498 representative proteins of known
structure (PDB90). Each family and each structure is rep-
resented by its sequence (PDB90) or consensus sequence
(PFAM, COG and KOG), sequence profile (generated with
PSI-BLAST using the NCBI NR70 derivative) and sec-
ondary structure profile (predicted with PSIPRED (37)).

The structural diversity was analysed for all collected
NTase superfamily structures clustered at 90% sequence
identity. Structures were divided into groups based on
their structural similarity using DALI (38). Structure-based
alignments were generated for all considered domains (in-
cluding both the conserved NTase fold and additional N-
and C-terminal domains) after manually curated superposi-
tion of their structures. Secondary structures were assigned
with DSSP (39).

3D model building

Potential templates were identified with Meta-BASIC and
the consensus of fold recognition 3D-Jury approach (40)
using human FAM46 proteins as queries. The sequence-
to-structure alignment between FAM46 family members
and all representative structures possessing both NTase
and PAP/OAS1 SBD domains was built using a consen-
sus alignment approach and 3D assessment (41) based on
Meta-BASIC and 3D-Jury results, PSIPRED secondary
structure predictions and conservation of critical active site
residues and hydrophobic patterns. The 3D model of hu-
man FAM46C protein was built with MODELLER (42) us-
ing Trypanosoma brucei TUTase 4 (pdb|2ikf) (43) as a tem-
plate. Finally, the side chain rotamers were optimized using
SCWRL3 (44). The overall quality of the modelled struc-
ture was checked with ProSA (45). Structure visualization
was carried out with Pymol (http://www.pymol.org).

Analysis of protein interactors

Human members of the NTase fold superfamily were iden-
tified from the UniProt database (46) using our transi-
tive Meta-BASIC search strategy as described above, start-
ing with all collected NTase fold families and structures.
Proteins interacting with human NTase superfamily mem-
bers were identified using the BioGRID database (version
3.4.133) (47). GO annotations (molecular function and bi-
ological process) (48) for detected interactors were taken
from the UniProt database. FAM46 interacting partners
were also identified with manual literature searches.

Analysis of single point mutations in cancers

Missense mutations, found in cancer patients, in FAM46
genes were collected from publications and the following
databases: cBioPortal (49), ICGC (50) and IntOGen (51).
The sequence conservation in FAM46 family was measured
based on Jensen–Shannon divergence (JSD) (52) using cre-
ated FAM46 multiple sequence alignment. The JSD quan-
tifies the similarity between probability distributions with
scores ranging from 0 to 1 (53). A background amino acid

distribution, estimated from a large sequence set, is used
to approximate the distribution of amino acid sites subject
to no evolutionary pressure. Positions in an alignment that
are found to have amino acid distributions very different
from the background distribution are proposed to be func-
tionally important or constrained by evolution. The JSD
score was computed using the score conservation.py pro-
gram (52) with default parameters, e.g. using BLOSUM62
for the background distribution. Positions in FAM46 multi-
ple sequence alignment with more than 30% gaps were omit-
ted from JSD computations.

Phylogeny

In order to visualize the relationships between FAM46 fam-
ily members, a phylogenetic analysis was performed with
PhyML3.0 (54) using the LG and JTT models, with an
estimated gamma parameter and proportion of invariable
sites. An approximate branch support was calculated using
the aLTR (55) option implemented in PhyML. Branches
with supports lower than 0.5 were collapsed. The trees were
drawn using iTol (56).

RESULTS AND DISCUSSION

FAM46 family

Firstly, we identified proteins belonging to FAM46 fam-
ily with an exhaustive PSI-BLAST (16) searches performed
against the NCBI NR protein sequence database using
all four human FAM46 paralogs (FAM46A, FAM46B,
FAM46C and FAM46D) as queries. These searches quickly
converged at the third iteration; however, most family mem-
bers can be easily detected even with a simple BLAST
search. This is a feature of compact and very conserved pro-
tein families and graphical clustering of all these sequences
corroborated this observation. As many of them turned out
to be variants or mutants of the same protein (e.g. there
are four FAM46 genes in the human genome and 14 pro-
teins in the NR database) we selected 868 protein sequences
unique for each organism using sequence clustering at dif-
ferent thresholds followed by manual assessment. It should
be noted that some of the detected proteins contain long
deletions within conserved regions, what might be due to
erroneous gene/exon prediction.

Taxonomic distribution

FAM46 proteins are present in the proteomes of all animals.
Supplementary Figure S1 summarizes the taxonomic distri-
bution of all selected 868 FAM46 proteins unique for each
organism. Four FAM46 paralogs can be identified in almost
all sequenced Vertebrata (with high-quality genomes), but
not in Tunicata (Ciona intestinalis and Oikopleura dioica),
Hemichordata (Saccoglossus kowaleskii), Echinodermata
(Strongylocentrotus purpuratus) or Cephalochordata (Bran-
chiostoma floridae), which encode only a single FAM46
protein. Specifically, amphibian, bird, reptile and mam-
mal genomes harbour four distinct FAM46 genes. On the
other hand, fish proteomes contain six to seven FAM46
paralogs due to lineage specific duplications followed by
fast differentiation of the retained paralogs (different in
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each of the four analysed fishes). This evolutionary sce-
nario has been already described in teleost fishes (57). An
asymmetric acceleration of evolutionary rate in one of the
paralogs after the duplication event, manifested by the
high protein sequence divergence and usually leading to
alignment problems in less conserved regions, was also ob-
served in FAM46 paralogs. FAM46 family members are en-
coded in all sequenced animal phyla ranging from Arthro-
poda (Daphnia, Drosophila), Mollusca (Crassostrea gigas),
Nematoda (Caenorhabditis elegans, Brugia malayi, Loa
loa, Trichinella spiralis), Platyhelminthes (Schistosoma man-
soni, Clonorchis sinensis), Cnidaria (Nematostella vectensis),
Placozoa (Trichoplax adherens) and Porifera (Amphime-
don queenslandica). FAM46 genes duplicated and diverged
strongly in some Nematoda lineages leading to a variable
number of paralogs in the analysed genomes. Moreover,
FAM46 proteins are detectable in close metazoan rela-
tives: Choanoflagellida (Salpingoeca sp., Monosiga brevicol-
lis) and Ichthyosporea (Sphaeroforma arctica). Surprisingly,
proteins belonging to this family can be also found in Ame-
bozoa (four Entamoeba species, Polysphondylium pallidum,
Acytostelium subglobosum and three Dictyostelium species
and Acanthamoeba castellanii) and one Diplomonadida
(Guillardia theta). Choanoflagellida and Ichthyosporea, to-
gether with Metazoa, are a sister group of Fungi and Nu-
cleariids. Noteworthy, FAM46 family members are absent
in fungal and nucleariid genomes sequenced within the
Origins of Multicellularity Project by BROAD. Amebo-
zoa are sometimes grouped with Opisthokonta (Metazoa
and Fungi) into a supertaxon Unikonta characterized by a
single posterior flagellum in flagellated cells. Summarizing,
the presence of FAM46 proteins in proteomes of Metazoa,
Choanoflagellida and Amebozoa suggests its origin in the
ancestor of Unikonta with further divergence into four dis-
tinct conserved representatives in vertebrates.

Phylogeny inference

Phylogenetic relationships were analysed both for a set of
29 representative sequences and for a set of 868 Metazoa,
Choanoflagellida, Diplomonadida and Amebozoa FAM46
proteins. Entamoeba, Giardia and Dictostellids form well-
separated clades with uncertain branching order (Figure
1). They are, however, clearly separated from the Metazoa-
Choanoflagellida clade. Salpingoeca rosetta and M. brevi-
collis form a sister clade to Metazoa. Some of invertebrate
FAM46 proteins display higher variability at sequence level
that can lead to long branches on the phylogenetic tree. The
position of basal lineages within the Metazoa is uncertain
and possible involvement of long branch attraction phe-
nomenon should be taken into account.

The evolutionary history of FAM46 in the vertebrate
genomes is a story of consecutive duplications leading to
four highly similar paralogs. All vertebrate genomes anal-
ysed in this study retained all four FAM46 paralogs. Sur-
prisingly, we detected the presence of FAM46 proteins in
all sequenced Amebozoa genomes.

The divergence time between Choanoflagellida and
Metazoa is estimated ∼600MYA (58,59). As FAM46 genes
are present in Choanoflagellida, Metazoa and Amebozoa
genomes it is possible they were already in the ancestor of

all Unikonta, and therefore also in the ancestor of Ophis-
tokonta. The most likely scenario involves an ancient dele-
tion in the ancestor of Fungi. This evolutionary history
claims FAM46 would be a very ancient gene, what is not re-
flected in its encoded amino acid sequence divergence. Pro-
vided FAM46 have an ancient origin early in the Unikonts,
still the presence of two FAM46 genes in the G. theta
genome requires clarification. Due to cohabitation, it is
plausible that the FAM46 genes in G. theta genome ap-
peared via horizontal gene transfer from Choanoflagellida
to Diplomonadida. However, the low resolution of these
deep branches renders the FAM46 phylogenetic tree (Sup-
plementary Figure S2) uninformative for HGT inference.
There is significant evidence for the transfer occurring in
the opposite direction (60). The mechanism underlying al-
gae to choanoglafellate transfer is supposed to be based on
phagotrophy. We have insufficient data to hypothesize about
the possibility of transfer happening from choanoflagellates
to algae.

Gene structure

The organization, architecture and regulation of human
FAM46 genes and their homologous counterparts in others
organisms seem to contribute to their functional diversifica-
tion. For instance, human FAM46 genes contain 2–3 exons
of which 1–2 are coding (Supplementary Table S1) and they
encode up to five different transcripts. In addition, anti-
sense transcripts have been also detected, e.g. for human
FAM46A (61). Interestingly, we found that the H3K27Ac
pattern in the promoter region and along the coding region
is completely different for each of human FAM46 genes,
what can be related to distinct nucleosome density in these
chromatin regions and different expression patterns (62).
Additionally, the FAM46D gene is in a repeat dense area
as denoted by RepeatMasker, which might be related to the
overall chromosome X repeat density.

Domain architecture

Given the high variability of human FAM46 paralogs
at the gene organization level, the encoded proteins are
surprisingly similar at the sequence level, including the
conservation of various motifs. FAM46 proteins seem to
have a common two-domain architecture composed of
an �/� region (according to secondary structure predic-
tions) followed by an �-helical region. It should be noted
that the FAM46 family is a distant outlier in the NTase
fold superfamily and cannot be identified with standard
sequence comparison methods such as PSI-BLAST. Us-
ing a highly sensitive tool for distant homology detec-
tion, Meta-BASIC (30), we mapped FAM46 proteins, with
the above threshold scores, to several 3D structures in-
cluding the terminal uridylyl transferase 4 (TUTase 4)
from T. brucei (pdb|2ikf) (43), 2′-5′-oligoadenylate synthase
(OAS) from S. scrofa (pdb|1px5) (63), CCA-adding enzyme
from A. fulgidus (pdb|4x4n) (64), cyclic AMP-GMP syn-
thase from V. cholerae (pdb|4u0n) (65), aminoglycoside 6-
adenyltransferase from B. subtilis (pdb|2pbe) and nuclear
factors NF90 and NF45 from M. musculus (pdb|4at7) (66).
Importantly, FAM46 N-terminal �/� region has weak but
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Figure 1. Phylogenetic tree of representative FAM46 protein sequences. Maximum likelihood (ML) analysis for selected 29 family members was carried
out using the LG+G model. The approximate likelihood ratio test Shimodaira–Hasegawa-like (SH-like) branch supports above 0.5 are shown. Branches
with support lower than 0.5 were collapsed.

evident sequence similarity to the NTase domain, which
can be confirmed by several fold recognition servers. Meta-
BASIC suggested that the C-terminal �-helical part may be
similar either to poly(A) polymerase/2′-5′-oligoadenylate
synthetase 1 substrate binding domain (PAP/OAS1 SBD)
or the domain of four-helical up-and-down bundle fold
(4H), however, it assigned below threshold scores to these
predictions. To figure out what protein fold is adopted by
the FAM46 C-terminal region, we performed a compre-
hensive analysis of the structural diversity of all the avail-
able NTase superfamily structures, both for their conserved
NTase and additional N- and C-terminal domains (Supple-
mentary Figure S3).

While both the PAP/OAS1 SBD and 4H domains pos-
sess four core �-helices C-terminal to NTase domain, only
PAP/OAS1 SBD retains the additional (the first core) �-
helix located before NTase domain. According to secondary
structure predictions, this helix is clearly seen in the FAM46
family members in the conserved region preceding the pre-
dicted NTase domain. In addition to a good mapping of
predicted and observed core secondary structure elements,
FAM46 proteins display also similar conservation of hy-
drophobic motifs and critical residues for NTP binding
(see below) characteristic for the PAP/OAS1 SBD. In our
previous studies we showed that such detailed analysis of
below threshold Meta-BASIC hits usually enables iden-
tification of highly diverged superfamily members which
escape detection even with advanced sequence compari-

son methods. For instance, using this approach we iden-
tified restriction endonuclease-like (67) and RNase H-like
(68) domains in many uncharacterized and poorly anno-
tated protein families. Finally, we found that proteins em-
bracing both the NTase and 4H domains are mainly en-
coded in bacteria and rarely found in archeal genomes, with
single representatives identified in eukaryotic species, in-
cluding fungal Myceliophthora thermophila (gi|367020986),
Tribulus terrestris (gi|367039397) and Rhizophagus irregu-
laris (gi|552919075), and soil-living amoeba Dictyostelium
discoideum (gi|66821023). This is consistent with the bi-
ological functions played by these proteins, as they par-
ticipate in antibiotic resistance (e.g. Staphylococcus aureus
kanamycin nucleotidyltransferase (69), Enterococcus fae-
cium lincosamide antibiotic adenylyltransferase (70), Bacil-
lus subtilis aminoglycoside 6-adenyltransferase) and nitro-
gen assimilation (e.g. Escherichia coli glutamine synthetase
adenyltransferase (71)). In contrast, NTases possessing the
PAP/OAS1 SBD can be widely found in eukaryotes. Al-
together, results of all these analyses strongly suggest that
although displaying little sequence similarity, FAM46 pro-
teins possess PAP/OAS1 SBD consisting of the five right-
handed twisted �-helices (with an �1-NTase-�2�3�4�5
topology).

In addition, we found that a few FAM46 proteins pos-
sess additional domains inserted inside the NTase domain
or located at N- or C-termini (Supplementary Figure S4). It
should be noted, however, that the presence of some of these
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additional domains may be a result of potentially incorrect
gene/exon predictions.

PAP/OAS1 SBD in known NTase structures

To identify conserved PAP/OAS1 SBD residues, critical
for binding NTP substrate in an NTase active site, we car-
ried out an exhaustive sequence and structure analysis by
generating the structural alignment of all the representa-
tive structures possessing both the NTase and PAP/OAS1
SBD domains (Figure 2). The PAP/OAS1 SBD specifi-
cally binds a nucleobase of the incoming NTP mainly by
amino acids that provide, either directly or indirectly via
water molecules, Watson–Crick hydrogen bonds. In addi-
tion, a conserved hydrophobic amino acid (e.g. V234 in
poly(A) polymerase Pap1 (72) and Y212 in poly(U) poly-
merase Cid1 (73)), located at the beginning of the third core
�-helix of PAP/OAS1 SBD, forms a flat hydrophobic sur-
face for the incoming NTP nucleobase. Proteins containing
the PAP/OAS1 SBD also possess another common residue,
which is responsible for the recognition of a triphosphate
moiety. Conserved lysine/arginine (e.g. K215 in Pap1) lo-
cated in the second core �-helix of PAP/OAS1 SBD, to-
gether with a serine from the NTase domain hG[GS] motif,
interact with NTP �- and � -phosphate groups.

