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ABSTRACT
Histidyl-tRNA synthetase (HARS) ligates histidine to cognate tRNA molecules, which is required for

protein MMutations in HARS cause the dominant axonal peripheral neuropathy Charcot
Marie-Too @ e type 2W (CMT2W); however, the precise molecular mechanism remains
undefinﬁd.me investigated three HARS missense mutations associated with CMT2W
(p.Tyr330C&356Asn, and p.Vall55Gly). The three mutations localize to the HARS catalytic

domain an@ failed o complement deletion of the yeast ortholog (HTS1). Enzyme kinetics, differential

C

scanning flugri y (DSF), and analytical ultra centrifugation (AUC) were employed to assess the
effect of thwtitutions on primary aminoacylation function and overall dimeric structure.
Notably, the p.T;r;OCys, p.Ser356Asn, and p.Val155Gly HARS substitutions all led to reduced
aminoacyl "Wpréviding a direct connection between CMT2W-linked HARS mutations and loss of

canonical ion. While DSF assays revealed that only one of the variants (p.Val155Gly) was

less thermally Q b relative to WT, all three HARS mutants formed stable dimers, as measured by

AUC.O esents the first biochemical analysis of CMT-associated HARS mutations and
underscor oss of the primary aminoacylation function can contribute to disease pathology.
INTRODUCTION

With a prehf one in 2,500 individuals, Charcot Marie Tooth disease [CMT; also referred to as

hereditaryd sensory neuropathy (HMSN)] represents the most common inherited

neuromus rder. CMT disease is a heterogeneous group of peripheral neuropathies mainly
charactgmcle weakness and sensory loss in the distal extremities (Skre, 1974). Several
subtypes o ve been described, including one form (CMT1) with primary Schwann cell
pathology img in demyelination and decreased motor nerve conduction velocities (MNCVs), a
second T2) with normal MNCVs but reduced amplitudes of muscle action potentials arising
from axonal de ration, and an intermediate form that has characteristics of both CMT1 and

3
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CMT2 (Dyck and Lambert, 1968; Pareyson and Marchesi, 2009a; Pareyson and Marchesi, 2009b;
Pareyson, et al., 2009). CMT typically presents in an axon-length dependent manner with the
structuer by longer axons affected first. CMT specifically affects the extremities, causing
progressiv kening and wasting, decreased sensation, and skeletal deformities. The

onset an-d !rne rance of CMT is variable, with many patients experiencing symptoms in the first two

decades of@he current time, there are no effective treatments for CMT.

Over 80 gew been linked to CMT, distributed among diverse functional categories
(Timmerm 2014). Four genes account for the majority of CMT cases, consisting of
peripheral rotein 22 (PMP22), myelin protein zero (MPZ), and gap junction beta-1 (GJB1),

which are Sked to CMT1, and mitofusin 2 (MFN2), which is linked to CMT2. In addition to myelin

assembly, e cellular processes affected by CMT include cytoskeleton/axonal transport,
protein syntfe d quality control, endosomal sorting, mitochondrial function, channel
abnormEmRNA/processing transcription (Bird, 1993; Jerath and Shy, 2015). While the end
result o iated mutations involves impaired Schwann cell or axon dysfunction, the precise

mechanisms by which alterations of individual genes bring about these phenotypes is, for many

genes, not we” unaerstood (Stum, et al., 2011; Timmerman, et al., 2014).

Among th ked to CMT are the aminoacyl-tRNA synthetases (ARSs), which attach amino
acids to cognate As in the first step of translation (Antonellis and Green, 2008; Ibba and Soll,
2000). As eﬂrotein synthesis factors, ARSs are present in all kingdoms and are ubiquitously

expressed i es. The human nuclear genome contains 37 ARS genes, of which 17 encode for a
cytopla hetase, 17 encode for a mitochondrial synthetase, and three encode for bi-

functional enzy that charge tRNA in both cellular compartments. Interestingly, 31 ARS genes

4
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have been implicated in myriad dominant and recessive human disease phenotypes (Meyer-

