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Abstract

Genetic efficiency in higher organisms depends on mechanisms to create multiple functions from

single genes. To investigate this question for an enzyme family, we chose aminoacyl tRNA

synthetases (AARSs). They are exceptional in their progressive and accretive proliferation of

noncatalytic domains as the Tree of Life is ascended. Here we report discovery of a large number

of natural catalytic nulls (CNs) for each human AARS. Splicing events retain noncatalytic

domains while ablating the catalytic domain (CD) to create CNs with diverse functions. Each

synthetase is converted into several new signaling proteins with biological activities ‘orthogonal’

to that of the catalytic parent. We suggest that splice variants with non-enzymatic functions may

be more general, as evidenced by recent findings of other catalytically inactive splice-variant

enzymes.

Aminoacyl tRNA synthetases (AARSs) establish the genetic code by esterifying specific

amino acids to the 3’-ends of their cognate tRNAs (1–5), and have adaptations of this

reaction for specific physiological responses (6). A few literature examples show natural

proteolysis or alternative splicing of AARS can reveal novel AARS proteins (7, 8) with new

functions (9–11). With this in mind, we investigated potential mechanisms for achieving

genetic efficiency through functional expansions. The enzymes are divided into two classes
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of 10 proteins each, with each class being defined by the architecture of the highly

conserved catalytic domain that is retained through evolution (12–14). As the Tree of Life is

ascended, 13 new domains, which have no obvious association with aminoacylation or

editing, have collectively been added to AARSs and maintained over the course of

evolution, with no significant benefit or detriment to primary function (15–17). The extent

of these domain additions appears to be particular to AARSs (15). Some of these new

domains are appended to each of several synthetases, while others are specific to a single

synthetase. Interestingly, these novel domain additions are accretive and progressive; and

while their persistence provides no major benefit to aminoacylation, the strong evolutionary

pressure for their retention suggests they are not random function-less stochastic fusions, but

may be conserved for a specific biological purpose, perhaps distinct from the canonical

enzymatic function.

We made a comprehensive search for alternative splice variants of AARSs to understand

how splicing changes the domain organization and underlying architecture of each

synthetase. We selectively targeted the AARS family of genes by enriching the AARS

transcriptome in 6 distinct human samples (human fetal and adult brain, primary human

leukocytes, and three cultured leukocyte cell-types Raji B-cells, Jurkat T-cells and THP1

monocytes). A PCR-based gene-capture and enrichment method was integrated with high-

throughput deep sequencing to increase sequencing depth for each AARS transcript

(Materials and Methods, Fig. 1A). This methodology allowed for high enrichment of AARS

mRNAs, and mainly targeted exon-exon junctions for discovery of exon-skipping events.

We defined the AARS transcriptome as the transcripts of 37 AARS genes, including those

for 17 cytoplasmic synthetases, 17 mitochondrial synthetases, and for 3 that encode both

cytoplasmic and mitochondrial forms. For efficient capture, transcripts were amplified by

multiplex PCR using AARS gene-specific primers and optimized PCR conditions (see

Materials and Methods). Sensitive detection of low-abundance splice variants was achieved

with an optimized multiplex PCR that amplified gene regions close to exon-exon junctions

of AARS transcripts and produced short PCR fragments (Fig. 1A). Fragments were

assembled into cDNA libraries and sequenced by high-throughput deep sequencing (18, 19).

Approximately 42 million 50-base reads were obtained and analyzed, using established

methods (19). About 70% (30.4 million) mapped to the 37 AARS genes and about two-

thirds of the AARS-specific reads (21.4 million) covered AARS exon-exon junctions. When

compared to previously published whole transcriptome studies (20, 21), the AARS

transcriptome enrichment method employed here successfully improved sequencing depth

so that we could detect all of the 61 previously reported exon-exon junctions for AARS

transcripts, as well as identify 248 previously unreported junctions (Fig. 1B and table S1).

