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ABSTRACT

Cytosolic glutaminyl-tRNA synthetase (GInRS) is the
singular enzyme responsible for translation of glu-
tamine codons. Compound heterozygous mutations
in GInRS cause severe brain disorders by a poorly
understood mechanism. Herein, we present crystal
structures of the wild type and two pathological mu-
tants of human GInRS, which reveal, for the first time,
the domain organization of the intact enzyme and
the structure of the functionally important N-terminal
domain (NTD). Pathological mutations mapping in
the NTD alter the domain structure, and decrease
catalytic activity and stability of GInRS, whereas
missense mutations in the catalytic domain induce
misfolding of the enzyme. Our results suggest that
the reduced catalytic efficiency and a propensity of
GInRS mutants to misfold trigger the disease devel-
opment. This report broadens the spectrum of brain
pathologies elicited by protein misfolding and pro-
vides a paradigm for understanding the role of muta-
tions in aminoacyl-tRNA synthetases in neurological
diseases.

INTRODUCTION

Aminoacyl-tRNA synthetases (aaRSs), ubiquitously ex-
pressed enzymes in organisms from bacteria to humans,
play a vital role in ensuring accurate translation of the ge-
netic information into functional proteins (1). These en-
zymes couple each of the 20 standard proteinogenic amino
acids to a defined set of isoacceptor tRNAs capable of ‘read-
ing’ specific codons in the mRNA. Thus, aaRSs decode a
three-letter cipher written in the anticodon loop of tRNA
into a single letter code of the protein language. The error
rate of the tRNA aminoacylation reaction correlates well

with the overall error rate of protein synthesis, and it is
largely accepted that the accuracy of aaRSs dictates fidelity
of gene translation (2,3). In addition to the canonical role in
translation, aaRS have also evolved new functions through
acquisition of novel domains and alternative splicing (4-6).

Recent advances in genome sequencing and human ge-
netics have revealed a large number of disease-causing mu-
tations in human aaRSs (7,8). The first study suggesting
a causative link between mutations in an aaRS gene and
human diseases was reported more than a decade ago (9).
Multiple mutations in GARS (encoding cytosolic glycyl-
tRNA synthetase) cause the Charcot—Marie-Tooth Type
2D (CMT2D) and distal spinal muscular atrophy type V,
both inherited peripheral neuropathies characterized by
impaired motor function, sensory loss in extremities, and
spinal cord atrophy (9). Subsequent studies revealed that
mutations in cytosolic YARS, AARS and KARS are also
associated with CMT (10-12), while those in HARS cause
deaf-blindness (13). The importance of aaRSs for the devel-
opment of a healthy human organism is not restricted to the
cytosolic enzymes. Initially, the evidence suggested a pat-
tern in which mutations in cytosolic aaRSs largely affected
the peripheral nervous system and those in the mitochon-
drial variants impacted a more diverse set of physiological
processes (14-22). However, recent studies have shown that
cytosolic aaRSs are vital for the development of the central
nervous system as well. In particular, mutations in DARS
cause hereditary leukoencephalopathy characterized by hy-
pomyelination of the brainstem, spinal cord involvement,
and leg spasticity (23,24). Also, mutations in MARS are
linked to hereditary spastic paraplegias (24) and those in
KARS cause severe infantile visual loss, progressive micro-
cephaly, developmental delay, seizures, and abnormal sub-
cortical white matter (25). Interestingly, not all mutations
affect canonical functions of the given aaRS (i.e. catalysis,
tRNA binding), but they may alter the enzyme’s structure
and/or its non-canonical function(s) (reviewed in (26,27)).
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Most recently, four distinct compound heterozygous mu-
tations of the highly conserved residues in human QARS
gene (encoding glutaminyl-tRNA synthetase, or GInRS)
have been shown to cause severe disorders of the central
nervous system in two nonconsanguineous families (28).
In one family, a patient carried G45V and R403W muta-
tions on separate copies of the Q4 RS gene, and in the other,
Y57H and R515W substitutions were imprinted in separate
alleles. Remarkably, the unrelated patients displayed a com-
mon phenotype characterized by progressive microcephaly,
severe and intractable infant epilepsy, and diffuse atrophy
of the cerebral cortex and cerebellum (MCPH). The study
has shown that mutations located near the N-terminus de-
creased the GInRS activity and that those closer to the C-
terminus caused a complete loss-of-function. However, it
remained unclear how exactly these genetic alterations af-
fect the structure and function of GInRS, and perhaps more
importantly, how they could cause a dramatic deterioration
of the human brain.

Human GInRS (hGInRS), a member of class I aaRS en-
zymes, is responsible for synthesis of the cytosolic pool of
glutaminyl-tRNAS" (GIn-tRNAS") and is, therefore, es-
sential for incorporation of L-glutamine (Gln) into all pro-
teins translated in the cytosol. In a canonical reaction cy-
cle, GInRS activates Gln with ATP and forms glutaminyl
adenylate. The amino acid is subsequently transferred onto
the 2’ hydroxyl of A76 in tRNAS™, Early structural stud-
ies have shown that the bacterial enzyme comprises the cat-
alytic and anticodon-binding domains that recognize Gln
and tRNAS! respectively (29). However, in contrast to
the bacterial enzyme, human and eukaryotic GInRSs con-
tain an appended ~200 amino acids long N-terminal do-
main (NTD). This distinct, and among eukaryotes ubig-
uitous, extension is important for formation of the multi-
synthetase complex (MSC) (30,31) and for propagating
anti-apoptotic signals through interactions with apoptosis
signal-regulating kinase 1 (ASK1) (32). Attempts to study
idiosyncrasies of the eukaryotic system using the fungal
GInRS yielded two incomplete structures: one composed
solely of the NTD (33), and the other comprised of the cat-
alytic and anticodon-binding domains (34). These studies,
whereas important to reveal the local structures of the do-
mains in a eukaryotic GInRS, could not ascertain if the spa-
tial arrangement and interactions between the domains play
any role in regulating activity of the human enzyme. More-
over, the low level of sequence conservation between the
yeast and mammalian orthologs hindered construction of a
reliable model of the human GInRS that could facilitate our
understanding of the effect(s) of pathological mutations.

