






proteolytic cleavage of full-length TyrRS giving
rise to its assigned CNpeptides (legend to fig. S3A).
In a separate experiment, we identified a 23-kD
protein as HisRS1-C9 in the public PROTOMAP
mass spectrometry (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 trans-
lation of a copy of themRNA encoding an endog-
enouslyexpressedTyrRS1-C7splicevariant (identified
by Western blot analysis of whole-cell lysates as
shown in Fig. 3) confirmed that the transcripts
could be stably translated into proteins (fig. S3C).
MS confirmed peptides on both sides of the in-
ternal splice junction.
We observed tissue-specific expression of spe-

cific CNs. Across 19 human adult tissues or cells,

38 of 48 CN transcripts (79%) were differentially
expressed with gene up-regulation (by five times
or more of median) in at least one of the tissues,
whereas the full-length parent AARS genes were
evenly distributed (table S3). We also found that
some CN transcripts were expressed differen-
tially in one developmental stage over another.
For example, six specific CNs were highly ex-
pressed (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 prominent-

ly ablate the CD-encoding portion, we sought to
investigate the potential for these fragments to
exert biological activities distinct from the canon-
ical aminoacylation function. To this end, recom-

binant human AARS fragments, including CNs,
were expressed as soluble proteins and purified
to >95% homogeneity. Phenotypic cell-based as-
says were performed largely in primary human
cells to monitor potential biological activities
(fig. S4 and table S5). The assay types were clus-
tered into assay groups (Fig. 4), including pro-
liferation (different cell types were profiled for
effects of splice variants on proliferation or cell
death), cytoprotection, immunomodulation, acute
inflammatory response, transcriptional regula-
tion (four assays in two cell types at two dis-
tinct 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
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Fig. 2. Most AARS splice variants are catalytic nulls. (A) Architectures of
the CDs for aminoacylation—class I versus class II. The conserved core
Rossmann fold is represented on the structure of MetRS [Protein Data Base
(PDB) code: 2CT8] (33) in class I, and the conserved core 7 b strand with
motif-3 helix is represented on the structure of LysRS (PDB: 4DPG) (34) in
class II. (B) In-frame splice variants of cytoplasmic AARS are illustrated.
Splice variants with CDs deleted (catalytic nulls) are highlighted in red

whereas those with CDs retained are represented in blue. (C) The CD is
abrogated in most AARS splice variants. By 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 (B)], which constitute part of the “Appended Domain” cat-
egory and are idiosyncratic to specific synthetases, are retained in the AARS
splice variants identified here.
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were run in multiple batches, and at a range of
concentrations, to confirm activity. All proteins
were generated asHis-tagged recombinant forms,
with either theN 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-lengthparental formwas 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 analyzed here, 88%
tested positive for one or more biological ac-
tivities. The cell-based activities associated with
each recombinant protein were specific and idio-
syncratic to the variant. This observation pro-

vided a system-wide “internal control,” largely
ruling out the potential for nonspecific readouts
of cell signaling by the various proteins. MetRS1-
C5 is presented as a specific example. This CN
strongly stimulated skeletal muscle fiber forma-
tion in vitro (fig. S5). After exposure to the re-
combinant MetRS1-C5 for 2 days, quantitative
PCR assessment of primary human skeletalmyo-
blasts showed up-regulation of key genes for
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Fig. 4. Recombinant AARS variants have specific biological activ-
ities across a spectrum of cell-based assays. Proteins were
expressed in Escherichia coli and purified for use in cell-based assays.
Most of the proteins were soluble and highly expressed. The AARS
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).

Fig. 3. Detection of endogenous AARS splice
variants. (A) Western blot detection of AARS
splice variants in Jurkat cell lysates. Detailed in-
formation 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 genewas normalized
by the gene expression of house-keeping genes
(see materials and methods) in the same sample.
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muscle cell differentiation and metabolism, in-
cluding insulin growth factor 1 (IGF1) and lipo-
protein lipase (LPL) (fig. S6).
While deliberately ablating the canonical cat-

alytic 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 ofmore than 100 recom-
binant forms as soluble proteins suggests that
splice-site selection has been tailored to create
stable folded structures. The canonical function
and structure of the ancient aminoacyl tRNA syn-
thetase CD are strongly preserved throughout all
taxa, which makes the ablation of this essential
domain (for aminoacylation) especially provocative.
The paradox of strongly conserved noncatalytic
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.
Although splice variants of other proteins also

exist, it is the extent of these novel domain ad-
ditions specifically to AARSs, and their retention
by the CNs, that 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 spe-
cific AARSs in pathways associated with angio-
genesis (9, 26–28), inflammation (29, 30), the
immune response,mammalian target of rapamycin
(mTOR) signaling, apoptosis, tumorigenesis, and
interferon-g (IFN-g) and p53 signaling (15). The
work detailed here suggests that the universe of
AARS-derived entities, which are active for non-
translational functions, may be far greater than
anticipated. The mechanism of erasing the canon-
ical function, while adding noncatalytic 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 recent-
ly reported catalytically impaired natural splice
variants of several oncogenic kinases (31) and
of the sirtuin-2 (SIRT2) histone deacetylase (32)
suggest that other enzyme families have under-
gone similar, though perhaps less extensive,
variation.
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CELL DIVISION

Feedback control of chromosome
separation by a midzone
Aurora B gradient
Olga Afonso,1* Irina Matos,1*† António J. Pereira,1 Paulo Aguiar,1,2

Michael A. Lampson,3 Helder Maiato1,4‡

Accurate chromosome segregation during mitosis requires the physical separation of sister
chromatids before nuclear envelope reassembly (NER). However, how these two processes are
coordinated remains unknown. Here, we identified a conserved feedback control mechanism
that delays chromosome decondensation and NER in response to incomplete chromosome
separation during anaphase. A midzone-associated Aurora B gradient was found to monitor
chromosome position along the division axis and to prevent premature chromosome
decondensation by retaining Condensin I. PP1/PP2A phosphatases counteracted this gradient
and promoted chromosome decondensation and NER.Thus, an Aurora B gradient appears to
mediate a surveillance mechanism that prevents chromosome decondensation and NER until
effective separation of sister chromatids is achieved.This allows the correction and
reintegration of lagging chromosomes in the main nuclei before completion of NER.

T
he formation of a nuclear envelope that
compartmentalizes genomic DNA involves
the recruitment of membranes around
the decondensing chromatin and insertion
of nuclear pore complexes (NPCs) at the

anaphase-telophase transition ofmitosis (1). How-
ever, it is unknown how cells coordinate nuclear
envelope reassembly (NER) with the spatial sep-
aration of chromosomes during anaphase. Here,
we found that the spindle elongation velocity and
the respective duration of anaphase inDrosophila
S2 cells were inversely correlated, which sug-
gested that incomplete chromosome separation
in spindles that elongate more slowly is com-
pensated by increasing anaphase duration (fig.

S1, A to C). Pharmacological or RNA interference
(RNAi)–based attenuation of spindle elongation
velocity also correlated with an increase in
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