3D model of human FAM46C

Initially, we generated a sequence-to-structure alignment
of FAM46 family members with all representative pro-
teins of known structure possessing both the NTase and
PAP/OAS1 SBD domains (using their structure-based
alignment described above) (Figure 2). Although these
structures display very little sequence similarity to the
FAM46 proteins, in contrast to our previous work (1)
where we focused in general on the most conserved regions
of NTase fold common to all NTase superfamily mem-
bers, here we were able to propose a reliable and complete
sequence-to-structure alignment for all conserved regions
of both domains. The alignment was guided by secondary
structure predictions and conservation of (i) the NTase
fold active site motifs, (ii) identified critical PAP/OAS1
SBD residues participating in substrate binding and (iii) hy-
drophobic patterns responsible for forming the hydropho-
bic core of the structure.

As a representative of FAM46 family for 3D mod-
elling we selected human FAM46C, which is a potential
biomarker for multiple myeloma. FAM46 proteins are very
similar in sequence, for instance, four human paralogs share
56–75% amino acid identity within the common region en-
compassing both domains. In addition, the length of this
region in these paralogs differs only by 1–2 residues.

The structure of T. brucei TUTase 4 (pdb|2ikf) (43), as
assigned the highest Meta-BASIC score among the pro-
teins possessing both NTase and PAP/OAS1 SBD domains,
was used as a template to generate the 3D model of hu-
man FAM46C, based on the manually derived sequence-to-
structure alignment. However, due to the lack of templates
with similar insertion between the last core �-strand and
the last core �-helix of NTase domain, we were unable to
create a reliable model for 70 amino acids of FAM46C in

this region. Nevertheless, we can speculate that this inser-
tion in FAM46C should fill the space usually occupied by
residues responsible for binding incoming NTP nucleobase
and RNA 5′ end. Figure 3 presents a comparison of the
FAM46C model and existing structures of non-canonical
poly(A) polymerase Trf4p from Saccharomyces cerevisiae,
which is a part of the Trf4p/Air2p/Mtr4p polyadenylation
(TRAMP) complex (74), and the non-catalytic mitochon-
drial dynamic protein MiD51 from M. musculus (75). Im-
portantly, in Trf4p, the region of 53 amino acids between
the fourth and fifth core �-helices of the PAP/OAS1 SBD
is crucial for binding the RNA 5′ end and a nucleobase of
the incoming NTP. The corresponding region in FAM46C is
much shorter (only 11 amino acids) and probably is not able
to form the interaction interface for a nucleobase. There-
fore, it is likely that nucleobase binding residues are located
within the 70 amino acids insertion between the last core
�-strand and the last core �-helix of the FAM46C NTase
domain. In addition, this conserved insertion, composed of
the predicted two �-strands and two �-helices (with ����
order), may also participate in protein–protein interactions
similar to the MiD51 receptor which binds the dynamin-
related protein 1 (Drp1) via a well-conserved loop located
in the NTase domain (75). However, it should be noted
that FAM46C, in contrast to MiD51, seems to be an ac-
tive NTase; therefore, even if the insertion is responsible for
protein–protein interactions, it should also play a role in
substrate recognition.

Active site

Figure 4 shows a comparison of active sites of human
FAM46C (model), poly(A) polymerase Pap1 from S. cere-
visiae (72), poly(U) polymerase Cid1 from Schizosaccha-
romyces pombe (73), CCA-adding enzyme from A. fulgidus
(64), 2’-5’-oligoadenylate synthetase OAS1 from S. scrofa
(76) and the cyclic GMP-AMP synthase (cGAS) from M.
musculus (77). FAM46 proteins probably function as active
NTases because they share all the key motifs in the NTase
domain responsible for catalysis and substrate binding, in-
cluding the [DE]h[DE]h and h[DE]h patterns with three
conserved aspartate/glutamate residues (Asp90, Asp92 and
Glu166) and hG[GS] motif with Gly73 and Ser74 in hu-
man FAM46C. Although we were not able to generate
a complete 3D model of human FAM46C, we were able
to identify additional residues responsible for NTP bind-
ing, which are located in the conserved secondary struc-
ture elements. Comparison of active sites of experimen-
tally solved structures showed that proteins encompassing
both NTase and PAP/OAS1 SBD usually bind a nucle-
obase or a ribose-moiety of incoming NTP by a serine or
a threonine located just before or in the last core �-helix of
NTase domain (Figures 2 and 4). Therefore, it is possible
that FAM46C Ser248 may bind, directly or indirectly via a
water molecule, 2′-OH or/and 3′-OH hydroxyl group of a
ribose-base moiety as it is observed for Thr172 in poly(U)
polymerase Cid1 (73) or it can participate in a nucleobase
binding similarly to Thr190 in 2′-5′-oligoadenylate synthase
OAS1 (76). FAM46C shares also all the conserved residues
in PAP/OAS1 SBD responsible for substrate binding. The
FAM46C Leu282 probably interacts with a nucleobase of
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Figure 2. Multiple sequence alignment of human FAM46 proteins, human non-canonical poly(A) polymerases (TUT1-7) and all representative structures
possessing both the NTase and PAP/OAS1 SBD domains. Only conserved regions of the domains are shown. Sequences are labelled with PDB code
or UniProt ID. The numbers of excluded residues are specified in parentheses. Residue conservation is denoted with the following scheme: uncharged,
highlighted in yellow; polar, highlighted in grey; invariant active site residues involved in catalysis, highlighted in black; critical substrate binding residues,
highlighted in red. Locations of observed and predicted secondary structure elements are marked above the corresponding alignment blocks. Abbreviations:
PAP, poly(A) polymerase; TUTase, terminal uridylyltransferase; CCA, CCA-adding enzyme; OAS, oligoadenylate synthetase; cGAS, cyclic GMP-AMP
synthase; NF45 and NF90, nuclear factors NF45 and NF90; Utp22, U3 small nucleolar RNA-associated protein 22; MiD51 and MiD49, mitochondrial
dynamics proteins MiD51 and MID49; Ss, S. scrofa; Tb, T. brucei; Af, A. fulgidus; Hs, H. sapiens; Mm, M. musculus; Sp, S. pombe; Sc, S. cerevisiae; Vc, V.
cholerae; Bt, B. taurus. Sequence-to-structure alignment for FAM46 proteins can be assigned higher confidence in the NTase domain.
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Figure 3. Comparison of 3D model of human FAM46C and available structures of non-canonical poly(A) polymerase Trf4p (pdb|3nyb) and mitochondrial
dynamics protein MiD51 (pdb|4oaf). Regions in MiD51 responsible for protein–protein interactions and their potential counterpart in FAM46C are
coloured pink. The region between the fourth and fifth core �-helices of PAP/OAS1 SBD in FAM46C and Trf4p (critical for nucleobase binding) is shown
in green. The region not modelled in FAM46C (70 amino acids) is denoted by red dots. The conserved active site carboxylates are shown in blue.

Figure 4. Comparison of the active sites of FAM46C, poly(A) polymerase (Pap1, pdb|1fa0), poly(U) polymerase (Cid1, pdb|4fhp), CCA-adding enzyme
(pdb|4x4r), OAS (OAS1, pdb|4rwo) and cyclic GMP-AMP synthase (Mb21d1, pdb|4k97). Only NTase and PAP/OAS1 SBD domains are shown. The
region not modelled in FAM46C (70 amino acids) is denoted by red dots. Conserved amino acids critical for catalysis and substrate binding are shown in
blue.

the incoming NTP like Tyr212 in poly(U) polymerase Cid1
or makes van der Waals contacts with the ribose-base moi-
ety of NTP similar to Val234 in poly(A) polymerase Pap1
(72). Finally, NTP �- and � -phosphates most likely inter-
act with the conserved Arg268 in addition to Ser74 from
the hG[GS] motif.

Cellular localization and tissue specificity

According to various servers predicting subcellular local-
ization, the FAM46 proteins seem to be localized in both
the cytoplasm and nucleus. In addition, three human par-
alogs (FAM46B, FAM46C and FAM46D) harbour poten-
tial leucine-rich NES, located at the end of the C-terminal

PAP/OAS1 SBD domain. As a consequence, it is likely that
proteins belonging to the FAM46 family shuttle between
the nucleus and cytoplasm.

We also analysed the gene expression data available in
the BioGPS database (28) and found that each of the hu-
man FAM46 paralogs has a different tissue/cell expres-
sion pattern (Supplementary Table S1). Different expres-
sion patterns probably indicate various biological processes
in which FAM46 proteins participate. According to the
BioGPS database, FAM46A, FAM46B and FAM46C are
potentially expressed in 81, 18 and 66 tissues/cells, respec-
tively, while FAM46D can be found only in sperm (Supple-
mentary Table S1).
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Interacting partners

To get more hints at the biological function of FAM46,
we compared all human NTase superfamily members ac-
cording to GO molecular function and biological pro-
cess of their protein interactors identified in the BioGRID
database (47) (Supplementary Figure S5). We found that
FAM46 binding partners share a common GO functions
and processes mostly with interactors of human NTase fold
proteins from the following four groups (described in Sup-
plementary Table S2): interleukin enhancer-binding fac-
tors, non-canonical poly(A) polymerases (TUT), poly(A)
polymerases (PAP) and zinc finger RNA-binding pro-
teins (ZFR). Similarly to FAM46 family members, pro-
teins belonging to these groups also possess additional
PAP/OAS1 SBD domain. In addition, almost all of them
retain the same biological function––DNA/RNA binding,
including poly(A) RNA binding and participate in the same
process––transcription.

We also analysed all 61 FAM46 protein interactors iden-
tified in the BioGRID database and the literature in more
details (Supplementary Table S3). We found that each
FAM46 paralog has a different set of interacting protein
partners; therefore, it is likely that each paralog partic-
ipates in a different biological process in the cell. Most
of the interacting partners play important roles in devel-
opment, including cellular proliferation and cell differen-
tiation. We noticed that many FAM46 interactors share
a common molecular functions (e.g. nucleic acids bind-
ing, including binding of the mRNA poly(A) tail) or bio-
logical processes (e.g. protein modification, transcription).
Specifically, 26 FAM46 interacting partners may directly
bind RNA and/or DNA. This group includes: transcrip-
tion (co)factors (RHOXF2, TBX4, NR2F2, SOX5, NRF1,
TRIP6), transcription activators (Znf322, Cxxc5), RNA
stabilization factors (ELAVL1, BCCIP, HDLBP, Pabpc1,
Pabpc4), proteins involved in transcription (POLR1A,
POLR1E, POLR2J), proteins participating in mRNA
translation (EIF4G3, Pabpc1, Pabpc4), proteins taking part
in DNA repair (POLE2, Rad23b, WRAP53) and other
proteins, which play various roles such as DNA heli-
case DDX11, putative RNA exonuclease (44M2.3), mi-
tochondrial translation optimization factor 1 (MTO1),
SUMO-conjugating enzyme UBC9 (UBE2I), 14-3-3 pro-
tein zelta/delta (Ywhaz) involved in signal transduction
(78) and ATXN1, which may participate in RNA export
(79). Similarly to human FAM46A (80), nine protein inter-
actors (ELAVL1, BCCIP, EIF4G3, MTO1, Ywhaz, TRIP6,
UBE2I, Pabpc1, Pabpc4) participate or may participate
in RNA poly(A) tail binding. Another seven FAM46 in-
teracting partners (EGLN2, DAZAP2, KEAP1, DCAF6,
KLHDC2, ZNHIT6, MVP) were shown or suggested to
cooperate with or regulate proteins, which are able to
bind directly to nucleic acids. Specifically, the Egl nine ho-
molog 2 (EGLN2) targets the transcriptional complex HIF-
� subunit for proteasomal degradation (81). KEAP1 tar-
gets transcription factor Nrf2 for ubiquitination and degra-
dation (82). DCAF6 enhances the transcriptional activ-
ity of nuclear receptors NR3C1 and AR (83). The phys-
ical interaction between KLHDC2 and a bZIP transcrip-
tion factor (LZIP) leads to the repression of the LZIP-

dependent transcription (84). DAZAP2 regulates stress or
germ granules–ribonucleoprotein complexes (85,86). MVP
is a part of an evolutionary highly conserved ribonucleo-
protein particles (vaults) (87,88), while ZNHIT6 may be
involved in snoRNP biogenesis (89). Another functional
group of FAM46 interactors contains proteins, which take
part in protein modification (mostly in protein degra-
dation). This group embraces proteases (serine protease
HTRA1, caspase-like protease ESPL1), Kunitz-type pro-
tease inhibitor 1 (SPINT1), Kelch-like ECH-associated pro-
tein 1 (KEAP1) participating in Nrf2 ubiquitination and
degradation (82), EGLN2 targeting HIF-� for proteaso-
mal degradation (81), E3 ubiquitin-protein ligases (RNF14,
PARK2), CUL4-associated factor 6 (DCAF6) function-
ing as substrate-recruiting module for CUL4-DDB1 E3
ubiquitin-protein ligase complex (90), SUMO-conjugating
enzyme UBC9 (UBE2I), ubiquitin carboxyl-terminal hy-
drolase 4 (USP4), a regulatory subunit 6A of the 26S pro-
teasome (Psmc3) and BAG6, which is crucial in ubiquitin-
mediated protein degradation of defective or misallocated
polypeptides (91). Among all FAM46 interactors, we were
able to identify two kinases: Polo-like kinase 4 (PLK4) and
non-receptor tyrosine-protein kinase SYK (SYK). PLK
regulates cell cycle progression, mitosis and cytokinesis
(92), while SYK mediates signal transduction and differen-
tiation, particularly in B-cell development (93,94). Another
interacting partner, the FYVE domain-containing protein 9
(ZFYVE9) identified as a SMAD2/3-binding protein, may
also regulate the proliferation of hepatic cells during ze-
brafish embryogenesis (95). The last identified functional
group contains proteins responsible for an intra and ex-
tracellular cell transport, including DYNC1H1––a heavy
chain of cytoplasmic dynein 1 (96,97), RIN3––a small GT-
Pase, which participates in intracellular membrane traffick-
ing (98) and AP2B1, which plays a pivotal role in many vesi-
cle trafficking pathways within the cell (99).