Herein, we provide a detailed structural, biophysical and
enzymatic characterization of the intact human cytosolic
GInRS. Our results reveal the structure of a complete eu-
karyotic GInRS, the structure of its NTD in the context of
the intact enzyme and the three-dimensional arrangement
of all domains. The findings presented herein suggest that a
combination of an allele encoding a catalytically inefficient
enzyme and an allele encoding a misfolded mutant enzyme
is a likely cause for the severe deficiency in GInRS activity
in the patients.
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MATERIALS AND METHODS
Protein expression and purification

The gene encoding human GInRS was cloned into pET28a
with an N-terminal His-tag. GInRS was overexpressed in
Rosetta(DE3)pLysS cells at +16°C in the presence of 0.5
mM IPTG for 16 h, and then purified using the HisTrap
FF Crude Ni**-affinity and the Superdex 200 size-exclusion
columns (GE Healthcare Life Sciences). Fractions contain-
ing higher order oligomers and monomeric GInRS were
pooled separately and concentrated in 25 mM Tris, pH 8.0,
300 mM NaCl and 5% (v/v) glycerol. Protein crystallization
and data collection is described in SI.

Crystallization and data collection

Crystals of hGInRS were obtained in a sitting drop setup at
+16°C. The apo wild type (WT) hGInRS crystallized in 0.1
M calcium acetate, 0.1 M Tris, pH 6.0, 12.5% (w/v) PEG
3,350, 60 mM Gly-Gly-Gly. The Y57H mutant crystallized
in 0.1 M ammonium acetate, 0.1 M Bis-Tris, pH 5.5 and
17% (w/v) PEG 10 000, whereas the crystals of the G45V
variant were obtained from 0.15 M ammonium acetate, 0.1
M Bis-Tris, pH 5.5, 3% (w/v) PEG 20 000 and 10 mM
EDTA. Prior to data collection, crystals were cryoprotected
in the mother liquor supplemented with 28% (v/v) glyc-
erol and flash frozen in liquid nitrogen. The diffraction data
were collected at the liquid nitrogen temperature. The SAD
data set used for selenium phasing of the hGInRS crystals
was collected at the LS-CAT beam station (A = 0.9795 A).
The data sets used for structure refinement were collected
under the same conditions at either the LS-CAT (for WT
hGInRS and Y57H) or GM/CA@APS (for G45V) beam
stations (Table 1).

Structure determination and refinement

The diffraction images were processed in HKL.2000 (35).
Selenium sites were located using SHELX (36), the experi-
mental phase was calculated in MLPHARE (37) (Reuliis.ano
= 0.72; figure of merit = 0.32 at 3.7 A; anomalous f’ =
1.14), and the phase estimates were improved by solvent
flattening and histogram matching in DM (38,39). Itera-
tive structure refinement and model building was completed
using Phenix (40) and Coot (41). The superimpositioning
analysis was done using Cealign (42) and all figures were
generated in PyMOL (43).

In vitro aminoacylation assays

GInRS activity was determined as previously described (28)
using 10-500 nM GInRS, 0.2-8 pM human cytoplamic
tRNAS™ transcripts, 2 mM ATP and 50 mM [*H] L-Gln
(320 cpm/pmol) in 100 mM HEPES-NaOH, pH 7.2, 30
mM KCl and 10 mM MgCl, at +37°C. Aliquots were spot-
ted on 3MM Whatman paper discs presoaked with 5%
trichloroacidic acid (TCA), washed three times with 5%
TCA, dried, and their radioactivity level was measured in
the scintillation counter.
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Table 1. Data collection and refinement statistics

WT hGInRS G45V Y57H
Data collection
Space group P212,2 P2,2,2 P212,2
Cell dimensions
a, b, c(A) 333.7,57.9, 86.1 336.9, 58.5, 86.6 333.1, 58.3, 85.1

a=B=vy=90° a=B=vy=90° a=B=vy=90°
Wavelength (,,A) 0.9792 1.0332 0.9792
Resolution (A) 50.00-2.40 50.00-2.70 50.00-3.30
Rpim* 0.056 (0.866) 0.099 (0.853) 0.118 (0.714)
CCl1/2 0.81 0.55 0.82
1/ (D* 8.75(0.88) 4.94 (0.90) 8.35(1.37)
Completeness (%o)* 98.2(83.4) 99.1(99.6) 99.9 (99.7)
Redundancy* 4.9 (5.0) 3.8(3.8) 4.8 (4.9)
Refinement
Resolution (A) 29.00-2.40 49.00-2.70 34.00-3.30
No. reflections 66,515 47,742 25,874
Ruyork 0.211 (0.332) 0.228 (0.361) 0.221 (0.305)
Riree 0.239 (0.353) 0.262 (0.382) 0.274 (0.372)
Number of atoms 5,477 5,288 5,171
Protein 5,240 5,201 5,153
Water 237 87 18
Ramachandran statistics
Favored (%) 92.0 87.0 84.0
Outliers (%) 0.7 0.7 0.7
B-factors 76.7 94.9 68.0
Protein 77.6 95.4 68.1
Water 58.7 65.1 46.8
R.m.s. deviations
Bond lengths (A) 0.011 0.010 0.014
Bond angles (°) 1.35 1.60 1.91

* - Statistics for the highest-resolution shell are shown in parentheses.