These new splice forms allowed for the ablation of specific coding regions and simultaneous

creation of new exon-exon junctions.

In addition, the tissue origin and the overlap of AARS splice variants in different tissues

were examined. Although there was obvious tissue specificity for certain transcripts, many

of the same splice variant transcripts were found across distinct tissue pools (Fig. 1B).

Surprisingly, the majority of the splice variants of both class I and class II family members

abrogated the catalytic domain (Fig. 2A and fig. S1). These included both truncations of N-
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or C-terminal coding regions as well as in-frame internal deletions (Fig. 2B). For instance,

79% of the 66 discovered in-frame splice variants (Fig. 2C and table S2) had a disrupted or

ablated canonical catalytic domain (CD), and thereby created a catalytic null (CN) (Fig. 2B

and fig. S1). Because 3-D structures are available for many human AARSs and their

orthologs, events that removed entire specific exons could be diagrammatically portrayed as

linear arrangements of domain structure elements (fig. S1). These virtual structures suggest

that the new domain-domain interactions created by internal deletions might engender new

structural conformations (cf. 22) and thereby might lead to new interactions.

As specific examples, all 8 in-frame splice variants of HisRS showed an ablated CD and

only one of the 6 in-frame splice variants of TyrRS retained the CD (Fig. 2B and table S2).

In contrast to the consistent abrogation of the canonical CD, 60 of the 70 in-frame splice

variants (85%) are CNs that retain at least one of the 13 added domains appearing in the

AARSs of higher eukaryotes (Fig. 2B and table S2). Of particular interest are the UNE

domains, which are specific to AARSs and have, like the other appended domains, no

significant aminoacylation function. The UNE domains are almost universally retained in

the CNs (Fig. 2B and fig. S1). An interesting case, suggesting a non-canonical role for the

CNs, is the retention of the UNE-S domain of SerRS. Recent work established a nuclear

activity for SerRS that is dependent on the UNE-S domain and showed that the addition of

UNE-S to SerRS was essential for development of the closed circulatory systems of

vertebrates (23). Motifs found in other proteins of higher eukaryotes, such as the GST-,

single-helix-, WHEP-, and EMAPII-like-domain, also remain intact in many of the AARS

CN splice variants (fig. S1 and table S2).

The tissue specific association of transcripts suggested that AARS mRNA splice variants

encode endogenously expressed proteins. To explore this possibility, polysome-association

of the splice variant-encoding mRNAs was examined [Materials and Methods as described

in (24)]. Of the 48 CN mRNAs tested, all were associated with polysomes in naïve Jurkat

cells (fig. S2 and listed in table S3). AARS specific antibodies probed the same Jurkat cell

lysates that were used for detecting polysome-association of the mRNAs. To detect

endogenous translation products of the CN splice variant transcripts, western blot analysis

was done using antibodies specific for AlaRS, CysRS, LysRS, TyrRS and ValRS (Fig. 3A

and table S4). These synthetase fragments were chosen based on the availability of suitable

antibodies for immunoprecipitation. By western blot analysis, we detected the expected

endogenous AARS splice forms that lacked CDs but retained appended domains (Fig. 3A).

Mass spectrometry identified specific GlnRS, ValRS and TyrRS CN-sized fragments, and

multiple peptides were identified for all of these CNs (fig. S3A). In addition to finding

representative peptides from these CNs, we found no support for the possibility of

proteolytic cleavage of full-length TyrRS giving rise to its assigned CN-peptides (legend to

fig. S3A). In a separate vein, we identified an approximately 23kd protein as HisRS1-C9 in

the public PROTOMAP MS database (25). We aligned MS-scored peptides on both sides of

the sequence encompassing the splice junction reported here for HisRS1-C9 (fig. S3B).

Finally, in vitro translation of a copy of the mRNA encoding an endogenously expressed

TyrRS1-C7 splice variant (identified by western blot analysis of whole cell lysates as shown
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in Fig. 3) confirmed that the transcripts could be stably translated into proteins (fig. S3C).