Schuman and Antonellis, 2017; Oprescu, et al., 2017). Many of the diseases linked to ARS mutations

t

P

are severe, recessive developmental syndromes that affect multiple organs and tissues, including the
central ner (Frohlich, et al., 2017; Simons, et al., 2015; Zhang, et al., 2014). The majority

of the al-se e-associated mutations have a clear loss-of-function effect, which is supported by the

1

associated patiegt phenotype. For example, many ARS-associated recessive diseases are specific to

C

mitochond enzymes and lead to clear defects in the synthesis of electron transport chain

protein synithe8is dhd thus mitochondrial ATP output (Abbott, et al., 2014).

us

To date, fi encoding a cytoplasmic or bi-functional ARS enzyme have been implicated in

autosomal@ominant CMT disease: glycyl-(GARS; MIM# 600287), tyrosyl-(YARS; MIM# 603623),

A

alanyl-(AA 601065), histidyl-(HARS; MIM# 142810), and tryptophanyl-tRNA synthetase

d

(WARS; MI 50) (Jordanova, et al., 2006; Latour, et al., 2010; Safka Brozkova, et al., 2015;

Tsai, et al., »Vester, et al., 2013). Methionyl-tRNA synthetase (MARS) variants have been

N

identifi s with peripheral neuropathy (Gonzalez, et al., 2013)(Hirano, et al., 2016), (Hyun,

et al., 2014)(Nam, et al., 2016). However, these variants were identified in single individuals or small

Or

families deeming the findings inconclusive. The first ARS implicated in CMT disease was GARS, where
mutations @ plicated in axonal CMT disease via positional cloning in families with an atypical
disease pr n (Antonellis, et al., 2003; Sivakumar, et al., 2005). Notably, the majority of

patients presented with an upper limb predominant neuropathy that affected the intrinsic muscles

th

of the han Ilis, et al., 2003; Sivakumar, et al., 2005). Subsequently, YARS, AARS, HARS, and

U

WARS mut re identified in families with a more typical presentation of CMT disease

(Jordan [., 2006; Latour, et al., 2010; Safka Brozkova, et al., 2015; Tsai, et al., 2017; Vester, et

A

al., 2013).
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Histidyl-tRNA synthetase (HARS) is unusual among the ARS in that different mutations in the gene

encoding the cytoplasmic enzyme lead to two distinct inherited neurological syndromes. Initially, a

t

P

single HAR ation (P.Tyr454Ser) in the homozygous state was linked to recessive Usher
Syndrome small number of Amish children presenting with early onset loss of auditory

and visu-al nction (Puffenberger, et al., 2012) (Abbott, et al., 2017). Initial characterization of the

§

mutant enzyme did not reveal a significant loss of aminoacylation, change in expression level, or

C

changeini lar localization. Subsequently, a candidate gene screen of 363 patients with CMT

disease and ngfothér previously acknowledged existing disease-causing alleles identified a histidyl-

S

tRNA synt RS) missense mutation (R137Q) in a single patient with peripheral neuropathy

U

(Vester, et af5 ). More definitive evidence linking HARS mutations to CMT disease was provided

by the idengification of multi-generational pedigrees with inherited peripheral neuropathy that

[

segregate RS missense mutations (T132I, P134H, D175E, and D364Y) (Safka Brozkova, et al.,

d

2015). While%p us studies demonstrated consequences of HARS mutations consistent with

pathogenic hemical analyses on the primary function of HARS have yet to be performed.

V]

Here, we report detailed biochemical analyses of HARS missense mutations identified in three

I

families with autosomal dominant CMT disease. As part of our study, each mutant protein was

expressed, @ and characterized biochemically. The results indicate that each of the three

mutations

0'a clear reduction in HARS catalytic activity. These findings provide the first

indication iw

results areﬁi in light of current models linking altered ARS activity to CMT pathophysiology.

bstantial decrease in HARS catalytic activity is associated with CMT disease. The

6
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MATERIALS AND METHODS

Clinical aanenet" analysis of patients with peripheral neuropathy

Family 1: mhole—exome sequencing to a cohort of index patients from 82 families with
genetically istal hereditary motor neuropathy for which mutations in the known
I

pathogenidigenes had previously been excluded. The Ethical Review Boards of the participating

institution proVed this study. All patients or their legal representatives signed informed consent

prior to enrolment. Blood sampling and DNA extraction was performed according to standard
methods.