Electrophoretic and mass spectrometry analysis of GInRS
mutants

Purified WT and mutant GInRS samples (2.5 j.g) were ana-
lyzed on Mini-Protean TGX Stain-Free SDS-PA gels. Spe-
cific bands were excised from the gel and further analyzed
by mass spectrometry at the core facility, the Research Re-
source Center, University of Illinois at Chicago (Chicago,
IL). The western blot analyses were performed on samples
under reducing conditions. Following separation on either
SDS-PA or native 4-16% Bis-Tris Native PA (Life Tech-
nologies) gels, the protein bands were transferred onto a
PVDF membrane. The GInRS bands were detected using
anti-GInRS mouse antibody (Santa Cruz Biotechnology)
and anti-mouse IgG coupled with horseradish peroxidase
(Qiagen), while the GroEL bands were detected using rab-
bit anti-GroEL antibody and anti-rabbit IgG horseradish
peroxidase conjugate (Sigma Aldrich). An enhanced chemi-
luminescence (ECL) substrate kit (Amersham) was used for
detection following standard manufacturer’s protocols.

Thermal shift assay

Purified GInRS (20uwM) samples were mixed with the
SYPRO-Orange dye (1:500 dilution; Sigma Aldrich) in a 4:1
ratio. Mixtures were dispensed into a 384-well microplate in
triplicates and analyzed on the Vii™ 7 Real-Time PCR Sys-
tem (Life Technologies) using the Melting Curve method
with a continuous heating (0.075°C/s) from 25°C to 95°C.
The melting curves were recorded in real time as change in

fluorescence signal and analyzed using the ViiA™ 7 RUO
Software (Life Technologies).

Electron microscopy

Samples were diluted to ~0.4 mg/ml, adsorbed to a freshly
glow-discharged carbon-film grid for 15 s, and stained with
0.7% uranyl formate. Images were collected on an FEI Tec-
nai T12 with a 4k x 4k Gatan Ultrascan CCD camera at a
pixel size of ~0.46 and ~0.18 nm/px.

RESULTS

The overall structure and domain arrangement in intact hu-
man GInRS

To enable precise biochemical and functional studies on
hGInRS and its mutants, we determined by selenomethion-
ine SAD phasing the crystal structure of the complete apo
hGInRS to 2.36-A resolution (Table 1, Figure 1 and Sup-
plementary Figure S1). Intact hGInRS crystallized in the
primitive orthorhombic crystal lattice with one molecule in
the asymmetric unit (Table 1).

Human GInRS is a monomeric class I aaRS composed
of 775 amino acids. The enzyme adopts a boomerang-like
shaped structure built of 5 domains that span ~100 x 90
x 40 A (Figure 1A). One boomerang wing is composed of
an appended NTD (residues 1-182) that is linked to the
second wing by a long and flexible hinge domain. An 8-
helical bundle (N1) and a 3-helical tail (N2) form a bi-lobed
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Figure 1. Overall structure and domain organization of the intact human GInRS. (A) A cartoon representation of two views of the intact structure of
human GInRS. Domains are labeled as in the main text and colored according to scheme in (C). (B) A surface representation diagram of the structure of
hGInRS in the same orientation as in (A). (C) Domain structure with domain names and coloring scheme. The conserved motifs, ‘HIGH” and “VVSKR’,
and connecting subdomain are indicated. Agreement between the final model and electron density maps is shown in Supplementary Figure S1.

structure of NTD that protrudes from the enzyme body. An
82-residue long hinge connects the N2 subdomain to the
catalytic domain (CATD; residues 264-335 and 438-564).
While the first part of the hinge, covering residues 183-216,
is disordered, the second part adopts a predominantly a-
helical structure that intimately interacts with CATD (Fig-
ure 1A). Following the ordered part of the hinge, the first 3-
strand of the Rossmann fold and a conserved ‘HIGH’ motif

(*”HIGH?*) emerge. In a canonical fashion, the Rossmann
fold is split after its third B-strand with an insertion des-
ignated as connecting peptide 1 (CP1; residues 336-437).
CP1 adopts a mixed a/B structure that sits atop CATD
where it forms the roof of the active site (Figure 1). The sec-
ond half of the Rossmann fold continues from the fourth -
strand and it eventually grows into a connecting subdomain
(residues 498-564), which links CATD with the anticodon-
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binding domain (ABD; residues 565-775). The connecting
subdomain contains a poorly conserved ‘KMSKS’ motif
whose exact sequence in hGInRS is “*VVSKR*” (Figure
1). The VVSKR is juxtaposed to the long penultimate -
strand of CATD and it precedes the helical segment and
a short, partially disordered terminal B-strand (residues
541-548) that complete the Rossmann fold. The C-terminal
~230 amino acids of hGInRS form ABD, which is folded
into an all 8 structure that belongs to the superfamily of ri-
bosomal protein L25-like proteins (Figure 1A). Unlike the
rest of the structure, several segments in ABD (e.g. residues
585-588, 630-638 and 668-673) are disordered in our crys-
tal. This is not surprising because the majority of crystal
lattice contacts in our crystal are established between the
symmetry related NTDs and CATDs.