Mutations in cancers

Recent studies have identified numerous somatic mutations
in various cancer patients leading to single point muta-
tions in the human FAM46 proteins (Supplementary Table
S4). For instance, the human FAM46C gene was reported
as a causal driver of multiple myeloma (6). In addition, a
single FAM46C mutation (Y247N) was identified in hem6
mice with hypochromic anemia, which affects terminal
spermiogenesis and terminal stages of erythroid differentia-
tion (100). This study showed that male hem6 mice produce
sperm with defects detectable by phase contrast microscopy
and fluorescence microscopy. To analyze the role of these
mutations, we mapped them onto a 3D model of FAM46C
(Figure 5) and found that they can be divided into two
groups. The first group includes mutations that are located
in a highly conserved area of the active site and its close
vicinity, and probably may decrease/increase FAM46 cat-
alytic activity and/or affect substrate binding (e.g. change
the preference for the type of incorporated NTP). This
group embraces the mouse hem6 mutation and the major-
ity of mutations found in multiple myeloma patients as well
as several mutations from other cancers. The average JSD
(52) score for all mutated amino acid positions in multi-
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Figure 5. Missense mutations in FAM46 family members found in cancer patients and hem6 mouse. The positions of the corresponding single point
mutations, mapped onto a 3D model of human FAM46C, are shown as spheres. The spheres are coloured according to JSD score, which refers to the
amino acid conservation in FAM46 family.

ple myeloma (reported in Supplementary Table S4) and for
the mutated residue 247 in hem6 FAM46C is 0.56 and 0.74,
respectively (higher JSD scores correspond to higher se-
quence conservation). In benchmarks JSD approach, which
considers also estimated conservation of sequentially neigh-
bouring sites, performed better than traditional measures
(e.g. Shannon entropy or Sum-of-pairs measure) in identi-
fying functionally important residues (52). In comparison,
the average JSD score for five FAM46 active site residues:
glutamic/aspartic acids, glycine and serine is 0.65. Muta-
tions belonging to the second group are located mostly on
the protein surface (usually with JSD scores below 0.4), in
evolutionary low conserved regions. Those mutations may
affect protein–protein interactions or alternatively might
not play any crucial role in the reported cancers.

In addition, we selected all mutations of highly conserved
residues with a JSD score higher than 0.65 (the average JSD
for five FAM46 active site residues from conserved NTase
motifs). It allowed us to identify mutations found in a num-
ber of malignancies (highlighted in orange in Supplemen-
tary Table S4), which probably have the largest impact on
protein activity and may be connected with diagnosed can-
cers. Consequently, we suggest that, in addition to multiple
myeloma, FAM46 genes may be also involved in pathogen-
esis of various other cancer subtypes including liver hep-
atocellular carcinoma, bladder urothelial carcinoma, head
and neck squamous cell carcinoma, uterine corpus endome-
trial carcinoma, kidney renal papillary cell carcinoma, lung
adenocarcinoma, ductal adenocarcinoma, colorectal ade-
nocarcinoma, primary plasma cell leukemia and skin cuta-
neous melanoma.

Potential function

The results of our sequence and structure analyses suggest
that the FAM46 proteins are active NTases, which have
both the NTase fold and PAP/OAS1 SBD domains. Ac-
tive NTases possessing the PAP/OAS1 SBD are known
to participate in tRNA maturation (CCA-adding en-
zymes), RNA degradation (TUTases, poly(A) polymerase
in TRAMP complex), mRNA maturation (poly(A) poly-
merases) and in a defense response to viruses and bacte-
ria (2′-5′-oligoadenylate synthases and cyclic GMP-AMP
synthases). Although it was shown that both FAM46A and
FAM46C are induced by interferon I and II (14) and that
FAM46C is one of the interferon-stimulated genes (ISGs)

which modify viral (YFV and VEEV) replication during in-
fection, it is unlikely that FAM46 proteins are antiviral en-
zymes like OASes. Unlike replication inhibiting ISGs (such
as OASL, Mab-21 and C6orf150), FAM46C slightly en-
hances the replication of certain viruses (14). FAM46 family
members do not possess also an H(X5)CC(X6)C motif (con-
served among vertebrate cGAS members) located between
the NTase and PAP/OAS1 SBD domains. This motif, which
resembles most closely HCCC-type zinc-ribbons found in
TAZ domains, is required for efficient cytosolic DNA recog-
nition (101). Finally, we investigated the possibility that
FAM46 proteins may be novel non-canonical poly(A) poly-
merases participating in RNA 3′ end modification like TU-
Tases or poly(A) polymerases GLD-2 and GLD-3. This hy-
pothesis is consistent with M. Tian studies (100), where
it was shown that mutated FAM46C may modulate the
poly(A) tails of specific transcripts during erythroid differ-
entiation. The author identified a single FAM46C muta-
tion (Y247N) in hem6 mice and showed that it might cause
an accelerated, progressive shrinkage of the poly(A) tail in
four transcripts (alpha-globin, Alas2, Hbb-b1 and Ftl1) and
probably does not have any effect on poly(A) tails in two
transcripts (Fth1 and beta-actin). Additionally, a Y247N
mutation led to an increase of expression levels of 152 tran-
scripts, resulted in a decrease of expression levels of 29 tran-
scripts, and did not have any effect on 29 erythroid tran-
scripts (100). It should be noted, however, that M. Tian used
an indirect approach to analyze the poly(A) tail lengths in
the six aforementioned transcripts. His strategy of indirect
poly(A) tail length assay assumed that the poly(A) tails do
not possess any nucleotides other than adenosines; there-
fore, he was not able to identify the real length of the mod-
ified poly(A) tails if they also contain other nucleotides.
Thus, it is likely that he observed shortening of mRNA
poly(A) tails for specific transcripts if FAM46C is respon-
sible for the addition of adenosines to the RNA 3′ end.
The FAM46C mutation (Y247N) might have weakened the
processivity of FAM46C resulting in poly(A) tails shrink-
age. On the other hand, FAM46C may be a non-canonical
poly(A) polymerase which adds cytidines or uridines to the
RNA 3′ end. In this scenario, FAM46C may participate in
transcript degradation by modifying the poly(A) tails. This
hypothesis is consistent with the fact that up to 152 tran-
scripts increased expression levels in a hem6 mutant. In this
case, the observed shortening of the poly(A) tails in four
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transcripts may be a side effect of cell deregulation. In both
scenarios, FAM46 proteins may play a very important role
in mRNA stability as active non-canonical poly(A) poly-
merases rather than some other factors, which prevent early
mRNA degradation by disrupting interactions between ri-
bonuclease docking complex and RNA as suggested by M.
Tian (100). Our functional assignment is also in line with
the facts that mouse FAM46C may bind directly or through
a complex to RNA CU-rich motifs (100) and FAM46A may
bind to poly(A) tails (80). According to Chapman et al.,
the expression of FAM46C is highly correlated with the ex-
pression of ribosomal proteins and initiation and elonga-
tion factors involved in protein translation (6). They pro-
posed that FAM46C is functionally related in some way
to the regulation of translation (e.g. as a mRNA stability
factor), however, they did not assign any exact function to
this protein. Recent studies revealed that the poly(A) tail
length impacts gene expression in some processes such as
inflammation, learning and memory (102), and there is a
clear correlation between the poly(A) tail length and trans-
lational efficiency in early development stages in zebrafish
and African clawed frogs (103). Therefore, it is possible that
the correlation observed by Chapman et al. is the effect of
length change of the poly(A) tails.

Both the M. Tian and Chapman et al. studies are con-
sistent with the results of our analysis of FAM46 inter-
actors and interacting partners of all remaining human
NTase fold proteins. We found that FAM46 binding part-
ners share a common GO functions and processes mostly
with interactors of those active NTase fold superfamily
members which belong to non-canonical poly(A) poly-
merases and poly(A) polymerases. We showed that over
half of the 61 identified FAM46 interactors participate in
DNA and/or RNA binding, including nine proteins which
can bind mRNA poly(A) tails. Many of FAM46 interact-
ing partners are involved in transcription or translation,
like transcription (co)factors (RHOXF2, TBX4, NR2F2,
SOX5, NRF1, TRIP6), transcription activators (Znf322,
Cxxc5), RNA stabilization factors (ELAVL1, BCCIP,
HDLBP, Pabpc1, Pabpc4), proteins involved in transcrip-
tion (POLR1A, POLR1E, POLR2J), proteins participat-
ing in mRNA translation (EIF4G3, Pabpc1, Pabpc4), and
proteins taking part in transcription regulation (EGLN2,
KEAP1, DCAF6, KLHDC2) and mitochondrial transla-
tion optimization (MTO1). Finally, some FAM46 protein
interactors regulate or are a part of ribonucleoprotein com-
plexes.

Our domain architecture analysis revealed that proteins
belonging to FAM46 family possess only two domains:
NTase and PAP/OAS1 SBD, with single exceptions of some
additional domains present in a few proteins. Importantly,
we were not able to detect any additional conserved do-
mains such as ferredoxin-like, which plays a critical role
in processivity of canonical poly(A) polymerases or TU-
Tases (Supplementary Figure S3). The ferredoxin-like do-
main provides additional interactions with RNA and may
enhance its binding, allowing the NTase enzyme to add up
to several hundred nucleotides. Therefore, FAM46 proteins
acting as non-canonical poly(A) polymerases probably can
add only a few nucleotides to the RNA 3′ end.

FAM46 family members seem to be localized both in
the cytoplasm and nucleus, like two other human non-
canonical poly(A) polymerases, PAPD4 and PAPD5 (104).
Considering the physiological functions of FAM46 inter-
actors, we can speculate about the biological processes, in
which FAM46 proteins may participate. FAM46A proba-
bly cooperates with a subunit RPB11-a of DNA-directed
RNA polymerase II, eukaryotic translation initiation fac-
tor 4 gamma (eIF4G), high-density lipoprotein-binding
protein (HDLBP, Vigilin), while FAM46C may bind to
polyadenylate-binding proteins (Pabpc1, Pabpc4) and (to-
gether with FAM46A) to ELAV-like protein 1. As a con-
sequence, proteins belonging to FAM46 family can be in-
volved in mRNA (de)stabilization either in the nucleus or
cytoplasm. DNA-directed RNA polymerase II transcribes
all protein-coding genes and synthesizes many functional
non-coding RNAs. The eIF4G3 subunit is a scaffold pro-
tein in eIF4F complex, which participates in the recruit-
ment of eukaryotic mRNAs to the ribosome (105). Pabpc1
and Pabpc4 belong to cytoplasmic poly(A) binding pro-
teins (PABPC), which bind specifically to the poly(A) tail
of mRNA and are required for poly(A) shortening, ribo-
some recruitment and translation initiation (106). Another
protein interactor, Xenopus Vigilin, can selectively protect
in vitro vitellogenin mRNA from cleavage by endonucle-
ase PMR-1 (107), while ELAVL1 is described in the liter-
ature usually as a stabilization factor, which prevents the
degradation of mRNAs possessing short tails (108–110).
FAM46 proteins can be also involved in a ribosome bio-
genesis (like POLR1A, POLR1E interactors (111,112)) or
they can (de)stabilize a nuclear pool of extra-ribosomal
RPL23 and the pre-60S trans-acting factor eIF6 (like BC-
CIP interactor (113)). By interacting with telomerase Cajal
body protein 1 (WRAP53), FAM46 family members may
change 3′ ends of small Cajal body RNAs, which are in-
volved in modifying splicing RNAs (114). Together with
the Box C/D snoRNA protein 1 (ZNHIT6), they may also
participate in snoRNP biogenesis, which is essential for the
processing and modification of rRNA (89). Finally, FAM46
proteins (together with DAZAP2 and major vault proteins
(MVP)) may modify RNAs which build ribonucleoproteins
complexes like stress granules (85) and vaults composed
of MVP, vault poly(adenosine diphosphate-ribose) poly-
merases (VPARP), telomerase-associated proteins (TEP1)
and small untranslated RNAs (vRNAs) (87,88).

The FAM46 family members seem to be highly regulated
proteins. The process, in which these new non-canonical
poly(A) polymerases participate, is probably determined
by their tissue-specific expression and gene organization.
As reported in the BioGPS database, tissue expression lev-
els are different for each human FAM46 paralog. More-
over, the human FAM46 proteins are likely to be regu-
lated by phosphorylation. Each human paralog has many
phosphorylation patterns detectable with ELM predictor
(27) with high probability scores (data not shown). For in-
stance, FAM46A, FAM46B and FAM46C have two poten-
tial phosphoserine sites (a LIG PLK pattern) recognized by
the Polo-like kinase, which is a known human FAM46C in-
teracting partner.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article-abstract/44/8/3534/2467412 by guest on 03 D

ecem
ber 2019



Nucleic Acids Research, 2016, Vol. 44, No. 8 3545

CONCLUSION

A comprehensive analysis of various biological information
available in literature and databases combined with numer-
ous sequence and structure analyses (including a state-of-
the-art distant homology detection, fold recognition and
3D modelling) allowed us to propose that FAM46 mem-
bers function as cytoplasmic and/or nuclear non-canonical
poly(A) polymerases. Four human FAM46 paralogs thus
complement the group of already known non-canonical
poly(A) polymerases in humans embracing seven proteins:
RBM21 (U6 TUTase, Star-PAP, TUT6), hGLD2 (PAPD4,
TUT2), hmtPAP (PAPD1, TUT1), POLS (TUT5), PAPD5
(TUT3), ZCCHC6 (TUT7) and ZCCHC11 (TUT4). ZC-
CHC6 and ZCCHC11 mono-uridylate the 3′ end of spe-
cific miRNAs involved in cell differentiation and Home-
obox (Hox) gene control (115). The hmtPAP produces
poly(A) tails in mitochondria (116). The RBM21 catalyzes
the uridylation of U6 snRNA involved in pre-mRNA splic-
ing (117). The hGLD2 generates poly(A) tails of selected
cytoplasmic mRNAs (118). The PAPD5 participates in
the polyadenylation-mediated degradation of aberrant pre-
rRNA and in replication-dependent histone mRNA degra-
dation (119). Unfortunately, we are not able to predict
the exact type of RNA that can be modified by FAM46
proteins. However, taking into account all the identified
FAM46 interacting partners, we can speculate that FAM46
proteins could modify the 3′ end of mRNAs, small Cajal
body RNAs and vRNAs. In addition, they may also partic-
ipate in snoRNP and ribosome biogenesis, and (de)stabilize
a nuclear pool of extra-ribosomal RPL23 and the pre-60S
trans-acting factor eIF6.

The FAM46 family members as well as all the known
non-canonical poly(A) polymerases share the two follow-
ing domains: a PAP/OAS1 SBD with an inserted NTase
domain right after the first core �-helix. In this work,
we showed that proteins with such domain architecture,
in addition to highly conserved NTase domain patterns
([DE]h[DE]h, h[DE]h and hG[GS]), possess also three ad-
ditional, conserved amino acids critical for NTP binding.
These residues embrace serine or threonine in the last �-
helix of the NTase domain, and lysine/arginine and a hy-
drophobic amino acid located in the second and third
PAP/OAS1 SBD core �-helix, respectively. Although the
FAM46 proteins retain serine or cysteine in the last �-helix
of the NTase domain, it is possible that the conserved inser-
tion between the last core �-strand and �-helix in FAM46
NTase domain may substitute the role of the conserved
Ser/Thr at least for some family members, enabling them
to catalyze the modification of selected RNA 3′ ends.