ra Rapid Capture Expanded Exome kit (62Mb) (Illumina) was used for exome

enrichment. Subs§uently, the libraries were sequenced on a HiSeq 2500 platform (Illumina). The

Burrows—Wﬁligner (BWA) tool was used to perform the sequence alighment to the reference

genome (h C Genome Browser). Variant calling was done with Genome Analysis Toolkit
(GATK) Un@typer. For the annotation and filtering we used the Clinical Sequence Analyzer
and Mi iNextCODE). For further filtering of the data following criteria were applied: no

occurrence or uency < 0.5% of the variants in public exome variant repositories (Exome
Aggregation Consortium, 1000 Genomes Project, Exome Variant Server, in-house data); variants with
impact on !e encoded protein (missense, nonsense, frame shift, inframe indels and splice site
variants); r h > 7; minimal heterozygous call percentage > 20%, minimal homozygous call
percentage = ~In addition, all data were imported and re-annotated into the GENESIS (gem.app)

platform, &eb-based tool for next generation sequencing data analysis

(http://Mojectfoundation.org/) (Gonzalez, et al., 2015). Patients were evaluated by
means of d@wical examination in combination with nerve conduction studies according to

standard metho

7
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Family 2: All family members were studied at Bellvitge’s University Hospital. Detailed neurological

evaluation was performed on patients and unaffected subjects. Electrophysiological studies were

t

P

performed Using standard methods in all subjects. We classified the severity of neuropathy
symptoms the CMT neuropathy score (CMTNS). Blood samples were obtained from all

family mempers once informed consent had been given. Genomic DNA was extracted from

[

peripheral bloodleucocytes. PMP22, MPZ, MFN, and GJB1 mutations were previously excluded in

O

the index c sequently, a CMT gene panel screen was employed to identify candidate disease-

causing vatian

UusS

Family 3: T y was evaluated in the University of lowa CMT Clinic. Informed consent was

obtained fi@m all individuals and the study obtained the approval of the Institutional Review Board

f

at the Univ lowa. Neurological examination and neurophysiological studies were performed.

d

The second Ver of the CMT Neuropathy Score (CMTNSv2) and CMT Exam Score

(CMTESV2 e employed to evaluate neuropathy. The SureSelect Human All Exon 50 MB Kit

\'{

(Agilen or in-solution enrichment, and the HiSeq 2500 instrument (lllumina) was used to

produce 100 bp paired-end sequence reads. The Burrows-Wheeler aligner, Picard, and the Genome

§

Analysis Tool- kit were used to align sequence reads and call variants. These data were imported into

GENESIS (G @ (Gonzalez, et al., 2015) for further analysis and filtering of variants.

The followipg variants were identified in each of the three families: c.464T>G; p.Val155Gly

th

(Family 1); ; p.Tyr330Cys (Family 2); and c.1067G>A; p.Ser356Asn (Family 3). HARS variant

U

nomenclat ucleotide and amino acid changes are based on accession numbers

NM_00 nd NP_002100.2, respectively. The three HARS variants were submitted to ClinVar

A

8
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(https://www.ncbi.nlm.nih.gov/clinvar/) under the accession numbers SCV000611612 (p.Val155Gly),
SCV000611613 (p.Tyr330Cys), and SCV000611614 (p.Ser356Asn).