Distinct structural features of the intact human GInRS

Although it was presumed that structures of human, bacte-
rial and yeast GInRSs would be similar, attempts to phase
crystals of the intact human enzyme by molecular replace-
ment using yeast and bacterial GInRS structures as search
models failed. A comparative structural analysis reveals
that the structure of human GInRS is distinct when com-
pared to structures of other orthologs.

First, we compared the structure of NTD from hGInRS
with the corresponding domain in Saccharomyces cerevisiae
GInRS (ScGInRS) as well as with the C-terminal region
of B subunit of the Staphylococcus aureus GatCAB ami-
dotransferase (GatB) (44). It has been shown that NTD
of ScGInRS binds tRNAY!" and that it is structurally sim-
ilar to GatB (33). It is therefore plausible that the NTD
from hGInRS and GatB are structural homologs as well.
The superimposition of the entire NTD yields surprisingly
large r.m.s.d. values of 4.1 A for ScGInRS and 5.8 A for
GatB (Figure 2A,B). A closer inspection reveals that the
main source of structural divergence stems from different
arrangements of helical segments within the N1 subdomain
(Supplementary Figure S2A). Although containing only 6
a-helices, the N1 subdomain of ScGInRS superimposes rea-
sonably well onto the human N1 (r.ms.d. of 2.65 A; see Sup-
plementary Figure S2A). By contrast, the N1 subdomain
of the human enzyme contains an additional a-helix at its
N-terminus, while the corresponding segment in GatB has
an inserted helical element between a4 and a6 (Supplemen-
tary Figure S2B). This explains a large r.m.s.d. value of 4.8
A obtained after superimpositioning of these two subdo-
mains. On the other hand, the superimposition of the N2
subdomain from hGInRS onto that of ScGInRS and GatB
yields r.m.s.d. values of 1.64 A and 2.8 A, respectively, sug-
gesting that the structure of the N2 subdomain is relatively
conserved from bacteria to mammals. (Supplementary Fig-
ure S2C,D).

The structural differences in NTD prompted us to specu-
late that this domain may be important for enzymatic func-
tion of human GInRS. To test our hypothesis, we created
two truncation mutants that lacked either the N1 subdo-
main (ANT1) or the entire NTD (ANTD). Our results show
that both truncations significantly reduce the aminoacyla-
tion activity of hGInRS (Table 2). This raised an interest-
ing question whether the orientation of NTD relative to

the CATD is important for GInRS function. A closer in-
spection revealed that the imidazole ring of His175 in NTD
forms a hydrogen bond with the side chain of GIn263 in
the hinge domain that interacts closely with the CATD do-
main (Supplementary Figure S2E). To assess if this inter-
action is functionally important, we mutated His175 to Ala
(H175A) and determined the catalytic activity of the mu-
tant enzyme. Our kinetic data show that the catalytic effi-
ciency of H175A is decreased approximately 60-fold when
compared to the wild-type (WT) enzyme (Table 2), which
suggests that proper positioning of the NTD is important
for the activity of GInRS.

Next, we compared structures of other domains in
hGInRS. Because of the partial disorder in our crystal form,
we excluded the hinge domain from our analysis. The super-
imposition of CATD, CP1 and ABD from hGInRS onto
the corresponding domains in S¢GInR and Escherichia coli
GInRS (EcGInRS) yields relatively high r.m.s.d. values of
3.5 A and 3.3 A, respectively (Figure 2C,D). Despite the
conservation of the overall domain arrangement, a number
of structural elements in human enzyme differ from the bac-
terial and fungal homologs. In hGInRS, a short and disor-
dered loop connects strand B4 with helix «19 in CP1. On the
contrary, this loop is enlarged and ordered in the bacterial
and yeast enzymes (Supplementary Figure S3A,B). Further,
a short a-helix between strands B85 and g6 in CP1, which
is conserved in bacteria and yeast, is absent from hGInRS
(Supplementary Figure S3A,B). Also, in ABD, a long linker
composed of three loops and three a-helices connecting
strands 322 and B23 in ScGInRS is replaced by a much
shorter loop in the human enzyme (Supplementary Figure
S3C). These observations led us to hypothesize that struc-
tural differences may be reflected at the functional level.

Because GInRS was horizontally transferred from eu-
karyotes to bacteria (45), we decided to test if the human
enzyme is capable of charging bacterial tRNAS™ and vice
versa. To our surprise, our results show that hGInRS cannot
aminoacylate bacterial tRNAS™ and that EcGInRS can-
not act on human tRNAS™ (Figure 2E). Taken together,
our results argue that the structure of hGInRS is distinct
from other orthologs, particularly bacterial GInRS, and
that structural and functional conservation of the GInRS
system is lost from bacteria to eukaryotes including mam-
mals. A recent study shows that human GInRS is able to
complement a yeast strain lacking GInRS (46), indicating
that recognition of tRNAS™ by human and yeast GInRSs
may be conserved.