We also performed a systematic search for missense mu-
tations in human FAM46 genes, found in cancer patients.
Collected mutation data from various databases and liter-
ature, combined with sequence/structure analyses suggest
that, in addition to multiple myeloma, FAM46 genes may
be also involved in the development of other major malig-
nancies including lung, colorectal, hepatocellular, head and
neck, urothelial, endometrial and renal papillary carcino-
mas and melanoma. We identified several single point muta-
tions of highly conserved FAM46 amino acids that may af-
fect the enzyme catalytic activity, processivity and substrate

binding (e.g. by changing the preference for the type of in-
corporated NTP). Consequently, these mutations can lead
to deregulation of specific RNAs as an oncogenic mecha-
nism in multiple myeloma and other cancers. This is con-
sistent with previous studies which showed a correlation
between RNA deregulation (e.g. mRNA (120), microRNA
(121,122), long non-coding RNA (123), small non-coding
RNA (124)) and various diseases including cancers.

Summarizing, this work provides functional and struc-
tural annotation for novel and highly important enzymes
involved in RNA metabolism in eukaryotes and thus may
guide functional studies of these previously uncharacterized
proteins. Further experimental investigations should ad-
dress the predicted activity and clarify potential substrates
to provide more insight into the detailed biological roles of
these newly detected non-canonical poly(A) polymerases.
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Legend: 

FAM46

Polysphondylium pallidum PN500
Acytostelium subglobosum LB1
Dictyostelium discoideum AX4
Dictyostelium purpureum
Dictyostelium fasciculatum

Entamoeba nuttalli P19
Entamoeba dispar SAW760
Entamoeba invadens IP1
Entamoeba histolytica HM-1-IMSS

Acanthamoeba castellanii str. Neff
Guillardia theta CCMP2712

Salpingoeca rosetta
Monosiga brevicollis MX1

Sphaeroforma arctica JP610

Trichoplax adhaerens
Amphimedon queenslandica

Branchiostoma floridae

Callorhinchus milii
Lepisosteus oculatus

Takifugu rubripes
Tetraodon nigroviridis

Notothenia coriiceps
Larimichthys crocea

Pundamilia nyererei
Haplochromis burtoni
Maylandia zebra

Oreochromis niloticus
Neolamprologus brichardi

Fundulus heteroclitus
Xiphophorus maculatus
Poecilia formosa
Poecilia reticulata

Austrofundulus limnaeus
Oryzias latipes

Stegastes partitus

Cynoglossus semilaevis

Oncorhynchus mykiss
Salmo salar

Esox lucius

Astyanax mexicanus
Danio rerio

Clupea harengus
Scleropages formosus

Xenopus Silurana tropicalis
Xenopus laevis
Anolis carolinensis

Thamnophis sirtalis
Ophiophagus hannah

Python bivittatus

Alligator mississippiensis
Alligator sinensis

Taeniopygia guttata
Serinus canaria

Manacus vitellinus
Acanthisitta chloris

Corvus brachyrhynchos
Corvus cornix cornix

Pseudopodoces humilis
Zonotrichia albicollis
Geospiza fortis
Ficedula albicollis

Tauraco erythrolophus
Calypte anna
Gavia stellata
Picoides pubescens

Pelecanus crispus
Phalacrocorax carbo
Phaethon lepturus
Nipponia nippon
Egretta garzetta

Tyto alba

Melopsittacus undulatus
Nestor notabilis

Columba livia
Buceros rhinoceros silvestris
Fulmarus glacialis

Mesitornis unicolor
Cariama cristata
Chlamydotis macqueenii
Eurypyga helias
Balearica regulorum gibbericeps

Caprimulgus carolinensis
Apaloderma vittatum
Podiceps cristatus
Chaetura pelagica
Opisthocomus hoazin

Aquila chrysaetos canadensis
Haliaeetus leucocephalus
Haliaeetus albicilla

Falco cherrug
Falco peregrinus

Cuculus canorus

Merops nubicus
Leptosomus discolor
Pygoscelis adeliae
Aptenodytes forsteri

Meleagris gallopavo
Gallus gallus
Anser cygnoides domesticus
Anas platyrhynchos

Colius striatus
Phoenicopterus ruber ruber
Charadrius vociferus

Cathartes aura
Pterocles gutturalis

Tinamus guttatus
Struthio camelus australis
Apteryx australis mantelli

Chrysemys picta bellii
Chelonia mydas

Pelodiscus sinensis

Ornithorhynchus anatinus
Monodelphis domestica
Sarcophilus harrisii
Dasypus novemcinctus

Ochotona princeps
Oryctolagus cuniculus

Jaculus jaculus
Ictidomys tridecemlineatus

Nannospalax galili

Cricetulus griseus
Mesocricetus auratus

Microtus ochrogaster
Peromyscus maniculatus bairdii

Rattus norvegicus
Mus musculus

Dipodomys ordii

Cavia porcellus
Octodon degus
Chinchilla lanigera
Fukomys damarensis
Heterocephalus glaber

Galeopterus variegatus
Tupaia chinensis

Microcebus murinus
Propithecus coquereli

Otolemur garnettii

Tarsius syrichta

Pongo abelii
Homo sapiens

Pan troglodytes
Pan paniscus

Gorilla gorilla gorilla

Nomascus leucogenys

Rhinopithecus roxellana
Colobus angolensis palliatus
Papio anubis
Cercocebus atys

Macaca fascicularis
Macaca mulatta
Macaca nemestrina

Mandrillus leucophaeus
Chlorocebus sabaeus

Callithrix jacchus
Saimiri boliviensis boliviensis

Aotus nancymaae

Erinaceus europaeus
Condylura cristata
Sorex araneus

Ursus maritimus
Ailuropoda melanoleuca

Odobenus rosmarus divergens
Mustela putorius furo
Canis lupus familiaris
Leptonychotes weddellii

Felis catus
Panthera tigris altaica

Eptesicus fuscus
Myotis lucifugus
Myotis brandtii
Myotis davidii

Pteropus alecto
Pteropus vampyrus

Balaenoptera acutorostrata scammoni
Lipotes vexillifer

Tursiops truncatus
Orcinus orca

Physeter catodon

Camelus ferus
Camelus dromedarius
Camelus bactrianus

Vicugna pacos
Sus scrofa

Capra hircus
Ovis aries musimon
Bubalus bubalis
Bison bison bison
Bos mutus
Bos taurus

Pantholops hodgsonii

Equus przewalskii
Equus caballus

Ceratotherium simum simum

Echinops telfairi
Elephantulus edwardii
Loxodonta africana
Trichechus manatus latirostris
Orycteropus afer afer
Chrysochloris asiatica

Latimeria chalumnae

Ciona intestinalis
Oikopleura dioica

Saccoglossus kowalevskii
Strongylocentrotus purpuratus

Daphnia pulex
Lepeophtheirus salmonis
Zootermopsis nevadensis
Pediculus humanus corporis
Diaphorina citri
Acyrthosiphon pisum
Cimex lectularius
Halyomorpha halys
Riptortus pedestris

Athalia rosae
Orussus abietinus

Megachile rotundata

Apis florea
Apis dorsata
Apis mellifera

Habropoda laboriosa
Bombus terrestris
Bombus impatiens

Cerapachys biroi
Linepithema humile

Wasmannia auropunctata
Vollenhovia emeryi

Acromyrmex echinatior
Atta cephalotes
Solenopsis invicta
Monomorium pharaonis

Pogonomyrmex barbatus

Harpegnathos saltator
Camponotus floridanus
Lasius niger

Microplitis demolitor
Fopius arisanus
Trichogramma pretiosum
Ceratosolen solmsi marchali
Copidosoma floridanum
Nasonia vitripennis

Tribolium castaneum
Dendroctonus ponderosae
Amyelois transitella

Papilio xuthus
Papilio machaon

Danaus plexippus

Bombyx mori
Operophtera brumata

Culex quinquefasciatus
Aedes aegypti
Anopheles sinensis
Anopheles gambiae str. PEST
Anopheles darlingi

Bactrocera cucurbitae
Bactrocera dorsalis
Bactrocera oleae

Ceratitis capitata

Drosophila ananassae
Drosophila erecta
Drosophila melanogaster
Drosophila yakuba
Drosophila simulans
Drosophila sechellia

Drosophila willistoni
Drosophila pseudoobscura pseudoobscura
Drosophila persimilis

Drosophila grimshawi
Drosophila busckii
Drosophila mojavensis
Drosophila virilis

Lucilia cuprina
Musca domestica
Stomoxys calcitrans

Limulus polyphemus

Sarcoptes scabiei
Ixodes scapularis
Metaseiulus occidentalis

Stegodyphus mimosarum

Pristionchus pacificus

Caenorhabditis briggsae
Caenorhabditis remanei
Caenorhabditis brenneri
Caenorhabditis elegans

Strongyloides ratti
Dictyocaulus viviparus
Ancylostoma ceylanicum

Toxocara canis
Ascaris suum
Loa loa
Brugia malayi

Trichuris trichiura
Trichuris suis

Trichinella spiralis

Capitella teleta
Helobdella robusta

Lottia gigantea
Aplysia californica
Biomphalaria glabrata

Octopus bimaculoides
Crassostrea gigas

Lingula anatina

Opisthorchis viverrini
Clonorchis sinensis
Schistosoma japonicum
Schistosoma mansoni
Schistosoma haematobium

Nematostella vectensis
Hydra vulgaris
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Supplementary Figure S1. Schematic representation of the protein family distribution and abundance 
among taxa. The bar length is proportional to the number of FAM46 homologs in a given genome. The 
difference in the number of FAM46 paralogs among vertebrate genomes may be a consequence of 
either the incompleteness or poor quality of the available proteomes. 





Supplementary Figure S2. Phylogenetic tree of FAM46 protein family. ML analysis was carried out 
using the JTT+G model. The approximate likelihood ratio test SH-like branch supports above 0.5 are 
shown. Branches with support lower than 0.4 were collapsed. 









Supplementary Figure S3. Summary of NTase fold superfamily structures. Structure-based 
alignment of secondary structure elements is shown for all domains present in all representative 
structures. Structures were divided into 10 groups based on their structural similarity. The β-strands 
and α-helices are shown as arrows and rectangles, respectively. Core α-helices are denoted in red, 
while core β-strands are colored yellow. Zigzag lines represent unsolved regions in 3D structures. 
Domains are labeled with following abbreviations: NT, NTase; PO, PAP/OAS1 SBD; FE, Ferredoxin-
like domain; SAM, SAM domain-like; 1jaj_C, C-terminal domain of pdb|1jaj; PHP, PHP domain; 
1v4a_N, N-terminal domain of pdb|1v4a; 4ok0_C, C-terminal domain of pdb|4ok0; HD, HD-
domain/PDEase-like; POL_C, Poly A polymerase C-terminal region-like; 4H, Four-helical up-and-down 
bundle; Pox_polyA, Poxvirus poly(A) polymerase N-terminal domain. Suffixes ‘_CT’ and ‘_NC’ refer to 
catalytic and non-catalytic NTase domains. 





Supplementary Figure S4. Domain architecture of FAM46 proteins. All possible domain contexts 
identified in FAM46 family are shown for selected proteins. Domains are labeled with following 
abbreviations: NT, NTase; PO, PAP/OAS1 SBD; Neur_chan_LBD, Neurotransmitter-gated ion-
channel ligand binding domain (PF02931); Neur_chan, Neurotransmitter-gated ion-channel 
transmembrane region (PF02932); Glyco_hydro_47, Glycosyl hydrolase family 47 (PF01532); zf-
DHHC, DHHC palmitoyltransferase (PF01529); Peptidase_C39_2, Peptidase_C39 like family 
(PF13529); Na_H_Exchanger, Sodium/hydrogen exchanger family (PF00999); NEXaM_BD, 
Regulatory region of Na+/H+ exchanger NHE binds to calmodulin (PF16644); RNase_H, RNase H 
(PF00075); Ank_2, Ankyrin repeats (3 copies) (PF12796); Pent_4, Pentapeptide repeats domains 
(PF13599); Integrase, Integrase core domain (PF00665). 







Supplementary Figure S5. Comparison of human NTase superfamily members according to GO 
molecular function and biological process of their identified protein interactors. The heat maps provide 
the numbers of common GO functions and processes. (A) Comparison for all human NTase fold 
proteins labeled with UniProt names. (B) Comparison for human NTase fold groups described in 
Supplementary Table S2. 
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Supplementary Table S1. Selected gene and protein features for all four human FAM46 paralogs. 
Subcellular localization was predicted using various theoretical methods (consensus prediction). 

 FAM46A FAM46B FAM46C FAM46D 

Location Chr6: 81491439-
81752774 

Chr1: 27005020-
27012836 

Chr1: 117605934-
117628372 

ChrX: 80335504-
80445311 

Exons 3 2 2 3 

Coding exons 2 2 1 1 

Strand reverse reverse forward forward 

Transcripts 5 1 1 2 

Tissue/cell with 
FAM46 
expression 

cervix, clatelets, pituitary 
gland, adipose tissue 
omental, lymph nodes, 
chorion villus cells, fetal 
cartilage, endometrium, 
astrocytes, colonic 
mucosa, vagina, salivary 
gland, Cd4+cd25+high 
regulatory T cells, breast 
ductal cells, omental 
adipose tissue, nipple 
cross section, 
lymphocytes, breast 
lobular cells, monocytes, 
sigmoid colon, cultured 
endothelial progenitor 
cells, coronary artery, 
tongue squamous cells, 
epididymis corpus, 
mammary gland, 
stomach, breast epithelial 
cells, Cd31+ cells, 
bronchus, spleen, 
adipose tissue, alveolar 
macrophages, gingival 
epithelium, naive B cells, 
neutrophils, blood, 
prostate gland, penis, 
lung, rectum, breast, 
Cd3+ T cells, 
nasopharyngeal epithelial 
cells, sinus mucosa, liver, 
sigmoid colon mucosa, 
promyelocytes, bone 
marrow, skin, 
myometrium, synovial 
membrane, bronchial 
epithelial cells, parotid 
gland, saphenous vein, 
naive Cd4+ T cells, 
Cd14+ monocytes, ovary, 
oral mucosa, amniotic 
fluid, heart atrium, breast 
stroma, vulva, airway 
epithelial cells, dorsal root 
ganglia, adrenal cortex, 
trachea, thyroid gland, 
mesenchymal stem cells, 
Cd34+ cells, cecum, 
placenta, fallopian tube 
epithelium, colon, 

pharyngeal mucosa, 
vulva, tonsil epithelium, 
gingival epithelium, 
parotid gland, skin, breast 
ductal cells, vagina, 
salivary gland, head and 
neck epithelial cells, 
breast epithelial cells, 
nipple cross section, 
penis, saphenous vein, 
esophagus, oral mucosa, 
amniotic fluid, tongue 
main corpus 

cervix, platelets, lymph 
nodes, tonsil, colonic 
mucosa, vagina, salivary 
gland, Cd4+cd25+high 
regulatory T cells, kidney 
medulla, deltoid muscle, 
lymphocytes, breast 
lobular cells, cultured 
endothelial progenitor 
cells, Cd34+ cells, 
neutrophils, tongue 
squamous cells, memory 
B cells, centrocytes, 
stomach, testes, Cd31+ 
cells, bronchus, spleen, 
skeletal muscle, breast 
ductal cells, Cd4+ T cells, 
naive B cells, blood, 
prostate gland, lung, 
amniotic fluid, breast, 
Cd3+ T cells, 
nasopharyngeal epithelial 
cells, PBMC, sigmoid 
colon mucosa, 
promyelocytes, bone 
marrow, T cells, 
epididymis corpus, 
bronchial epithelial cells, 
plasma cells, naive Cd4+ 
T cells, Cd14+ 
monocytes, tonsil 
epithelium, ovary, heart 
atrium, breast stroma, 
Cd49a+ cells, airway 
epithelial cells, parotid 
gland, trachea, thyroid 
gland, vastus lateralis 
muscle, sperm, cecum, 
placenta, fallopian tube 
epithelium, colon, kidney, 
kidney cortex, 
endometrial endothelial 
cell, rectum mucosa, 
tongue main corpus, 
sinus mucosa, urethra 

sperm 
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memory B cells, 
endometrial endothelial 
cell, PBMC, rectum 
mucosa, esophagus, 
Cd49a+ cells, trigeminal 
ganglia, urethra 

Cellular 
localization 

cytoplasmic, nuclear cytoplasmic, nuclear cytoplasmic, nuclear cytoplasmic, nuclear 
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Supplementary Table S2. Human NTase fold proteins. Proteins were clustered into 21 functional 
groups. 