7

Computati ent of HARS mutations

HARS pr-ote!_iseowences were collected from the NCBI Protein Database

(http://wwwenchi.nlm.nih.gov/protein/) for the indicated species using the following accession

numbers: h omo sapiens, NP_002100.2), mouse (Mus musculus, NP_032240.3), worm

(Caenorhawzans, NP_001023373.1), yeast (Saccharomyces cerevisiae, EDN61168.1), and

bacteria (E coli, NP_289067.1). Multiple-species amino-acid sequence alignments were
)

generated tal Omega software (Larkin, et al., 2007) and annotated with quaternary

structural |gormation by ENDscript (Robert and Gouet, 2014). Rendering of human HARS 3D protein

structures opathy-associated substitutions was performed by use of PYMOL using the
coordinates€o onding to the structures of apo and histidine bound human cytosolic HARS (PDB
IDs: 4PHC a 0). The modeling of ATP into the active site of the human HARS-histidine complex
was peEligning this structure to the E. coli HARS-ATP complex (PDB 1KMN) using the

Ce_align subroutine in PyMol. PyMol sessions of the aligned structures are available upon request.
The PDB IDs usea In this study include: 4PHC (Fig. 2); 4X50 (Fig. 8A); 4X50 and 1KMN; (Fig. 8B); 4X50

and 1KMN 4X50 and 4PHC (Fig. 8D); 4X50 (Fig. 8E); and 4X50 and 1KMN (Fig. 8F).

Yeast com%'emen;;tion assays

Yeast comﬁtion assays to study the functional consequences of HARS mutations were

generated ormed as previously described (Vester, et al., 2013). Each indicated missense

variant eled in the yeast HARS ortholog HTS1 or in the human HARS open-reading frame

(primers availa pon request). After mutagenesis, wild-type or mutant HARS or HTS1 were cloned
9
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into pRS316 or pYY1 (Pierce, et al., 2011), respectively, using the QuickChange II XL Site-Directed
Mutagenesis Kit (Stratagene). Resulting expression clones were purified and fully sequenced to
conﬁrmMmutagenesis and rule out PCR-induced errors. A haploid AHTS! strain (harboring
a maintena @ o1 to express wild-type HTSI and URA3) was transformed with an empty vector
(‘Emptysl i7mBigm and B) or the appropriate wild-type or mutant H7S1 or HARS in a LEU2-bearing
vector and hon medium lacking uracil and leucine (Teknova). For each transformation, at least

two indepefident pl@smid preparations were used and at least two colonies from each plasmid were

C

selected fo al analysis and grown to saturation for 2 days at 37°C in liquid media lacking

S

uracil and 1etiCine” A 10 pl aliquot of each culture was spotted undiluted or diluted 1:10 or 1:100 in

H,O onto plates cafitaining 0.1% 5-FOA (Teknova) or medium lacking uracil and leucine and

U

incubated r 48-72 hours. Survival was determined by visual inspection of growth.

N

Expressionf@n ication of human HARS enzymes

d

Neurop iated HARS mutations p.Ser356Asn, p.Tyr330Cys and p.Val155Gly HARS containing

plasmids were rated by QuickChange Il Site-Directed Mutagensis (Qiagen) using the

M

(pCAG/ ) plasmid with CAG promoter and FLAG-tag from GateWay vector Reading Frame

Cassette A@s a template (a generous gift from Dr. Robert Jinks) containing the gene for human WT

A

N-terminal ged HARS. The following forward and reverse primers were used in the

O

mutagenesi ons for p.Ser356Asn, forward 5’-CCAGCAGCCACATTGCCC ACACCCAGG-3’ and

reverse 5’-@CTGGGTGTGGGCAATGTGGCTGCTGG-3’, for p.Tyr330Cys forward 5’-

g

TCACCC AATCCAGCCCTCGAG-3’and reverse 5-CTCGAGGGCTGGATTG

{

CTACACTG -3’ reverse, for p.Val155Gly 5-GGTTATCCCGCCGATATCC CTTTGCTATGTGGTAG-3’

U

and reverse 5’ -CTACCACATAGCAAAGGGATATCGG CGGGATAACC-3'. Successful mutagenesis of the

HARS g analyzed by the Advanced Genome Technology Core sequencing facility at the

A

University of Vermont and results were validated using Sequencher (Gene Codes Corporation).

10
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HEK293 cells were transiently transfected with plasmids expressing N-terminal FLAG-conjugated

HARS gene for either WT or neuropathy-associated HARS mutants. Enzymes were purified by affinity

t

rip

and ion exchapge chromatography as previously described (Abbott, et al., 2017). Purified proteins

were visua 10% SDS PAGE gel.