Mutations G45V and Y57H modestly affect the conforma-
tion of NTD and stability of GInRS

The structure of hGInRS enabled precise mapping of muta-
tions implicated in the development of neurological disor-
ders. We have previously shown that the G45V and Y57H
mutations, which are located in the NTD, decrease the
aminoacylation activity of hGInRS (28). To understand
how these pathological mutations affect the enzymatic re-
action, we determined the kinetic parameters for both the
WT and mutant hGInRS constructs (Table 2). The G45V
and Y57H mutations decreased the k¢a /Ky, ratio by 10- and
220-fold, respectively. It has previously been proposed that



== human GInRS = GatB
= S. cerevisiae GInNRS = E.coli GInRS

Nucleic Acids Research, 2016, Vol. 44, No. 7 3425

—D—IhumanI GInHS'-humaln tFlNAI
| —O—human GInRS-E.coli tRNA

—/x—E.coli GInRS-human tRNA

—2-E.coli GInRS-E.coli tRNA

GIn-tRNAS™ (um)

0 2 4 6 8 10 12 14
Time (min)

Figure 2. Structural comparison of domains in human, yeast and bacterial GInRSs. (A,B) The global superimpositioning of NTDs from human and yeast
GInRS, and GatB reveals significant structural divergence in spite of the overall conservation of the domain architecture (see Supplementary Figure S2).
(C,D) The superimpositioning of core domains (CATD, CP1 and ABD) in yeast and bacterial GInRSs onto that in human GInRS shows that although the
overall fold is conserved, there are significant structural differences in the CP1 and anticodon-binding domains (marked by asterisks; see Supplementary
Figure S3). (E) Enzymatic results show the loss of orthogonality between human and E. coli GInRS and tRNAGIn pairs.

Table 2. Aminoacylation kinetics of GInRS variants for tRNASI

GInRS variants keat (min~1) Ky (M) kecat/Km (pLM’] min~ ") Fold change (kcat/Km)
WT 122 £+ 5.0 0.67 £+ 0.15 17.8 £ 4.5 1.0

AN (116-775) 0.09 + 0.01 1.5+ 04 0.07 £ 0.01 270

ANTD (183-775) ND# ND ND ND

G45V 0.89 + 0.43 0.53 £+ 0.06 1.7 £ 0.8 10

Y57TH 0.12 + 0.04 1.7 £ 0.8 0.08 £+ 0.04 220

H175A 0.20 + 0.03 0.60 + 0.23 0.39 + 0.23 46

R403W ND ND ND ND

R515W ND ND ND ND

4ND, no detectable activity.

the NTD of SeGInRS may be important for tRNA binding
(33). However, our results show that, instead of affecting
the K, for tRNAS" both G45V and Y57H caused a sig-
nificant decrease in k¢,, which, in turn, suggests that these
mutations cause a long-range effect on the distal CATD. In
agreement with this, the H175A mutation, which disrupts
the interaction between the NTD and CATD, also affected
only the k¢, and not the Ky, (Table 2).

To further explain the mechanism at the structural level
by which these genetic alterations may affect the catalysis of
GInRS, we determined the crystal structures of the G45V
and Y57H mutants (Table 1). The N1 subdomain harbors
Gly45 and Tyr57, residues mutated in patients affected with
the neurological disorder. Gly45 is in the solvent-flexible
loop between helices a4 and a5 (Supplementary Figure
S4A), and Tyr57 is in the middle of helix a5 (Figure 3A).
The aromatic ring of Tyr57 stacks against the aliphatic side
chain of Leul5, which resides in a loop between helices a1
and a2 (Supplementary Figure S4B). Overall structures of
the two NTD mutants are similar to the structure of the WT
hGInRS, which is illustrated by low r.m.s.d. values of 0.65
A and 0.97 A calculated after superimposition of the WT
hGInRS onto G45V and Y57H, respectively (Figure 3B,C).

However, structural rearrangements of different magnitude
occur in the NTD of both mutants. The G45V mutation
causes a relatively minor conformational change in the a4-
o5 loop, which is rotated toward CATD in the mutant en-
zyme (Figure 3B). On the other hand, the entire NTD ro-
tates ~3° toward the CATD in the Y57H mutant struc-
ture (Figure 3C). Consequently, Y57H adopts a more closed
conformation when compared to the WT hGInRS.
Because both G45V and Y57H hGInRS mutants express
at a similar level and form stable monomers in solution
as the WT enzyme, we were puzzled as to why these par-
ticular mutants would exhibit lower level of enzymatic ac-
tivity. We postulated that, besides the NTD conformation,
G45V and Y57H might have affected the enzyme stability
as well. To ascertain if this is the case, we employed a ther-
mal shift assay. The melting curve of the WT hGInRS ex-
hibits a single peak with the melting temperature (Ty,) of
+47.5°C (Figure 4A). The presence of a single peak sug-
gests that the WT enzyme unfolds according to a simple
two-state model. The melting curves of G45V and Y57H,
however, comprise two peaks indicating that these mutants
unfold along a more complex trajectory (Figure 4A). The
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Figure 3. The pathological mutations, G45V and Y57H, mildly affect the structure and conformation of NTD in human GInRS. (A) Four mutations
implicated in the development of neurological disorder are mapped onto the structure of hGInRS. Two mutations, G45V and Y57H, are located in NTD,
R403W is in CP1 and R515W is in CATD. The pairs of mutations found in different patients are colored blue (G45V and R403W) and yellow (YS7H
and R515W). (B) The crystal structure of G45V is similar to that of the WT hGInRS. A minor structural rearrangement is present in the loop connecting
helices a4 and o5 in NTD. (C) The superimposition of Y57H onto hGInRS reveals that NTD rotates ~3° toward the CATD in the mutant structure. A
close-up view of structural differences in NTDs is shown in the box in (B), and (C).