Group Description UniProt ID (Name) 

FAM46 Family with sequence identity 46 Q96IP4 (FA46A), Q96A09 (FA46B), Q5VWP2 
(FA46C), Q8NEK8 (FA46D) 

ILF Interleukin enhancer-binding factor Q12906 (ILF3), Q12905 (ILF2) 

TUT Non-canonical poly(A) RNA polymerase 
Q9NVV4 (PAPD1), Q6PIY7 (GLD2), Q8NDF8 
(PAPD5), Q5TAX3 (TUT4), Q5XG87 (PAPD7), 
Q9H6E5 (STPAP), Q5VYS8 (TUT7) 

PAP Poly(A) polymerase P51003 (PAPOA), Q9NRJ5 (PAPOB), Q9BWT3 
(PAPOG) 

MAB Protein mab-21-like Q13394 (MB211), Q8N8X9 (MB213), Q9Y586 
(MB212) 

OAS 2'-5'-oligoadenylate synthase Q9Y6K5 (OAS3), P29728 (OAS2), P00973 (OAS1), 
Q15646 (OASL) 

cGAS Cyclic GMP-AMP synthase Q8N884 (CGAS) 

ZFR Zinc finger RNA-binding protein Q96KR1 (ZFR), Q9UPR6 (ZFR2) 

POL_BETA DNA polymerase beta P06746 (DPOLB) 

STRBP Spermatid perinuclear RNA-binding protein Q96SI9 (STRBP) 

POL_LAMBDA DNA polymerase lambda Q9UGP5 (DPOLL) 

NOL6 Nucleolar protein 6 Q9H6R4 (NOL6) 

CCA CCA tRNA nucleotidyltransferase Q96Q11 (TRNT1) 

POL_MU DNA-directed DNA/RNA polymerase mu Q9NP87 (DPOLM) 

DNTT DNA nucleotidylexotransferase P04053 (TDT) 

MID Mitochondrial dynamics protein Q96C03 (MID49), Q9NQG6 (MID51) 

ITRIP Inositol 1,4,5-trisphosphate receptor-interacting 
protein-like Q3MIP1 (IPIL2), Q8IWB1 (IPRI), Q6GPH6 (IPIL1) 

FUKUTIN Fukutin and Fukutin-related proteins O75072 (FKTN), Q9H9S5 (FKRP) 

MMP37 Phosphatidate cytidylyltransferase Q96BW9 (TAM41) 

TMEM102 Transmembrane protein 102 Q8N9M5 (TM102) 

C2orf54 Uncharacterized protein C2orf54 Q08AI8 (CB054) 
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Supplementary Table S3. Protein interacting partners of FAM46 proteins. References to publications, where FAM46A, FAM46B, FAM46C and FAM46D 
protein interactors were detected are provided in corresponding first four columns. 

FAM46A FAM46B FAM46C FAM46D Protein interactor Organism Description of protein interactor 

 + 
(1) 

+ 
(2) 

+ 
(1) RHOXF2 human 

Rhox homeobox family member 2 (RHOXF2) is encoded by a homeobox gene on the X chromosome. Homeobox 
genes encode transcription factors that have critical roles in specifying spatial positioning of cells, controlling 
cellular proliferation and regulating the differentiation of cells during embryonic development (3). The common 
feature of all homeobox genes is that they encode a homeobox domain, a motif that binds not only to specific DNA 
but also to specific proteins and sometimes even to RNA (3-5). Human RHOXF2 encodes a protein PEPP-2 and is 
specifically expressed in testis. It regulates spermatogenesis and neuronal development (6,7). It was shown that 
PEPP-2 interacts with both itself and various other proteins such as nuclear transcription factors and cytoplasmic 
RNA decay-promoting proteins (8-10). 

 + 
(11) 

+ 
(1,10)  DAZAP2 human 

DAZAP2 was identified as a protein interacting with DAZ and DAZL through DAZ repeats and plays important roles 
in the physiological responses to various environmental conditions (12). A germ-cell-specific DAZAP2 participates 
in stress granules (SG) formation in cytosol. During environmental stress, 40S ribosomal subunit complex stalls on 
mRNA and do not form 80S translational complex. Established RNA-protein complex is stabilized by RNA-binding 
proteins and/or by the association with DAZAP2 that interacts with eIF4G (13). Recently, it has also been shown 
that DAZAP2 regulates another ribonucleoprotein complex within zebrafish oocytes - germ granules. In primordial 
germ cells DAZAP2 limits germ granule Dynein-dependent fragmentation by counteracting Dynein (14). 

+ 
(10,15) 

+ 
(10,15)   ATXN1 human 

Abnormal ATXN1 polyglutamine tract occurs in spinocerebellar ataxin type 1 patients. Human Ataxin-1 protein 
possesses two domains: Capicua transcriptional repressor modulator (PF12547) and AXH domain (PF08517) (16). 
AXH domain has significant sequence similarity to the transcription factor HBH1 and shares the OB-fold with many 
oligonucleotide-binding proteins (17). It was shown that ATXN1 has RNA-binding activity in vitro (18), supporting 
the possible RNA-binding role in the cell. Additionally, ATXN1 interacts with various transcription factors, including 
Capicua (19), CBF1 (20), cofactors such as LANP that are implicated in transcriptional repression (19), 
transcriptional corepressor SMRT (21) and selectively with histone deacetylase 3 and 4 (21). In mammalians cells, 
ATXN1 might participate in several Notch signaling pathway controlled developmental and pathological processes 
(20). Although ATXN1 is a nuclear protein, it is also capable of nuclear export. It was suggested that Ataxin-1 may 
participate in RNA export as ATXN1 localization to inclusions and inclusion dynamics within the nucleus are RNA 
and transcription dependent and Ataxin-1 nuclear inclusions recruit the mRNA export factor, TAP/NXF1 (22). 

+ 
(23) 

+ 
(23)   SH2D2A human 

Human H2 domain-containing protein 2A (SH2D2A, TSAd) is composed of two domains: SH2 domain (PF00017) 
and inactive protein tyrosine kinase domain (PF07714). TSAd participates in actin reorganization in the T cells what 
is important during differentiation, migration through tissues and proliferation (24-26). It modulates the activity of 
tyrosine kinase Lck through interaction of its  C-terminus with Lck (27,28) as well as together with vascular 
endothelial (VE) growth factor  (VEGF) regulates c-Src tyrosine kinase (29). TSAd is required for VEGF-induced, c-
Src-mediated regulation of endothelial cell junctions and for vascular permeability (29). 
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+ 
(30)  + 

(30)  ELAVL1 human 

ELAV-like protein 1 (ELAVL1) or Human antigen R (HuR) possesses three highly conserved RNA recognition 
motifs (RRMs) and may bind mRNA 3’UTR (e.g. cytochrome c 3’UTR (31)), 5’UTR (e.g. p27 5’UTR (32)) through U 
rich elements and a poly(A) tail (33). Two first N-terminal domains (RRM1 and RRM2) recognize all types of mRNA 
adenylate- and uridylate-rich elements (AREs) (34) and the third RRM3 domain possibly binds mRNA poly(A) tails 
(35) what is consistent with RRM3 enzymatic function - terminal adenosyl transferase (36). HuR is described in the 
literature usually as a stabilization factor, which prevents the degradation of mRNAs possessing short tail 
(34,37,38). This FAM46 interactor is mainly located within the nucleus but it can shuttle between nucleus and the 
cytoplasm upon cell stimulation (39). It was reported that HuR may regulate mRNA translation (31,32,40), ARE-
mediated mRNA turnover (38), and mRNA splicing (41) and mRNA polyadenylation in neurons by blocking both 
cleavage and poly(A) addition sites containing U-rich sequences (42). 

+ 
(43,44)  + 

(45)  BCCIP 
human  
mouse 

CDKN1A-interacting protein (BCCIP) takes part in cell cycle control by regulating the expression of the CDK 
inhibitor p21 (46). Additionally, it is involved in homologous recombination, suppression of spontaneous DNA 
damage and cell cycle control (47). It was shown that BCCIP is essential in mouse embryonic development (48) 
and neural development (49). One of two BCCIP mammalian isoforms generated by alternative pre-mRNA splicing 
- BCCIPβ stabilizes a nuclear pool of extra-ribosomal RPL23 and the pre-60S trans-acting factor eIF6 (50). Human 
BBIP may bind a poly(A) tail (33). 

+ 
(43)    TBX4 human 

Protein encoded by T-box transcription factor TBX4 (TBX4) possesses conserved DNA-binding T-box domain that 
play a crucial role in chicken and mice lower limb development (51-53), and in human lower limbs and pelvis 
developmental pathways (54). 

+ 
(55)    CD93 human 

Cluster of differentiation 93 (CD93) is a transmembrane glycoprotein whose expression patterns and the structure 
suggests a role in adhesion and/or leukocyte migration (56,57). It was suggested that CD93 participates in cell-cell 
interactions during hematopoietic and vascular development (58), and regulation of inflammation and immunity 
(57). 

+ 
(23)    RIN3 human 

Ras and Rab interactor 3 (RIN3) is a stimulator and a stabilizer of an active small GTPase Rab5. It plays a role in 
the transport pathway from plasma membrane to early endosomes (59). Rab proteins belong to small GTPases, 
which participate in intracellular membrane trafficking (60). 

+ 
(23)    SYK human Non-receptor tyrosine-protein kinase SYK (SYK) mediates signal transduction and differentiation, particularly in B-

cell development (61,62). 

+ 
(23)    TNS2 human 

Tensin-2 (TNS2) functions as a platform for dis/assembly of signaling complexes at focal adhesions. It is likely that 
Tensin-2 has actin-, phosphotyrosine- and integrin-binding activities (63). It was shown that mouse tensin is 
required for the normal renal function (64), is involved in skeletal muscle regeneration (65) and is critical for 
tension-regulated cell migration (66). Human Tension-2 negatively regulates Akt/PKB signaling cascade and may 
inhibit cell survival, proliferation and migration (67). 

+ 
(43)    NR2F2 human 

COUP transcription factor 2 (NR2F2) belongs to the steroid/thyroid hormone receptor superfamily which can act as 
either transcriptional activators or repressors in a cell type-dependent manner (68). The functions of COUP-TFs in 
neural development, cell-fate specification, organogenesis, angiogenesis and metabolism have been extensively 
investigated (68,69). 
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+ 
(43,44)    HDLBP human 

High-density lipoprotein-binding protein (HDLBP, vigilin) contains 15 KH domains (PF00013) (70) and is present in 
both the nucleus and the cytoplasm in the human HEp-2 cells (71). KH domain was first identified in human 
heterogeneous nuclear ribonucleoprotein (hnRNP) K and is able to bind RNA or single stranded DNA (72,73). The 
domain was identified in proteins associated with splicing, transcriptional regulation and translational control (73). 
The yeast vigilin homolog Scp160p was found in polyribosome-bound mRNP complexes including poly(A) binding 
protein – Pab1p (74). Xenopus vigilin can selectively protect in vitro vitellogenin mRNA from cleavage by 
endonuclease PMR-1. The high affinity of vigilin for selected mRNA 3’UTRs bearing the PMR-1 cleavages sites 
directly influences the susceptibility to this RNAs cleavage in vitro (75). However, human HDLBP may interact with 
the proto-oncogene c-fms mRNA 3′UTR sequence decreasing c-fms mRNA stability and inhibiting c-fms translation 
(76). Human HDLBP was suggested to be a part of a complex encompassing tRNA and various proteins including 
translation elongation factors (71) as well as it was shown that vigilin associates with human 80S ribosomes (77). It 
was also proposed that HDLBP accelerates the export of tRNA from the nucleus to cytosol (71). 

+ 
(43)    HTRA1 human 

Serine protease HTRA1 belongs to HtrA family and is involved in protein quality control (78). HTRA1 contains two 
domains: the N-terminal Trypsin-like peptidase domain (PF13365) and the C-terminal PDZ domain (PF13180), 
which binds the C-termini of mislocalized or misfolded polypeptides (79). HTRA1 is a secreted protease that has 
the capacity to degrade numerous extracellular matrix proteins and growth factors (80). It was demonstrated that 
HTRA1 is implicated in many pivotal biological processes in mammals, including proliferation (81), growth (82), 
apoptosis (83,84) and embryogenesis (85). 

+ 
(43)    COL4A2 human Collagen alpha-2(IV) chain (COL4A2) is a structural constituent of extracellular matrix and is expressed almost 

exclusively in the basal membrane (86). 

+ 
(43)    SPINT1 human 

Kunitz-type protease inhibitor 1 (SPINT1, HAI-1) participates in extracellular matrix organization. It acts as an 
inhibitor of serine proteases such as matriptase (87,88), hepsin (89,90) and hepatocyte growth factor (HGF) 
activator (91), which have important roles in epithelial development, cell growth and homoeostasis (92). 

+ 
(43)    RNF14 human 

E3 ubiquitin-protein ligase RNF14 consists of four domains: N-terminal RWD domain (PF05773), zinc finger domain 
of C3HC4 type (RING finger) (PF13923) and two C-terminal IBR domains (PF01485). RNF14 expressed in insect 
Sf9 cells catalyzes E2-dependent autoubiquitination in vitro. It was also suggested that it may act as an Ub-ligase 
(E3) in the ubiquitination of certain nuclear protein(s) (93). It can regulate the expression of cyclin D1 (one of the 
major enhancers of cell cycle progression) (94) and enhance androgen receptor dependent transcriptional 
activation (95). 

+ 
(43)    DYNC1H1 human 

Cytoplasmic dynein 1 heavy chain 1 (DYNC1H1) is a heavy chain of cytoplasmic dynein 1. Cytoplasmic dynein 
transports diverse intracellular cargoes, controls subcellular targeting and motor activity, and generates forces 
involved in cell division (96,97). 

+ 
(43)    KEAP1 human 

Kelch-like ECH-associated protein 1 (KEAP1) targets transcription factor Nrf2, a key regulator for cancer prevention 
by anticarcinogens, for ubiquitination and degradation by the proteasome under basal conditions (98). KEAP1 
functions as a substrate adaptor protein for a Cul3-dependent E3 ubiquitin ligase complex (99). 

+ 
(43)    PSG3 human Pregnancy-specific beta-1-glycoprotein 3 (PSG3) is one of the major placental polypeptides, which is up-regulated 

upon trophoblast differentiation (100). 