Multiple turgovegaminoacylation kinetics

C

Multiple tu minoacylation assays were performed using a modified version of the Uhlenbeck-

Wolfson asSay/@s gieviously described (Abbott, et al., 2017; Wolfson, et al., 1998). Multiple turnover

$

experimen onducted in a buffer composed of (50 mM HEPES pH 7.5, 150 KCI, 10 mM MgCl,,

U

5 mM B-ME; | PPiase and *’P-labeled tRNA") at a fixed concentration of enzyme 5 nM for WT

and (20 nM} for CMT variants with saturating concentrations of two of the three substrates. The

[

saturating ations of tRNA"™ ATP, and histidine were 5 1M, 10 mM, and 5 mM, respectively.

d

The variable™o trations of these substrates were 100 nM -15 uM, 25 yM -5mM, and 1 pM -5

mM, for tR P and histidine, respectively. The concentration ranges tested for the mutant

\Y

protein ployed a 2-3 fold higher final concentration for the variable substrate relative to

the ranges employed for the wild type protein. Initial rates were typically sampled over the first

Of

minute of the reaction. Reaction products were detected by radioisotopic imaging on a Phosphor

Imaging sc -Rad Molecular Imager FX™). The concentration of aminoacylated tRNA"® was

quantified @Y comparing the ratio of the relative amount of aminoacylated A76 (aa) (determined as

N

counts * mF ) to Wtal radiolabeled product (aa + A76) according to equation (1):

(44,

2
ounts xmm )

[AA— RN :
xmm®)+(A76

x[tRNA™]

AA

counts

x mm®)

counts
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Differential scanning fluorimetry

The DSF experiments were carried out as previously described (Abbott, et al., 2017). Briefly purified

t

P

HARS protéins were incubated with 6X SYPRO orange dye and DSF buffer (25 mM HEPES pH 7.5, 50
mM KCI) a concentration of 10 uM in a 96-well microplate (Costar) to a final volume of

20 pl. 'I:v ues for apo enzymes were determined for two biological preparations of enzyme in

Gl

triplicate foga fipal of six replicates. Enzymes were also incubated with either 10 mM histidine (n=5),
5 mM ATP 10 uM tRNA™ for WT and 20 pM tRNA™ (n=3) for peripheral neuropathy-
associatedwtations. Scan rates were initiated at 26 °C and heated at increments of 1 °C per
minute, to ile fluorescence intensity was measured every 1 °C. We fit the fluorescence data

U

with Grap Ism 7 software as previously described (Abbott, et al., 2017) to determine melting

temperatuligs of HARS neuropathy-associated enzyme mutations and substrate complexes.

dl)

The melting rature (T,,), defined as the midpoint of the protein unfolding transition curve, was

determine e Boltzman model as previously described (Niesen, et al., 2007). GraphPad Prism

I\

7 softw to fit the fluorescence data (excluding data after maximal fluorescence

intensity) tg the equation (3):

h

Analytical Fntrifu'ation sedimentation velocity experiments and analysis

Analytical centrifiigation experiments were performed as previously described (Abbott, et al., 2017).

Briefly, purified eagzymes (WT, p.Tyr330Cys, p.Vall155Gly and p.Ser356Asn) were dialyzed into a

buffer dog o 10 mM potassium phosphate buffer, 50 mM KCIl, and no reducing agents. All
protein samples were concentrated to 0.3 OD units/mL at 230 nm (0.7 pM). Sedimentation velocity
12
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experiments were performed by the Center for Analytical Ultracentrifugation of Macromolecular

Assemblies at the University of Texas Health Science Center at San Antonio, and conducted at 20 °C,

L

35 K rpm, 1 a Beckman Optima XLI analytical ultracentrifuge using an An60Ti rotor and standard 2-

channel ep @ pieces (Beckman-Coulter) and measured by UV intensity.

rip

All data wdic examined with UltraScan-III ver. 3.5, release 2170 (Brookes E., 2006; Demeler, 2016)

C

and hydrodynamic corrections for buffer density and viscosity was estimated to be 1.0019 g/ml and

S

0.998 cP, r tiggely. The partial specific volume of HARS (0.745 ml/g) was estimated by UltraScan

from protein sequdnce analogous using methods outlined in Laue et al. (Laue, et al., 1992).