(un)folding events occur at +46.5°C and +52°C in G45V,
and at +46°C and +51°C in Y57H (Figure 4A).

Taken together, the overall structure of NTD mutants is
similar to that of the WT hGInRS, but the conformation
and orientation of NTD in these mutants is slightly altered.
Moreover, point mutations in NTD alter the stability and
folding trajectory of the enzyme, which may explain why
the catalytic activity of G45V and Y57H are decreased com-
pared to the WT enzyme.

Pathogenic mutations mapping in CP1 and CATD cause mis-
folding and aggregation of GInRS

Besides a QARS allele encoding a mutation that maps
within the NTD, each patient also carried a second allele
that encoded a mutation located closer to the C-terminus of
GInRS. The patients were reported to carry either R403W
or R515W mutation (28). In contrast to relatively mild
effects of NTD mutations, both Arg->Trp substitutions
caused a more dramatic loss of GInRS function (28). Be-
cause it remained unclear how replacing an Arg residue
with Trp could impact the GInRS function so dramatically,
we embarked on structural characterization of R403W and
RS15W.

The crystal structure of hGInRS provides a platform for
examining the role Argd03 and Arg515 play in the native
structure (Figure 3A, Supplementary Figure S4). The side
chain of Arg403 is located in the second B-strand (B5) of
the CP1 domain where it interacts with the side chain of
GIn360 from the flexible B4-al5 loop and the backbone
carbonyl oxygen of Asp414 in strand B6 (Supplementary

Figure S4C). On the other hand, Arg515 is in the loop
within the helical subdomain that links CATD and ABD
(Supplementary Figure S4D). This particular loop is spa-
tially positioned immediately below the VVSKR motif, with
which it supports a long hairpin-like structure within ABD
that is formed by strands 321 and 22 and connecting a-
helices (Figure 3A). Our attempts to characterize struc-
tures of these two mutants were unsuccessful because of
the major hurdles encountered during protein expression
and purification. Although expressing at a similar level as
the WT enzyme, R403W and R515W are significantly less
soluble. This is especially true for R403W. Moreover, in-
stead of forming a stable monomer in solution, soluble frac-
tions of these two mutant enzymes appeared to form ag-
gregates or complexes of higher molecular mass. The first
evidence for this behavior was obtained after analyzing sol-
uble Ni-affinity column eluates over the size-exclusion chro-
matography (SEC) column. R403W and R515W elute from
the SEC column earlier than a monomeric WT hGInRS
or NTD mutants (Figure 4B). Also, unlike a protein that
adopts a native structure, soluble fractions of R403W and
RS515W absorb UV light more intensely at 260 nm than at
280 nm, implying that Arg->Trp mutants form aggregates
and/or other complexes in solution. Analysis on TBE-Urea
and agarose gels ruled out the presence of RNA and/or
DNA in these samples (data not shown). In addition, in
contrast to defined Ty, values obtained for the WT enzyme
and NTD mutants (Figure 4A), the exact Ty, could not be
calculated either for R403W or R515W. Instead of having
defined peaks, the melting curves of Arg->Trp mutants ex-
hibit a continuous linear decrease of intensity over a wide
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Figure 4. Effect of pathological mutations on the aggregation status and
stability of GInRS. (A) The melting curve of the WT hGInRS (red line)
exhibits a single peak with Tm of +47.5°C, whereas curves of G45V (green
line) and Y57H (blue line) have two peaks with distinct minima at ~+46°C
and ~+52°C. R403W (solid black line) and R515W (dashed line) exhibit a
constant decrease in signal intensity without prominent peaks, suggesting
formation of aggregates or other complexes. (B) Elution profiles of WT
(red line), G45V (green line), Y57H (blue line), R403W (solid black line)
and R515W GInRS (dashed line) from the size-exclusion chromatography
(SEC) column. WT, G45V and Y57H form predominantly monomers in
solution (retention time ~95 min), whereas R403W and R515W primarily
form larger species that elute ~60 min. Peaks eluting ~110 min contain
impurities.

range of temperatures (Figure 4A), suggesting that these
mutants either aggregate or do not adopt native structure
in solution.

A routine SDS-PAGE analysis of the ‘early’ peaks
showed that the Arg->Trp mutants contain an additional
protein with molecular mass of ~60 kDa (Figure 5A; left
panel). The band pattern was persistent regardless of the ex-
pression protocol or sample treatment. We sought to deter-
mine the identity of the lower band by western blot analysis
using anti-His antibodies. The antibodies recognized only
the intact hGInRS with an N-terminal His-tag (=80 kDa),
but not the lower band (data not shown). We speculated that
the lower band could either be partially degraded mutant
enzyme that is also prone to aggregation or another protein
with which the Arg->Trp mutants perhaps formed a stable
complex. Trypsin digestion and mass spectrometry revealed
that the 60-kDa band is largely composed of GroEL and, to
a far lesser extent, of the partially degraded GInRS that is
devoid of segments in both NTD (residues 1-34) and ABD
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Figure 5. R403W and R515W mutants are bound to GroEL when recom-
binantly expressed in E. coli suggesting that they are misfolded. (A) SDS-
PAGE (left panel) of purified GInRS samples (R515W, R403W, G45V,
Y57H and WT) reveals that only R->W mutants contain an additional
protein band that runs at ~60 kDa. The western blot with the anti-GInRS
antibodies (middle panel) demonstrates that all samples contain human
GInRS, whereas the same analysis with the anti-GroEL antibodies (right
panel) shows that the ‘aggregate’ peaks of R->W mutants contain GroEL
as well. (B) The native PAGE and subsequent western blots with anti-
GInRS (middle panel) and anti-GroEL (right panel) antibodies shows that
WT, Y57H and G45V run as monomeric proteins (apparent molecular
mass between 66 and 120 kDa), whereas R403W and R515W stably as-
sociate with GroEL and run as a single species of molecular mass above
720 kDa.