4 
 

+ 
(43)    EGLN2 human 

Egl nine homolog 2 (EGLN2, PHD1) is a prolyl hydroxylase, which plays a role in regulation of gene expression by 
oxygen (101). Its C. elegans homolog EGL-9 targets the hypoxia‐inducible transcriptional factors HIF‐1α and 
HIF‐2α for proteasomal degradation (102). 

+ 
(43)    ZFYVE9 human 

Zinc finger FYVE domain-containing protein 9 (ZFYVE9) was identified as a SMAD2/3-binding protein, which is 
required in SMAD2-dependent TGF- β signaling (103). It may regulate also the proliferation of hepatic cells during 
zebrafish embryogenesis (104). 

+ 
(43)    BAG6 human 

Mammalian large proline-rich protein (BAG6) takes part in two crucial and distinct pathways: ubiquitin-mediated 
protein degradation of defective or misallocated polypeptides (105) and tail-anchored (TA) transmembrane protein 
biogenesis (106). It is essential for survival and maintenance of male germ cells (107). 

+ 
(44)    DCAF6 human 

DDB1- and CUL4-associated factor 6 (DCAF6) is a nuclear receptor interaction protein, which enhances the 
transcriptional activity of nuclear receptors NR3C1 and AR (108). It may function as substrate-recruiting module for 
CUL4-DDB1 E3 ubiquitin-protein ligase complex (109). 

+ 
(44)    DDX11 human 

DDX11 is a DNA helicase involved in cellular proliferation (110). It possesses both ATPase and DNA helicase 
activities, which are strictly dependent on DNA, divalent cations and ATP. DDX11 can unwind both DNA/DNA and 
RNA/DNA substrates (111). The DNA helicase DDX11 is required for sister chromatid cohesion in mammalian cells 
(thus participates in normal mitotic progression) (112) and viral genome maintenance (113). 

+ 
(44)    EIF4G3 human 

Eukaryotic translation initiation factor 4 gamma (EIF4G) is a scaffold protein in eIF4F complex. eIF4F complex 
participates in a recruitment of eukaryotic mRNAs to the ribosome by association of eIF4F complex with a cap 
structure (114). There are three EIF4G isoforms in mammals (EIF4G1, EIF4G2 and EIF4G3) (115). EIF4G may 
bind a poly(A) tail (33). 

+ 
(44)    ESPL1 human Separin (ESPL1) is a caspase-like protease which takes part in cohesin cleavage in anaphase. This process is 

crucial for sister chromatid separation and for the completion of cytokinesis (116). 

+ 
(44)    FNDC3A human Fibronectin type-III domain-containing protein 3A (FNDC3A) and Fibronectin type III domain-containing protein 3B 

(FNDC3B) possess few Fibronectin type III domains (PF16893 and PF16893). It was proposed that FNDC3A 
mediates spermatid-Sertoli adhesion during mouse spermatogenesis (117), while FNDC3B reciprocally regulates 
differentiation of adipocytes and osteoblast (118). 

+ 
(44)    FNDC3B human 

+ 
(44)    KIAA0922 human Transmembrane protein 131-like (KIAA0922) is a regulator of thymocyte proliferation and antagonizes canonical 

Wnt signaling (119). 

+ 
(44)    KLHDC2 human 

Kelch domain-containing protein 2 (KLHDC2) takes part in transcriptional regulation. The physical interaction 
between KLHDC2 and a bZIP transcription factor (LZIP) leads to the repression of the LZIP-dependent 
transcription (120). 

+ 
(44)    44M2.3 human Putative RNA exonuclease NEF-sp consists of three domains: an active 3'-5' exonuclease (PF01612) and two RRM 

domains (PF00076). 
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+ 
(44)    MTO1 human 

Mitochondrial Translation Optimization Factor 1 (MTO1) is involved in the mitochondrial tRNA modification (121) 
and controls mitochondrial translation rate in a highly tissue-specific manner (122). In mammals, MTO1 is 
predominantly expressed in high-energy demand tissue (123). It may bind a poly(A) tail (33). 

+ 
(44)    POLE2 human 

POLE2 is a DNA polymerase epsilon subunit 2 (124). DNA polymerase epsilon participates in a lagging strand 
replication, a cell cycle regulation, a double-stranded break repair (DSBR), a base excision repair (BER) and a 
mismatch repair (NER). It has a DN polymerase and 3’-5’ exonuclease activity (125). 

+ 
(44)    POLR1A human POLR1A is a DNA-directed RNA polymerase I subunit RPA1. The RNA polymerase (Pol) I participates in a 

ribosome biogenesis and regulates eukaryotic cell growth (126). 

+ 
(44)    POLR1E human POLR1E is a DNA-directed RNA polymerase I subunit RPA49. The RNA polymerase (Pol) I participates in a 

ribosome biogenesis and regulates eukaryotic cell growth (126,127). 

+ 
(44)    POLR2J human POLR2J is a DNA-directed RNA polymerase II subunit RPB11-a. RNA polymerase II (Pol II) transcribes all protein-

coding genes and synthesize many functional non-coding RNAs (128). 

+ 
(44)    SHKBP1 human 

SH3KBP1-binding protein 1 may prevent epidermal growth factor receptor (EGFR) degradation. EGFR plays a 
critical role in the regulation of many biological responses such as cell proliferation, differentiation and cellular 
adhesion (129). 

+ 
(44)    TMEM39A human Transmembrane protein 39A possesses the Tmp39 protein domain (PF10271) which function is still unknown. 

+ 
(44)    USP4 human 

Ubiquitin carboxyl-terminal hydrolase 4 (USP4) plays a role in mitogen-activated protein (MAP) kinase signaling 
(130), pre-mRNA splicing (131), controls p53 stability (132), has a DNA damage response role (133) and promotes 
homologous recombination (134). 

+ 
(44)    WDR60 human It was shown that WD repeat-containing protein 60 (WDR60) mutations could cause skeletal ciliopathies. Therefore, 

it was suggested that WDR60 plays a role in ciliogenesis (135). 

+ 
(44)    WDR62 human WD repeat-containing protein 62 (WDR62) is probably required for cerebral cortical development and plays a role in 

neuronal precursors proliferation and migration (136,137). 

+ 
(44)    WRAP53 human Telomerase Cajal body protein 1 (WRAP53) associates with telomerase enzyme, establishes telomerase 

components, and small Cajal body RNAs that are involved in modifying splicing RNAs (138). 

+ 
(44)    ZNHIT6 human Box C/D snoRNA protein 1 (ZNHIT6) may be involved in biogenesis of snoRNP, which is essential for the 

processing and modification of rRNA (139). 

 + 
(2)   SOX5 human 

Transcription factor SOX-5 (SOX5) is a member of a family of transcription factors involved in regulation of 
embryonic development (140). It plays a critical role in chondroblast and neuronal progenitor development 
(141,142) and during skeletal development and bone healing (143-145). 
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 + 
(146)   Ywhaz mouse 

14-3-3 protein zeta/delta (Ywhaz) contains 14-3-3 protein domain (PF00244). 14-3-3 proteins have ability to bind 
diverse signaling proteins including kinases, phosphatases and transmembrane receptors. They play a role in both 
signal transduction and progression. 14-3-3 proteins participates in the regulation of diverse biological processes, 
including neuronal development, cell growth control, and viral and bacterial pathogenesis (147). Human Ywhaz may 
bind a poly(A) tail (33). 

  + 
(148)  NRF1 human Nuclear respiratory factor 1 (NRF1) regulates pathways in lipid metabolism, amino acid metabolism, proteasomal 

degradation, the citric acid cycle and the mitochondrial respiratory chain (149). 

  + 
(1,10)  TRIP6 human 

Thyroid receptor-interacting protein 6 (TRIP6) is involved in cytoskeletal organization, coordinated cell migration 
and tissue invasion (150). In nucleus it acts as a transcriptional cofactor and may contribute to genome stability 
(150). TRIP6 is engaged in key cellular processes such as cell proliferation, differentiation and survival (150). It may 
bind a poly(A) tail (33). 

  + 
(1)   PLK4 human 

Polo-like kinases (PLK) regulate cell cycle progression, mitosis and cytokinesis (151). Human PLK4 is one of the 
main players during centriole duplication (151,152). Centrioles are important for cell shape, activity and segregation 
of duplicated chromosomes during cell division (151,153). 

  + 
(154)  MVP human 

In mammalians, vaults (evolutionary highly conserved ribonucleoproteins particles) are composed of major vault 
proteins (MVP), vault poly(adenosine diphosphate-ribose) polymerases (VPARP), telomerase-associated proteins 
(TEP1) and small untranslated RNAs (vRNA) (155,156). Vaults are involved in a diversity of cellular processes, 
including multidrug resistance, transport mechanisms, signal transmission and immune response (157,158). It was 
shown that some human vRNAs produce regulatory small RNAs (svRNAs) in a Dicer-dependent mechanism (159). 

  + 
(154)  PARK2 human 

E3 ubiquitin-protein ligase parkin (PARK2) functions within E3 ubiquitin ligase complex and is involved in protein 
degradation (160). It participates in the removal and/or detoxification of abnormally folded or damaged proteins 
(161), regulates autophagy (162), protects from apoptosis by the transcriptional repression of p53/TP53 (163) and 
could enhance cell viability and protect cells from oxidative stress (164). 

  + 
(165,166)  UBE2I human 

SUMO-conjugating enzyme UBC9 encoded by UBE2I takes part in reminiscent of ubiquitination - sumoylation 
process. This post-transcriptional modification adds a small ubiquitin-like modifier (SUMO) polypeptide to the ε-
amino group of a lysine residue (167). Sumoylation governs cellular processes such as DNA replication, cell 
division (168), the DNA damage response (169), transcription and nuclear trafficking (170,171). In mice, Ubc9 is 
essential for embryonic stem cell (ESC) survival, playing a critical role in reprogramming fibroblasts to iPS cells and 
maintaining ESC pluripotency (167). Ubc9-deficient mice embryos die at the early postimplantation stage (171,172). 
Loss of Ubc9 leads to major chromosome condensation and segregation defects (171,172). Deregulation of 
sumoylation has been found in different human disorders and diseases (88), such as neurodegenerative diseases 
(173,174), heart failure (175) and cancer (176). UBE2I may bind a poly(A) tail (33). 

  + 
(1)  AP2B1 human AP2B1 encodes AP2 complex subunit beta, which functions in clathrin-mediated endocytosis. Thus, AP2 plays a 

pivotal role in many vesicle trafficking pathways within the cell (177). 

  + 
(178)  Znf322 mouse Zinc finger protein 322 (Znf322) regulates transcriptional activation in MAPK signaling pathways (179). 
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  + 
(180)  Rad23b rat 

UV excision repair protein RAD23 homolog B (Rad23b) is involved in DNA repair and protein degradation. The 
protein degradation function of RAD23 contributes to cell cycle progression, stress response, endoplasmic 
reticulum proteolysis and DNA repair (181). 

  + 
(45)  Psmc3 mouse 

Psmc3 is a regulatory subunit 6A of the 26S proteasome, which catalyzes degradation of ubiquitinated proteins 
(182). PSMC3 may control cell proliferation (175) and as a 19S protein component can participate in transcription 
regulation (183), nucleotide excision repair (184) and a regulation of mitosis (185). 

  + 
(45)  Cxxc5 mouse 

CXXC-type zinc finger protein 5 (Cxxc5) is a nuclear factor (186), a negative regulator for Wnt/β-catenin signaling 
involved in osteoblast differentiation (187) and transcription activator for myelin genes on oligodendrocyte 
differentiation (188). 

  + 
(45)  

Immunoglobulin heavy 
chain V gene segment mouse 

We were not able to identify protein id via protein description, thus we could not recognize the specific function of 
detected interactor. However, we can speculate that immunoglobulin heavy chain V is probably a subunit of an 
antibody, which has a crucial role in the immune system (189). 

  + 
(45)  Pabpc1 mouse Polyadenylate-binding protein 1 (Pabpc1) and Polyadenylate-binding protein 4 (Pabpc4) belong to cytoplasmic 

poly(A) binding proteins (PABPC), which bind specifically to the poly(A) tail of mRNA and are required for poly(A) 
shortening, ribosome recruitment and translation initiation (190). PABC binds eukaryotic translation initiation factor 
4 gamma (eIF4G), which recruits the 40S ribosomal subunit (191). PABPC1 antagonizes uridylation of 
polyadenylated mRNAs (192) and may be responsible for the microRNA mediated gene silencing (193). Pabpc1 
are differentially expressed during male germ cell development (194) while Pabpc4 serves a critical role in erythroid 
differentiation (195). 

  + 
(45)  Pabpc4 mouse 

   + 
(2) C1orf94 human Uncharacterized 
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Supplementary Table S4. Mutations detected in human FAM46 genes in cancer patients. Only 
missense mutations are listed. JSD (Jensen-Shannon divergence) was calculated for the respective 
positions in multiple sequence alignment of the FAM46 protein family. Mutations of highly conserved 
residues with a JSD score higher than 0.65 (the average JSD for five FAM46 active site residues: 
glutamic/aspartic acids, glycine and serine) are highlighted in orange. 