U

Experimental sedimentation data were pre-processed by 2-dimensional spectrum analysis (2DSA)

)

(Brookes, 0; Demeler, 2010; Schuck, 1999) and fitted by the parametrically constrained
spectrum amCSA), using a straight-line parameterization coupled with a Monte Carlo
approach ( , 2008; Gorbet, et al., 2014). The calculations (Brookes, 2008) were performed on

the Lones 1 at the Texas Advanced Computing Center at the University of Texas at Austin

and on ordon at San Diego Supercomputing Center.

M

RESULTS

or

Clinical an analysis of patients with peripheral neuropathy

n

L

Family 1. ree-generation family of Persian-Jewish descent (living in Israel) was identified with

peripheral hy (Fig. 1A). Five affected individuals are present and the family displays an

U

autosomal t inheritance pattern with male-to-male transmission. The age of onset was in

the sec de of life for the two youngest individuals, but the age of onset was less clear for the

A

older individuals: ¥4 all cases, the affected status was clear upon examination. All individuals display

13
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a motor predominant to pure motor phenotype with clear pyramidal features as assessed by brisk
reflexes and ankle clonus/Babinski signs. With one exception, all patients had normal sensory exams.
At Ieasthlder individuals have severe weakness necessitating the use of a cane or a
wheelchai he younger individuals are ambulatory. Nerve conduction studies are
consiste-nt !I a motor predominant axonal neuropathy. There is some co-morbidity, as the female

patient fromthegsecond generation has systemic lupus and one of the males in the third generation

has uveitis, ria, and proteinuria.
Whole-exol ncing was performed on one affected individual, which revealed common or
non-segre riants in SLC5A7, SETX, and LAMA?2 (the variant in LAMAZ2 was not consistent with

a dominangeuropathy). This analysis also revealed p.Val155Gly HARS, which fully segregated with

the diseasmpe upon PCR and Sanger sequencing of additional individuals. Unfortunately,

DNA was not¥a le for the unaffected individual in the third generation. p.Val155Gly HARS
affectsana cid residue found in the catalytic domain of the HARS enzyme (Fig. 2A-C) and that
is cons uman to yeast (Figure 3). p.Val155Gly HARS has not been previously reported

nor has it been detected in the gnomAD database (Table 1) (Lek, et al., 2016).

Family 2. Aeration pedigree was identified with peripheral neuropathy (Fig. 1B). The age of

neuropEr both patients was during childhood. Both individuals show a motor
predominapnt phenotype, with distal motor deficit and atrophy, hammer toes, and pes cavus. Both
affected pﬁve mild sensory symptoms in the toes, with reduced vibration sense at the

knees. Ten xes were brisk in both patients. The mother (patient 1) is restricted to a
wheelchai her son (patient 2) walks with difficulty but without aid. The CMT Neuropathy
)

Score (CMTNS atient 1 was 22 and 9 for patient 2. The phenotype of patient 1 is likely

14
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exacerbated by concomitant diseases (diabetes, chemotherapy for melanoma, radiculitis secondary

to herpes zoster and Parkinson’s disease). Nerve conduction studies show axonal motor-

predominalt ropathy in both patients.

O

Targeteggi_ie panel screening in Family 2 (Fig. 1B) revealed two missense HARS variants in cis:

p.Ser227Ala and.Tyr330Cys. These variants were previously reported as part of a larger study on
CMT diseas , et al., 2016) but the functional consequences of the mutations were not
assessed. mtions segregate with the disease phenotype; however, p.Ser227Alawas
deprioritiz the number of alleles detected in gnomAD (37 alleles in 282,464 alleles total)
and the la servation of the affected residue (see Fig. 3). p.Tyr330Cys HARS affects an amino-
acid residu!in the catalytic core of the HARS enzyme (Fig. 2B) that is conserved from human to
bacteria (Fi yr330Cys has not been previously reported nor has it been detected in the
gnomAD datab Table 1) (Lek, et al., 2016).