(residues 652-775). Further, we probed samples with anti-
GInRS (Figure 5A, middle panel) and anti-GroEL antibod-
ies (Figure 5A, right panel); the anti-GInRS antibody re-
acted with the intact GInRS in all samples and anti-GroEL
antibody recognized only the 60-kDa band in the Arg->Trp
mutant samples. It is important to note that the anti-GInRS
antibody targets the C-terminal portion of GInRS and this
perhaps explains the absence of its reactivity with the 60-
kDa band. Hence, we cannot rule out that the lower band
contains truncated hGInRS as well. Analysis of the soluble
fractions of R403W and R515W by negative-stain electron
microscopy further reveals the ring structure of the GroEL
complex (Figure 6). The collective results from the EM and
biochemical analyses provide strong evidence that the 60-
kDa band contains bacterial GroEL as a co-purifying com-
ponent.

Next, we asked the question whether soluble fractions of
R403W and R515W form oligomers that simply co-purify
with GroEL or if the monomers of these mutants stably
associate with the bacterial chaperonin. Based on the na-
tive PAGE analysis R403W and R515W have an apparent
molecular mass of >720 kDa, which is almost an order of
magnitude higher than that of the monomeric GInRS (Fig-
ure 5B, left panel). Given that both anti-GInRS and anti-
GroEL antibodies react with the ~720-kDa band (Figure
5B, middle and right panels), it was impossible to discern
between the two scenarios based on this approach alone. We
then attempted to separate GroEL from Arg->Trp mutants
and to analyze those samples on the native PAGE. How-
ever, we observed that both mutant enzymes degrade quite
rapidly when purified from GroEL (data not shown). Given
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Figure 6. Negative-stain electron microscopy of hGInRS R403W and
RS515W mutants. (A,B) Representative images of R403W mutant at differ-
ent magnifications revealing a dominant population of GroEL particles.
Three zoomed in insets are shown on the right displaying different views
of the chaperonin. (C,D) Representative images of R515W mutant at dif-
ferent magnifications revealing a dominant population of GroEL particles.
Three zoomed in insets are shown on the right displaying different views
of the chaperonin. Size bars designate 200 nm in panels A and C, and 100
nm in panels B and D.

that EM images do not reveal the presence of higher order
oligomeric structures other than GroEL, we conclude that
soluble fractions of the Arg->Trp mutants of GInRS most
likely form a stable complex with GroEL.

In summary, R403W and R515W mutations cause mis-
folding of the enzyme and its tight association with the bac-
terial chaperonin. These mutants are also prone to degra-
dation when separated from GroEL. The low solubility,
misfolding and protease susceptibility are presumably the
primary reasons for a dramatic loss-of-function in patients
with Arg->Trp mutations of GInRS.

DISCUSSION

Evolution and distinct structure of the human GInRS

GInRS is a late addition to the aaRS family that evolved
from a non-discriminating glutamyl-tR NA synthetase after
the split between archaea and eukaryotes (47,48). Although
a vast majority of bacteria and archaea lack GInRS and
use an indirect pathway to produce GIn-tRNAS™ (49,50),
certain bacteria, such as E. coli and Bacillus sp., have ac-
quired GInRS from eukaryotes through horizontal-gene
transfer. In spite of the gene transfer (51), the bacterial
GInRSs do not contain the appended NTD, which is ubiq-
uitously found in eukaryotic enzymes. However, it is not
clear whether the NTD was lost during the gene transfer
or if it represents a newly evolved feature in eukaryotic
GInRSs. The sequence conservation of the yeast and mam-
malian NTDs is rather poor and it levels off at 28%. This
pales in comparison with ~40% of the conserved residues in
the corresponding CATD and ABD domains. The low level

of sequence conservation is reflected at the structural level.
Even the seemingly similar CATD and ABD domains of the
human GInRS differ from the counterparts in the yeast and
bacterial enzymes. Also, a significant level of structural di-
vergence is present in the N1 subdomain of NTD. However,
it remains to be seen if these differences are important for
the function of hGInRS. Perhaps, studies on the hGInRS-
tRNAS" binary complex and larger assemblies of the MSC
that require GInRS could be informative about the func-
tional significance of the noted structural differences.