Gene Mutation Cancer subtype Reference JSD 

FAM46A p.L23R liver hepatocellular carcinoma (1) - 

FAM46A p.W68C kidney renal papillary cell carcinoma (2,3) 0.35 

FAM46A p.W68L lung adenocarcinoma (4) 0.35 

FAM46A p.G86R lung adenocarcinoma (5) 0.55 

FAM46A p.F90L stomach adenocarcinoma (6) 0.53 

FAM46A p.P97T lung adenocarcinoma (7,8) 0.45 

FAM46A p.E110K kidney renal papillary cell carcinoma (2,3) 0.30 

FAM46A p.K138N breast invasive carcinoma (9) 0.64 

FAM46A p.D159N uterine corpus endometrial carcinoma (10) 0.48 

FAM46A p.L165Q ductal adenocarcinoma (11) 0.47 

FAM46A p.E171K lung adenocarcinoma (5) 0.38 

FAM46A p.E248D uterine carcinosarcoma (12) 0.25 

FAM46A p.M251T kidney renal papillary cell carcinoma (2,3) 0.41 

FAM46A p.T252N colorectal adenocarcinoma (13) 0.43 

FAM46A p.E253K bladder urothelial carcinoma (14) 0.40 

FAM46A p.I259L uterine corpus endometrial carcinoma (1) 0.51 

FAM46A p.V264I esophageal adenocarcinoma (15) 0.56 

FAM46A p.D267Y lung adenocarcinoma (4) 0.58 

FAM46A p.D273H bladder urothelial carcinoma (14) 0.42 

FAM46A p.L275H lung squamous cell carcinoma (16) 0.52 

FAM46A p.E286K small cell lung carcinoma (17) 0.54 

FAM46A p.R289Q colorectal adenocarcinoma (1) 0.69 

FAM46A p.L294H no data (7,8) 0.68 

FAM46A p.R302G skin cutaneous melanoma (1) 0.50 

FAM46A p.R302M skin cutaneous melanoma (18) 0.50 

FAM46A p.A307T cervical squamous cell carcinoma (1) 0.34 

FAM46A p.D309G lung adenocarcinoma (4) 0.29 

FAM46A p.D309N breast invasive carcinoma (19) 0.29 

FAM46A p.Q315E lung adenocarcinoma (7,8) 0.52 

FAM46A p.S320F cervical squamous cell carcinoma. endocervical adenocarcinoma (2,3) 0.61 

FAM46A p.R321G skin cutaneous melanoma (1) 0.63 

FAM46A p.R321M no data (7,8) 0.63 

FAM46A p.Q333H lung adenocarcinoma (4) 0.34 

FAM46A p.E348G liver hepatocellular carcinoma (1) 0.38 

FAM46A p.R350H stomach adenocarcinoma (6) 0.31 

FAM46A p.R387Q prostate carcinoma (7,8) 0.45 
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FAM46A p.D391N bladder urothelial carcinoma (14) 0.32 

FAM46A p.V398A multiple myeloma (20) 0.27 

FAM46A p.Y420C uterine corpus endometrial carcinoma (10) 0.37 

FAM46A p.Y420H serous cystadenocarcinoma (1) 0.37 

FAM46B p.T20K adrenocortical carcinoma, liver hepatocellular carcinoma (1-3) - 

FAM46B p.P45L skin cutaneous melanoma (2,3) 0.24 

FAM46B p.V57G breast invasive carcinoma (19) 0.43 

FAM46B p.S65N lung adenocarcinoma (5) 0.40 

FAM46B p.G72R colorectal adenocarcinoma (21) 0.55 

FAM46B p.R73H colorectal adenocarcinoma (1) 0.43 

FAM46B p.P77L skin cutaneous melanoma (2,3) 0.59 

FAM46B p.P83L colorectal adenocarcinoma (21) 0.45 

FAM46B p.R91C uterine carcinosarcoma (12) 0.40 

FAM46B p.R105W colorectal adenocarcinoma (22) 0.63 

FAM46B p.E118D liver hepatocellular carcinoma (23) 0.33 

FAM46B p.R135H uterine corpus endometrial carcinoma (10) 0.38 

FAM46B p.V146A pancreatic adenocarcinoma (2,3) 0.45 

FAM46B p.E171Q colorectal adenocarcinoma (1) 0.45 

FAM46B p.C181R uterine corpus endometrial carcinoma (10) 0.44 

FAM46B p.D183N colorectal adenocarcinoma (21) 0.43 

FAM46B p.D206H breast invasive carcinoma (9) 0.45 

FAM46B p.F212Y kidney renal papillary cell carcinoma (2,3) 0.67 

FAM46B p.Q220H lung adenocarcinoma (2,3) 0.69 

FAM46B p.D224N uterine corpus endometrial carcinoma (10) 0.56 

FAM46B p.C232F lung adenocarcinoma (5) 0.26 

FAM46B p.E248K bladder urothelial carcinoma, lung adenocarcinoma (5,14) 0.58 

FAM46B p.Y251C uterine corpus endometrial carcinoma (10) 0.61 

FAM46B p.R262Q colorectal adenocarcinoma, stomach adenocarcinoma (1,22) 0.46 

FAM46B p.R264H colorectal adenocarcinoma (22) 0.55 

FAM46B p.R269H stomach adenocarcinoma, uterine corpus endometrial carcinoma (1,6) 0.47 

FAM46B p.G277C bladder urothelial carcinoma (24) 0.64 

FAM46B p.R291W bladder urothelial carcinoma, cervical squamous cell carcinoma, endocervical 
adenocarcinoma 

(2,3,14) 0.44 

FAM46B p.R293Q uterine corpus endometrial carcinoma (10) 0.34 

FAM46B p.R299C colorectal adenocarcinoma, prostate carcinoma (7,8,22) 0.38 

FAM46B p.R299H multiple myeloma (20) 0.38 

FAM46B p.R303C esophageal adenocarcinoma (15) 0.54 

FAM46B p.R325C uterine carcinosarcoma (12) 0.43 

FAM46B p.G332S multiple myeloma (20) 0.41 

FAM46B p.E352G esophageal adenocarcinoma (15) 0.36 

FAM46B p.T365M colorectal adenocarcinoma (22) 0.50 

FAM46B p.D396N colorectal adenocarcinoma (1) - 
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FAM46B p.P419S skin cutaneous melanoma (18) 0.31 

FAM46C p.S5G skin cutaneous melanoma (2,3) - 

FAM46C p.D10N skin cutaneous melanoma (2,3) 0.24 

FAM46C p.V16M uterine carcinosarcoma (12) 0.42 

FAM46C p.R24Q acute lymphoblastic leukemia (1) 0.37 

FAM46C p.P34H uterine corpus endometrial carcinoma (10) 0.39 

FAM46C p.G37R skin cutaneous melanoma (7,8) 0.55 

FAM46C p.P42S skin cutaneous melanoma (2,3) 0.59 

FAM46C p.T43A multiple myeloma (20) 0.55 

FAM46C p.V52I glioblastoma multiforme, uterine corpus endometrial carcinoma (10,25) 0.45 

FAM46C p.R56H skin cutaneous melanoma (1) 0.40 

FAM46C p.V69I uterine corpus endometrial carcinoma (10) 0.59 

FAM46C p.R70W stomach adenocarcinoma (6) 0.63 

FAM46C p.D90G multiple myeloma (20) 0.72 

FAM46C p.D90H multiple myeloma (20) 0.72 

FAM46C p.L93V multiple myeloma (26) 0.53 

FAM46C p.Q106L serous cystadenocarcinoma (27) 0.43 

FAM46C p.L116F cutaneous squamous cell carcinoma (28) 0.47 

FAM46C p.F119L multiple myeloma (29) 0.42 

FAM46C p.P121A kidney renal papillary cell carcinoma (2,3) 0.50 

FAM46C p.P121S ductal adenocarcinoma, stomach adenocarcinoma (1,6) 0.50 

FAM46C p.L134V multiple myeloma (26) 0.36 

FAM46C p.Y138C multiple myeloma (30) 0.63 

FAM46C p.K141T multiple myeloma (26) 0.60 

FAM46C p.K144E multiple myeloma (30) 0.59 

FAM46C p.V145D multiple myeloma (20) 0.55 

FAM46C p.V145G multiple myeloma (30) 0.55 

FAM46C p.D148N liver hepatocellular carcinoma (23) 0.43 

FAM46C p.I155L multiple myeloma (29) 0.67 

FAM46C p.S156F primary plasma cell leukemia, skin cutaneous melanoma (2,3,26) 0.65 

FAM46C p.N164T secondary plasma cell leukemia (26) 0.55 

FAM46C p.V165G multiple myeloma (26) 0.56 

FAM46C p.R175P lung adenocarcinoma (2,3) 0.63 

FAM46C p.E178A multiple myeloma (31) 0.61 

FAM46C p.F179C multiple myeloma (29) 0.67 

FAM46C p.D182Y multiple myeloma (31) 0.69 

FAM46C p.S183C multiple myeloma (20) 0.70 

FAM46C p.F184L multiple myeloma (20) 0.67 

FAM46C p.S190Y multiple myeloma (20) 0.49 

FAM46C p.P201F skin cutaneous melanoma (2,3) 0.24 

FAM46C p.S203C multiple myeloma (20) 0.43 
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FAM46C p.H207N lung squamous cell carcinoma (16) 0.48 

FAM46C p.I211T stomach adenocarcinoma (2,3) 0.42 

FAM46C p.Y216C multiple myeloma (32) 0.61 

FAM46C p.D218N skin cutaneous melanoma (2,3) 0.58 

FAM46C p.A232T colorectal adenocarcinoma (21) 0.45 

FAM46C p.G241C multiple myeloma (20) 0.64 

FAM46C p.L250R multiple myeloma (20) 0.62 

FAM46C p.R253Q colorectal adenocarcinoma, glioblastoma multiforme (1,25) 0.50 

FAM46C p.R253W glioblastoma multiforme, lower grade glioma (7,8) 0.50 

FAM46C p.D259H bladder urothelial carcinoma (14) 0.39 

FAM46C p.E261K skin cutaneous melanoma (33) 0.29 

FAM46C p.E262D uterine corpus endometrial carcinoma (10) 0.29 

FAM46C p.I263M head and neck squamous cell carcinoma (34) 0.34 

FAM46C p.L266V stomach adenocarcinoma (7,8) 0.50 

FAM46C p.R268C colorectal adenocarcinoma (22) 0.54 

FAM46C p.Y269C multiple myeloma (26) 0.59 

FAM46C p.M270T liver hepatocellular carcinoma (1) 0.67 

FAM46C p.M270V multiple myeloma (31) 0.67 

FAM46C p.F274L uterine corpus endometrial carcinoma (7,8) 0.70 

FAM46C p.F278L multiple myeloma (26) 0.59 

FAM46C p.L288S colorectal adenoarcinoma (13) 0.55 

FAM46C p.Y291C multiple myeloma (29) 0.62 

FAM46C p.A297T breast invasive carcinoma, multiple myeloma (9,26) 0.41 

FAM46C p.Y306C lung adenocarcinoma (5) 0.57 

FAM46C p.R311C breast invasive carcinoma, skin cutaneous melanoma (2,3,9) 0.48 

FAM46C p.R311H stomach adenocarcinoma (7,8) 0.48 

FAM46C p.R312M skin cutaneous melanoma (2,3) 0.46 

FAM46C p.V314G multiple myeloma (31) 0.48 

FAM46C p.T318I skin cutaneous melanoma (18) 0.54 

FAM46C p.V319L head and neck squamous cell carcinoma (34) 0.52 

FAM46C p.G323E skin cutaneous melanoma (2,3) 0.49 

FAM46C p.R326C multiple myeloma (26) 0.56 

FAM46C p.S334F skin cutaneous melanoma (2,3) 0.32 

FAM46C p.A337D bladder urothelial carcinoma (35) 0.40 

FAM46C p.P361S skin cutaneous melanoma (2,3) - 

FAM46C p.V363I glioblastoma multiforme (25) - 

FAM46D p.S2Y uterine corpus endometrial carcinoma (10) 0.24 

FAM46D p.R5K liver hepatocellular carcinoma (2,3) 0.40 

FAM46D p.D12N skin cutaneous melanoma (2,3) 0.43 

FAM46D p.D18V lung adenocarcinoma (7,8) 0.46 

FAM46D p.V20A renal non-clear cell carcinoma (36) 0.48 
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FAM46D p.H28N lung adenocarcinoma (5) 0.55 

FAM46D p.G29E skin cutaneous melanoma (18) 0.55 

FAM46D p.N32I liver hepatocellular carcinoma (2,3) 0.41 

FAM46D p.D42Y breast invasive carcinoma (19) 0.40 

FAM46D p.V46F liver hepatocellular carcinoma (7,8) 0.35 

FAM46D p.G53R lung adenocarcinoma (7,8) 0.30 

FAM46D p.G55E skin cutaneous melanoma (33) 0.43 

FAM46D p.A61P head and neck squamous cell carcinoma (34) 0.59 

FAM46D p.G65D lung adenocarcinoma (4) 0.65 

FAM46D p.S69G esophageal adenocarcinoma, stomach adenocarcinoma (6,15) 0.57 

FAM46D p.S69R stomach adenocarcinoma (6) 0.57 

FAM46D p.D82N multiple myeloma, skin cutaneous melanoma (2,3,20) 0.72 

FAM46D p.L83P ductal adenocarcinoma (1) 0.66 

FAM46D p.I86N skin cutaneous melanoma (18) 0.49 

FAM46D p.G88S skin cutaneous melanoma (33) 0.44 

FAM46D p.L91H stomach adenocarcinoma (6) 0.38 

FAM46D p.E95K uterine corpus endometrial carcinoma (10) 0.21 

FAM46D p.E96K skin cutaneous melanoma (18) 0.22 

FAM46D p.V99I uterine corpus endometrial carcinoma (10) 0.39 

FAM46D p.D102H esophageal adenocarcinoma (15) 0.48 

FAM46D p.D102Y colorectal adenocarcinoma, uterine carcinosarcoma (1,12) 0.48 

FAM46D p.P113S liver hepatocellular carcinoma (2,3) 0.50 

FAM46D p.D115N colorectal adenocarcinoma, uterine corpus endometrial carcinoma (1,10) 0.42 

FAM46D p.D124E colorectal adenocarcinoma (1) 0.32 

FAM46D p.I125F kidney renal clear cell carcinoma (37) 0.36 

FAM46D p.D128G lung adenocarcinoma (4) 0.45 

FAM46D p.D128Y rectum adenocarcinoma (1) 0.45 

FAM46D p.V137F breast invasive carcinoma (19) 0.55 

FAM46D p.C138Y liver hepatocellular carcinoma (2,3) 0.44 

FAM46D p.W144L head and neck squamous cell carcinoma (34) 0.69 

FAM46D p.K155N lung adenocarcinoma (4) 0.54 

FAM46D p.K160Q colorectal adenocarcinoma (21) 0.69 

FAM46D p.K160T colorectal adenocarcinoma (21) 0.69 

FAM46D p.S172I liver hepatocellular carcinoma, lung adenocarcinoma (1,5) 0.64 

FAM46D p.F186L colorectal adenocarcinoma (21) 0.40 

FAM46D p.A192V stomach adenocarcinoma (38) 0.24 

FAM46D p.K196I skin cutaneous melanoma (2,3) 0.40 

FAM46D p.P200L skin cutaneous melanoma (2,3) 0.61 

FAM46D p.E213K skin cutaneous melanoma (33) 0.46 

FAM46D p.L242F small cell lung carcinoma (39) 0.62 

FAM46D p.K256R lung adenocarcinoma (5) 0.38 
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FAM46D p.F266L uterine corpus endometrial carcinoma (10) 0.70 

FAM46D p.I273M skin cutaneous melanoma (18) 0.46 

FAM46D p.K278N rectum adenocarcinoma (1) 0.35 

FAM46D p.N286S uterine corpus endometrial carcinoma (10) 0.54 

FAM46D p.H287Y skin cutaneous melanoma (2,3) 0.63 

FAM46D p.Y296N lung adenocarcinoma (4) 0.44 

FAM46D p.L302M lung adenocarcinoma (4) 0.57 

FAM46D p.E308K pheochromocytoma, paraganglioma (2,3) 0.36 

FAM46D p.R318K colorectal adenocarcinoma (22) 0.56 

FAM46D p.L322F gingivobuccal (1) 0.54 

FAM46D p.L322I uterine corpus endometrial carcinoma (10) 0.54 

FAM46D p.A329V gallbladder carcinoma (40) 0.40 

FAM46D p.P340Q breast invasive carcinoma (19) 0.32 

FAM46D p.F348L colorectal adenocarcinoma (21) 0.47 

FAM46D p.P353S skin cutaneous melanoma (18) - 

FAM46D p.R360W glioblastoma multiforme (2,3) - 

FAM46D p.P362H lung adenocarcinoma (5) - 

FAM46D p.I366M stomach adenocarcinoma (41) 0.35 

FAM46D p.P369Q small cell lung carcinoma (18) - 

FAM46D p.P371S lung adenocarcinoma (4) - 

FAM46D p.V372I colorectal adenocarcinoma, colorectal adenocarcinoma non-western (1) - 

FAM46D p.P379S liver hepatocellular carcinoma, lung large cell carcinoma (1,13) 0.31 

FAM46D p.R383C lung adenocarcinoma (5) 0.29 

FAM46D p.G387D skin cutaneous melanoma (2,3) - 

FAM46D p.M388I skin cutaneous melanoma (18) - 

FAM46D p.S389I uterine corpus endometrial carcinoma (10) - 

References 
1. Hudson, T.J., Anderson, W., Artez, A., Barker, A.D., Bell, C., Bernabe, R.R., Bhan, M.K., Calvo, 

F., Eerola, I., Gerhard, D.S. et al. (2010) International network of cancer genome projects. Nature, 
464, 993-998. 