MS confirmed peptides on both sides of the internal splice junction.

We observed tissue specific expression of specific CNs. Across 19 human adult tissues or

cells, 38 of 48 CN transcripts (79%) were differentially expressed with gene upregulation

(by 5 times or more of median) in at least one of the tissues, while the full-length parent

AARS genes were evenly distributed (table S3). We also found that some CN transcripts

expressed differentially in one developmental stage over another. As an example, six

specific CNs were highly expressed (by 10-fold or more) in adult versus fetal lung tissue.

These included ArgRS1-AS01, CysRS1-AS04, MetRS1-AS13, SerRS1-AS02, ThrRS1-

AS05, and TyrRS1-AS10 (Fig. 3B and table S3).

Because the splice-variant mRNAs prominently ablate the CD-encoding portion, we were

interested to investigate the potential for these fragments to exert biological activities

distinct from the canonical aminoacylation function. To this end, recombinant human AARS

fragments, including CNs, were expressed as soluble proteins and purified to >95%

homogeneity. Phenotypic cell-based assays were performed largely in primary human cells

to monitor potential biological activities (fig. S4 and table S5). The assays types were

clustered into assay groups (Fig. 4) including proliferation (different cell types were profiled

for effects of splice variants on proliferation or cell death), cytoprotection,

immunomodulation, acute inflammatory response, transcriptional regulation (4 assays in two

cell types at two distinct time points across a set of 88 genes), ‘regenerative responses’, cell

differentiation in primary human cell types and, finally, cholesterol transport. All assays

were run at minimum in duplicate for each protein, and many proteins were run in multiple

batches, and at a range of concentrations, to confirm activity. All proteins were generated as

His-tagged recombinant forms, with either the N or C termini, or both, having the tag (table

S6). Full length forms of AspRS, TyrRS, HisRS and AsnRS synthetases were expressed in

parallel and run in assays as controls for the expressed synthetase fragments. In all cases, the

full length parental form was either inactive across all assays or had a single activity that

was not the same as any of its splice variants.

More than 100,000 data points were evaluated across the cell based assay panel (fig. S4). Of

the 94 AARS-derived proteins interrogated here, 88% tested positive for one or more

biological activities. The cell-based activities associated with each recombinant protein were

specific and idiosyncratic to the variant. This observation provided a system-wide ‘internal

control’, largely ruling out the potential for non-specific readouts of cell signaling by the

various proteins. MetRS1-C5 is presented as a specific example. This CN strongly

stimulated skeletal muscle fiber formation in vitro (fig. S5). Following exposure to the

recombinant MetRS1-C5 for 2 days, quantitative PCR assessment of primary human skeletal

myoblasts showed upregulation of key genes for muscle cell differentiation and metabolism,

including insulin growth factor (IGF-1) and lipoprotein lipase (LPL) (fig. S6).

While deliberately ablating the canonical catalytic function, alternative splicing of the

AARS family of genes has created a large ensemble of CNs that specifically retain the

domain expansions. The successful expression of over 100 recombinant forms as soluble

proteins suggests that splice-site selection has been tailored to create stable folded structures.
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The canonical function and structure of the ancient aminoacyl tRNA synthetase catalytic

domain is strongly preserved throughout all taxa, which makes the ablation of this essential

(for aminoacylation) domain especially provocative. The paradox of strongly conserved

non-catalytic domains progressively added to AARSs protein structure over the course of

evolution appears to be at least in part an evolutionary reshaping of tRNA synthetases for

other functions.