Importance of the NTD for GInRS function

The crystal structure presented here revealed the domain
organization of the intact eukaryotic GInRS for the first
time. Importantly, the NTD domain was visualized in the
context of the entire enzyme. This allowed us to exam-
ine both the importance of the NTD and the effect of the
pathological mutations that map within this domain on the
structure and function of GInRS. The NTD of the yeast
GInRS was shown to be important for tRNA binding (33).
In contrast, we show that the removal of both the N1 and
N2 subdomains abolished the aminoacylation activity of
hGInRS, and that the deletion of the N1 subdomain de-
creased the kg, /Ky by 270-fold (Table 2). This particular
deletion affected the k¢, quite dramatically (=130-fold de-
crease), while leaving the K, almost unscathed (~2-fold de-
crease). Likewise, the two pathological mutations that map
within the NTD (i.e. G45V and Y57H) decrease the enzy-
matic activity of hGInRS by affecting only the k., (Table
2). We therefore conclude that the NTD mutants are unable
to form a productive complex with tRNAS!, Further, our
results argue that the orientation of the NTD relative to the
CATD is important for catalysis. Indeed, our kinetic data
reveal that the H175A mutant, in which a single H-bond be-
tween the NTD and CATD domains is removed, exhibits a
60-fold lower k., and no change in Ky, (Table 2). Besides ef-
fects on the catalysis, G45V and Y57H alter melting curves
of GInRS (Figure 4A), implying that these mutations affect
both the fold and stability of the enzyme. It is, therefore,
reasonable to speculate that the G45V and Y57H mutants
cannot undergo a full conformational change upon tRNA
binding and therefore cannot properly orient the 3’-end of
the tRNAS™ for catalysis. The crystal structures of the hu-
man GInRS-tRNAS™ complexes may explain this intrigu-
ing long-range communication between the NTD and the
catalytic site.

Pathogenic mutations that map in CATD of human GInRS
cause protein misfolding and aggregation

Compound heterozygous mutations in human GInRS were
reported in multiple nonconsanguineous families to cause
brain atrophy and disorders of the central nervous system
(28,52,53). Of the four pathological mutations analyzed in
this study, R403W and R515W inflict particularly harmful
effects onto GInRS. Our results show that both R403W and
R515W can be overexpressed in E. coli, but that they are less
soluble than the WT GInRS, and that their soluble fraction
is composed of misfolded protein associated with the bac-
terial chaperonin GroEL, mutant enzyme aggregates, and



partially degraded enzyme (Figures 4-6). In our studies,
we used a combination of methods that included inspec-
tion of the purified material by electron microscopy, which
provides an understanding of the identity of components
present in the mixture and biochemical studies, which pro-
vide the functional context. Taken together, our findings
are in agreement with the observation that the overexpres-
sion of R403W and R515W in neuronal cells results in pro-
tein aggregation and cellular toxicity (28). Hence, it is quite
plausible that R403W and R515W contribute to the dete-
rioration of neurons and the development of neurological
disorders through enzyme misfolding, formation of aggre-
gates, and partial degradation of the mutant GInRS. Mis-
folded enzyme most likely would be targeted for degrada-
tion by proteasome and/or could be associated with chap-
eronins. However, it is also plausible that a low level of
GInRS activity may limit expression of the protein qual-
ity control machinery, making the misfolded GInRS mutant
proteins even more toxic. An individual carrying one of the
Arg->Trp mutations would not display any phenotype be-
cause the WT enzyme that is encoded by the second allele
would provide a sufficient level of enzymatic activity to sus-
tain normal development. However, when combined with
an allele carrying one of the reported NTD mutations, the
GInRS activity presumably plummets below tolerable levels
and the phenotype arises. The GInRS mutations may also
perturb the overall chemical balance between L-glutamate
and Gln, which could contribute to pathologies. Lastly, the
phenotype caused by mutations in QA4 RS is remarkably sim-
ilar to the ones elicited by mutations in human RARS?2 (21),
human TSEN2, TSENI15, TSEN34, and TSEN54 (54), or
by a knockdown of an important RNA splicing protein,
TSENS54, in zebrafish (55). This would imply that GInRS,
ArgRS2, and TSEN complex are equally important during
the same stages of development.

In conclusion, protein misfolding and aggregation are a
hallmark of many neurodegenerative diseases such as Amy-
otrophic Lateral Sclerosis, and Parkinson’s, Huntington’s
and Alzheimer’s disease (56,57). To our knowledge, this is
the first study to demonstrate that mutants of a human cy-
tosolic aaR S, which are implicated in the disease of the cen-
tral nervous system, are prone to misfolding and perhaps
form aggregates. We suggest that these features of aaRSs be
taken into account when neurological disorders are studied.

New developments

While completing this study, two reports describing addi-
tional pathological mutations in human QARS have been
published. In one, Kodera et al reported that compound
heterozygous mutations, Y57H and K496*, cause early-
onset epileptic encephalopathy (52), while in the other, Sal-
varinova et al. reported that R463* and Q742H mutations,
which are encoded on separate alleles, elicit isolated supra-
tentorial brain abnormalities (53). The latter phenotype is
similar to the one described by Zhang et al. (28), but with-
out visible abnormalities in the cerebellum. The association
of the Y57H mutation in Q4 RS with the disease has already
been reported (8) and its effect on GInRS structure and
function is described herein. Given that R463* and K496*
map in the CATD, it is likely that a non-functional protein is
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expressed, if any. The mRNAs of these mutants are proba-
bly targeted for the nonsense mediated mRNA decay, while
the truncated nascent chains are good candidates for degra-
dation on the proteasome. On the other hand, Q742H maps
to the ABD, but it is not clear to what extent this particu-
lar mutation may affect the GInRS activity. Further studies
are thus needed to fully understand how pathological mu-
tations affect Q4 RS activity and the downstream cellular
processes.
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The coordinates and structure factors are deposited in PDB
with the accession codes 4YE6 (for WT hGInRS), 4YE9
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