2. Seedat, Y.K. (1990) Hypertension and vascular disease in India and migrant Indian populations in 
the world. J Hum Hypertens, 4, 421-424. 

3. Gao, J., Aksoy, B.A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S.O., Sun, Y., Jacobsen, A., 
Sinha, R., Larsson, E. et al. (2013) Integrative analysis of complex cancer genomics and clinical 
profiles using the cBioPortal. Sci Signal, 6, pl1. 

4. Imielinski, M., Berger, A.H., Hammerman, P.S., Hernandez, B., Pugh, T.J., Hodis, E., Cho, J., Suh, 
J., Capelletti, M., Sivachenko, A. et al. (2012) Mapping the hallmarks of lung adenocarcinoma with 
massively parallel sequencing. Cell, 150, 1107-1120. 

5. Cancer Genome Atlas Research Network (2014) Comprehensive molecular profiling of lung 
adenocarcinoma. Nature, 511, 543-550. 

6. Cancer Genome Atlas Research Network (2014) Comprehensive molecular characterization of 
gastric adenocarcinoma. Nature, 513, 202-209. 



7 
 

7. Anokina, I.P., Kogan, B.M., Nickel, B., Schulz, R. and Kemper, A. (1989) Basal activities of 
adenylate and guanylate cyclase in lymphocytes and platelets of alcoholics. Biomed Biochim Acta, 
48, 593-596. 

8. Gonzalez-Perez, A., Perez-Llamas, C., Deu-Pons, J., Tamborero, D., Schroeder, M.P., Jene-
Sanz, A., Santos, A. and Lopez-Bigas, N. (2013) IntOGen-mutations identifies cancer drivers 
across tumor types. Nat Methods, 10, 1081-1082. 

9. Cancer Genome Atlas Network (2012) Comprehensive molecular portraits of human breast 
tumours. Nature, 490, 61-70. 

10. Kandoth, C., Schultz, N., Cherniack, A.D., Akbani, R., Liu, Y., Shen, H., Robertson, A.G., Pashtan, 
I., Shen, R., Benz, C.C. et al. (2013) Integrated genomic characterization of endometrial 
carcinoma. Nature, 497, 67-73. 

11. Scarlett, C.J., Salisbury, E.L., Biankin, A.V. and Kench, J. (2011) Precursor lesions in pancreatic 
cancer: morphological and molecular pathology. Pathology, 43, 183-200. 

12. Jones, S., Stransky, N., McCord, C.L., Cerami, E., Lagowski, J., Kelly, D., Angiuoli, S.V., Sausen, 
M., Kann, L., Shukla, M. et al. (2014) Genomic analyses of gynaecologic carcinosarcomas reveal 
frequent mutations in chromatin remodelling genes. Nat Commun, 5, 5006. 

13. Reinhold, W.C., Sunshine, M., Liu, H., Varma, S., Kohn, K.W., Morris, J., Doroshow, J. and 
Pommier, Y. (2012) CellMiner: a web-based suite of genomic and pharmacologic tools to explore 
transcript and drug patterns in the NCI-60 cell line set. Cancer Res, 72, 3499-3511. 

14. Cancer Genome Atlas Research Network (2014) Comprehensive molecular characterization of 
urothelial bladder carcinoma. Nature, 507, 315-322. 

15. Dulak, A.M., Stojanov, P., Peng, S., Lawrence, M.S., Fox, C., Stewart, C., Bandla, S., Imamura, 
Y., Schumacher, S.E., Shefler, E. et al. (2013) Exome and whole-genome sequencing of 
esophageal adenocarcinoma identifies recurrent driver events and mutational complexity. Nat 
Genet, 45, 478-486. 

16. Cancer Genome Atlas Research Network (2012) Comprehensive genomic characterization of 
squamous cell lung cancers. Nature, 489, 519-525. 

17. George, J., Lim, J.S., Jang, S.J., Cun, Y., Ozretic, L., Kong, G., Leenders, F., Lu, X., Fernandez-
Cuesta, L., Bosco, G. et al. (2015) Comprehensive genomic profiles of small cell lung cancer. 
Nature, 524, 47-53. 

18. Hodis, E., Watson, I.R., Kryukov, G.V., Arold, S.T., Imielinski, M., Theurillat, J.P., Nickerson, E., 
Auclair, D., Li, L., Place, C. et al. (2012) A landscape of driver mutations in melanoma. Cell, 150, 
251-263. 

19. Ciriello, G., Gatza, M.L., Beck, A.H., Wilkerson, M.D., Rhie, S.K., Pastore, A., Zhang, H., McLellan, 
M., Yau, C., Kandoth, C. et al. (2015) Comprehensive Molecular Portraits of Invasive Lobular 
Breast Cancer. Cell, 163, 506-519. 

20. Lohr, J.G., Stojanov, P., Carter, S.L., Cruz-Gordillo, P., Lawrence, M.S., Auclair, D., Sougnez, C., 
Knoechel, B., Gould, J., Saksena, G. et al. (2014) Widespread genetic heterogeneity in multiple 
myeloma: implications for targeted therapy. Cancer Cell, 25, 91-101. 

21. Cancer Genome Atlas Network (2012) Comprehensive molecular characterization of human colon 
and rectal cancer. Nature, 487, 330-337. 

22. Seshagiri, S., Stawiski, E.W., Durinck, S., Modrusan, Z., Storm, E.E., Conboy, C.B., Chaudhuri, S., 
Guan, Y., Janakiraman, V., Jaiswal, B.S. et al. (2012) Recurrent R-spondin fusions in colon 
cancer. Nature, 488, 660-664. 

23. Ahn, S.M., Jang, S.J., Shim, J.H., Kim, D., Hong, S.M., Sung, C.O., Baek, D., Haq, F., Ansari, 
A.A., Lee, S.Y. et al. (2014) Genomic portrait of resectable hepatocellular carcinomas: implications 
of RB1 and FGF19 aberrations for patient stratification. Hepatology, 60, 1972-1982. 

24. Guo, G., Sun, X., Chen, C., Wu, S., Huang, P., Li, Z., Dean, M., Huang, Y., Jia, W., Zhou, Q. et al. 
(2013) Whole-genome and whole-exome sequencing of bladder cancer identifies frequent 



8 
 

alterations in genes involved in sister chromatid cohesion and segregation. Nat Genet, 45, 1459-
1463. 

25. Brennan, C.W., Verhaak, R.G., McKenna, A., Campos, B., Noushmehr, H., Salama, S.R., Zheng, 
S., Chakravarty, D., Sanborn, J.Z., Berman, S.H. et al. (2013) The somatic genomic landscape of 
glioblastoma. Cell, 155, 462-477. 

26. Barbieri, M., Manzoni, M., Fabris, S., Ciceri, G., Todoerti, K., Simeon, V., Musto, P., Cortelezzi, A., 
Baldini, L., Neri, A. et al. (2015) Compendium of FAM46C gene mutations in plasma cell 
dyscrasias. Br J Haematol. 

27. Cancer Genome Atlas Research Network (2011) Integrated genomic analyses of ovarian 
carcinoma. Nature, 474, 609-615. 

28. Li, Y.Y., Hanna, G.J., Laga, A.C., Haddad, R.I., Lorch, J.H. and Hammerman, P.S. (2015) 
Genomic analysis of metastatic cutaneous squamous cell carcinoma. Clin Cancer Res, 21, 1447-
1456. 

29. Boyd, K.D., Ross, F.M., Walker, B.A., Wardell, C.P., Tapper, W.J., Chiecchio, L., Dagrada, G., 
Konn, Z.J., Gregory, W.M., Jackson, G.H. et al. (2011) Mapping of chromosome 1p deletions in 
myeloma identifies FAM46C at 1p12 and CDKN2C at 1p32.3 as being genes in regions associated 
with adverse survival. Clin Cancer Res, 17, 7776-7784. 

30. Bolli, N., Avet-Loiseau, H., Wedge, D.C., Van Loo, P., Alexandrov, L.B., Martincorena, I., Dawson, 
K.J., Iorio, F., Nik-Zainal, S., Bignell, G.R. et al. (2014) Heterogeneity of genomic evolution and 
mutational profiles in multiple myeloma. Nat Commun, 5, 2997. 

31. Chapman, M.A., Lawrence, M.S., Keats, J.J., Cibulskis, K., Sougnez, C., Schinzel, A.C., Harview, 
C.L., Brunet, J.P., Ahmann, G.J., Adli, M. et al. (2011) Initial genome sequencing and analysis of 
multiple myeloma. Nature, 471, 467-472. 

32. Alexandrov, L.B., Nik-Zainal, S., Wedge, D.C., Aparicio, S.A., Behjati, S., Biankin, A.V., Bignell, 
G.R., Bolli, N., Borg, A., Borresen-Dale, A.L. et al. (2013) Signatures of mutational processes in 
human cancer. Nature, 500, 415-421. 

33. Krauthammer, M., Kong, Y., Ha, B.H., Evans, P., Bacchiocchi, A., McCusker, J.P., Cheng, E., 
Davis, M.J., Goh, G., Choi, M. et al. (2012) Exome sequencing identifies recurrent somatic RAC1 
mutations in melanoma. Nat Genet, 44, 1006-1014. 

34. Cancer Genome Atlas Network (2015) Comprehensive genomic characterization of head and neck 
squamous cell carcinomas. Nature, 517, 576-582. 

35. Kim, P.H., Cha, E.K., Sfakianos, J.P., Iyer, G., Zabor, E.C., Scott, S.N., Ostrovnaya, I., Ramirez, 
R., Sun, A., Shah, R. et al. (2015) Genomic predictors of survival in patients with high-grade 
urothelial carcinoma of the bladder. Eur Urol, 67, 198-201. 

36. Durinck, S., Stawiski, E.W., Pavia-Jimenez, A., Modrusan, Z., Kapur, P., Jaiswal, B.S., Zhang, N., 
Toffessi-Tcheuyap, V., Nguyen, T.T., Pahuja, K.B. et al. (2015) Spectrum of diverse genomic 
alterations define non-clear cell renal carcinoma subtypes. Nat Genet, 47, 13-21. 

37. Cancer Genome Atlas Research Network (2013) Comprehensive molecular characterization of 
clear cell renal cell carcinoma. Nature, 499, 43-49. 

38. Kakiuchi, M., Nishizawa, T., Ueda, H., Gotoh, K., Tanaka, A., Hayashi, A., Yamamoto, S., 
Tatsuno, K., Katoh, H., Watanabe, Y. et al. (2014) Recurrent gain-of-function mutations of RHOA 
in diffuse-type gastric carcinoma. Nat Genet, 46, 583-587. 

39. Peifer, M., Fernandez-Cuesta, L., Sos, M.L., George, J., Seidel, D., Kasper, L.H., Plenker, D., 
Leenders, F., Sun, R., Zander, T. et al. (2012) Integrative genome analyses identify key somatic 
driver mutations of small-cell lung cancer. Nat Genet, 44, 1104-1110. 

40. Li, M., Zhang, Z., Li, X., Ye, J., Wu, X., Tan, Z., Liu, C., Shen, B., Wang, X.A., Wu, W. et al. (2014) 
Whole-exome and targeted gene sequencing of gallbladder carcinoma identifies recurrent 
mutations in the ErbB pathway. Nat Genet, 46, 872-876. 



9 
 

41. Wang, K., Kan, J., Yuen, S.T., Shi, S.T., Chu, K.M., Law, S., Chan, T.L., Kan, Z., Chan, A.S., Tsui, 
W.Y. et al. (2011) Exome sequencing identifies frequent mutation of ARID1A in molecular 
subtypes of gastric cancer. Nat Genet, 43, 1219-1223. 


















	Dissertation
	Full_Thaliana
	Thaliana_full
	Thaliana_full
	1-s2.0-S0006291X14020427-main
	Five eIF4E isoforms from Arabidopsis thaliana are characterized  by distinct features of cap analogs binding
	1 Introduction
	2 Materials and methods
	2.1 Protein structure homology modeling
	2.2 Protein expression and purification
	2.3 Fluorescence titrations

	3 Results
	3.1 Structures of Arabidopsis eIF4E proteins predicted by homology modeling
	3.2 eIF(iso)4E has the lowest binding affinity for the cap among class I Arabidopsis eIF4E isoforms
	3.3 nCBP binds cap similarly weakly as eIF(iso)4E
	3.4 Contribution of cap’s phosphate groups into stabilizing the eIF4E-cap complex
	3.5 Binding affinities of phosphorothioate cap analogs for Arabidopsis eIF4E isoforms

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


	1-s2.0-S0006291X14020427-mmc1
	1-s2.0-S0006291X14020427-mmc1.2
	1-s2.0-S0006291X14020427-mmc1.3

	1
	2
	3
	4
	5
	6
	7

	8

	Full_Droso
	Full_Droso
	1-s2.0-S1570963916301248-main
	Diverse cap-�binding properties of Drosophila eIF4E isoforms
	1. Introduction
	2. Material and methods
	2.1. Synthesis of cap analogues
	2.2. Synthesis of eIF4G peptides
	2.3. Cloning, mutagenesis, expression and purification of recombinant proteins
	2.4. Protein structure homology modelling
	2.5. Fluorescence binding assays

	3. Results and discussion
	3.1. The canonical eIF4E-1 from Drosophila binds cap analogues with significantly weaker affinity than its human counterpart
	3.2. Dm eIF4E-3 and Dm eIF4E-4 show the highest and lowest cap binding affinities, respectively, among Class I Dm eIF4Es
	3.3. Different contribution of cap's phosphate groups on stabilization of Dm Class I eIF4E–cap complexes
	3.4. Drosophila 4EHP shows a low cap binding affinity but still higher than its human counterpart
	3.5. Cooperativity between binding of the eIF4G peptide and cap analogues is observed only for Dm eIF4E-4 isoforms

	4. Conclusion
	Transparency document
	Acknowledgement
	Appendix A. Supplementary data
	References


	1-s2.0-S1570963916301248-mmc2
	1-s2.0-S1570963916301248-mmc2.2

	1
	2
	3
	4
	5
	6

	CutA_full
	CutA_full
	RNA-2017-Koby_ecki-1902-26
	supp_061010.117_Supplemental_Material

	1
	2
	3
	4
	5

	FAM46_Full
	Full_FAM46
	FAM46
	FigureS1
	FigS1
	FigS1_leg

	FigureS2
	FigS2
	FigS2_leg

	FigureS3
	FigS3
	FigS3_leg

	FigureS4
	FigS4_A4
	FigS4_leg

	FigureS5
	FigS5_A4
	FigS5B_A4
	FigS5_leg

	TableS1
	TableS2
	TableS3
	TableS4

	1
	2
	3
	4
	5
	6
	7
	8