While splice variants of other proteins also exist, it is the extent of these novel domain

additions specifically to AARSs, and their retention by the CNs, which make the AARSs

splice variants distinct. Possibly, functional expansion of AARSs was to link translation at

the first step of protein synthesis to a variety of cell signaling pathways. Recent studies have

demonstrated roles for specific AARSs in pathways associated with angiogenesis (9, 26–28),

inflammation (29,30), the immune response, mTor signaling, apoptosis, tumorigenesis, and

IFN-γ and p53 signaling (15). The work detailed here suggests the universe of AARS-

derived entities, which are active for non-translational functions, may be far greater than

anticipated. The mechanism of erasing the canonical function, while adding non-catalytic

domains, engenders a clear implementation of orthogonal functions. Members of other

enzyme families, though perhaps to a lesser extent, likely also gain new functions through

splice variants. The recently reported catalytically impaired natural splice variants of several

oncogenic kinases (31) and of the SIRT2 histone deacetylase (32) suggest that other enzyme

families have undergone similar, though perhaps less extensive variation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of AARS splice variants and assays for their functions
(A) AARS Transcriptome Discovery and Analysis Funnel. The AARS transcriptome was

amplified by gene-specific multiplex PCR and sequenced by high-throughput deep

sequencing. Sequencing reads were then mapped to the AARS transcriptome for

identification of exon-skipping events and alternative splice sites. Products of this effort

were submitted to various analyses. Regulation and functions of the identified AARS splice

variants were studied in the context of their distribution across various human tissues,

through identification of the endogenously expressed protein products, and the effects of
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expressed protein products on cells in a diverse set of in-vitro cell-based assays. (B) The

Venn diagram in the center shows the total number of exon-skipping junctions that were

identified by RNAseq and by ‘exon-flanking’ PCR in fetal and adult brain tissues (orange

circle) and in immune cells that include primary total leukocytes and three different cultured

leukocytic cell-types (blue circle). In the diagram on the left, the light pink circle annotates

the number of exon-skipping junctions identified in fetal brain, while the light orange circle

shows those found in adult brain. The diagram on the right gives the number of identified

exon-skipping junctions in the three cultured leukocytic cell-types (Raji B-cells, Jurkat T-

cells and THP1 monocytes) (light blue) and in primary leukocytes (pale green). Overlapping

areas give the number of splice junctions that were common between tissues or cells. The

numbers in square brackets give the total new alternative splice junctions identified in each

respective tissue.
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Figure 2. Majority of AARS splice variants are catalytic nulls
(A) Architectures of the catalytic domains for aminoacylation - Class I versus Class II. The

conserved core Rossmann fold is represented on the structure of MetRS (pdb2CT8) (ref:

Pubmed 16155581) in Class I, and the conserved core 7 beta-strand with motif-3 helix is

represented on the structure of LysRS (pdb4DPG) (ref: Pubmed23159739) in Class II. (B)

In-frame splice variants of cytoplasmic AARS are illustrated. Splice variants with catalytic

domains deleted (catalytic nulls) are highlighted in red while those with catalytic domains

retained are represented in blue. (C) The catalytic domain is abrogated in most AARS splice

variants. In contrast, domains that have functions distinct from aminoacylation are

predominantly retained. Of note, the UNE domains (such as UNE-S, and UNE-L

(abbreviated as “S” and “L”, respectively, in panel B), which comprise part of the
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“Appended Domain” category and are idiosyncratic to specific synthetases, are retained in

the AARS splice variants identified here.
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Figure 3. Detection of endogenous AARS splice variants
(A) Western blot detection of AARS splice variants in Jurkat cell lysates. Detailed

information for these splice variants is shown in table S4. (B) Tissue specific expression of

selected AARS splice variants in adult and fetal lung tissues. Gene expression of the target

gene was normalized by the gene expression of house-keeping genes (see Materials and

Methods) in the same sample.
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Figure 4. Recombinant AARS variants have specific biological activities across a spectrum of
cell-based assays
Proteins were expressed in E. coli and purified for use in cell-based assays. The majority of

the proteins were soluble and highly expressed. The AAR variants (table S6) were tested in

a variety of different cell based assays (fig. S4) spanning a range of biological activities,

largely using primary human cells (table S5).
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