Famil pedigree was identified with two unaffected parents and a single daughter
affected with peripheral neuropathy (Fig. 1C). The affected daughter, at 15 years of age, was seen in

consultation !or alﬁiculty with walking. Her early milestones were normal including walking with a

normal gai@onths. She was physically active as a child and able to keep up with her peers

until thﬁm 12 years of age she noticed she could no longer walk on her heels. At ~13
years of age she eloped difficulties with walking. This progressed and she had problems with

other activiti as jumping and running by the age of 15. She had ankle weakness, a foot drop,
and right k . She began to wear foot orthotics bilaterally. No problems with hand function

were r ut a slight hand tremor was reported and observed. Her sensory exam was normal
to pinprick, ligh ch, and joint position sense in all four extremities. Vibration sensation was also
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normal with the exception of a slight reduction at her toes. Her feet turned in bilaterally but could
be brought to a neutral position. She had high arches and atrophy noted in her hands and distal
forearms. !er T Neuropathy Score (CMTNS) (Burns, et al., 2012) was a 10, which is in the high

end of the er CMT Pediatric Score (CMTPeds) (Shy, et al., 2005) was a 33, which is in

the moc’erce y Impaired range.

Whole-exouencing was performed on the affected daughter in Family 3 (Fig. 1C), which

revealed p$er856Asn HARS as the only candidate disease-associated variant. Sanger sequencing

revealed t riant was inherited from the unaffected mother suggesting decreased
:his is a non-pathogenic variant. p.Ser356Asn HARS is also found in the active site

penetranc

of the HAR!enzyme (Fig. 2B, C) and that is conserved from human to yeast (Fig. 3). p.Ser356Asn

HARS has previously reported; however, it has been detected in the gnomAD database (5
alleles in 2772 romosomes; Table 1) (Lek, et al., 2016).
The ide mutations affect viability in yeast complementation studies

To test the functional consequences of the H4RS missense variants described above (p.Vall55Gly,
p.Tyr330C¥s, .Ser356Asn), each variant was introduced into the yeast ortholog HTS/ to model
the effect o @ ation in the context of a eukaryotic cell (Table 1). Yeast complementation assays
were then to independently test each missense change for the ability to support yeast cell
growth rwild-type HTS]I or an empty vector. A haploid yeast strain (with the endogenous
HTSI IOWand a maintenance vector to express wild-type H7S1 and URA3) was transformed

with either a pRS3M85 vector with no insert (‘Empty’), a pRS315 vector harboring wild-type HTS1, or

t

a mutant versi oding one of the three missense mutations (p.Vall55Gly, p.Tyr330Cys, or

p-Ser35 east cells were then selected on media containing 5-FOA, which is toxic to yeast

A

carrying the URA3-bearing maintenance vector (Boeke, et al., 1984). Thus, only yeast cells expressing
16
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a functional HTS1 allele from the pRS315 vector will grow in this assay.

Yeast tran*rmea with a wild-type HTS1 expression vector demonstrated significant growth, while

P

those trans @ ith an empty vector did not (Fig. 4A), consistent with H7S/ being an essential
gene (Viestenmetmalm2013). Yeast expressing p.Tyr330Cys or p.Ser356Asn HTS! displayed severely
depleted, bhated, yeast cell growth (Fig. 4A), indicating that these are hypomorphic alleles. In

contrast, pWal155@ly HTSI supported yeast cell growth in a manner similar to wild-type HTS! (Fig.

C

4A). Gro UC did not affect the cellular phenotype associated with the above mutations (data

S

not shown). ¥’ suffimary, our previously employed in vivo yeast complementation assay demonstrated

that p.Val155Gly AT'S1 supports growth similar to wild-type HTS!, and that S365N and p.Tyr330Cys

U

HTSI are h hic alleles in this assay.

4

The lack o r growth defect associated with p.Val155Gly HTS!I was surprising given that this

d

mutation segregates with disease in a three-generation family. One possible explanation for this
discrepancy m: differential effects of p.Vall55Gly on the function of yeast H7S! compared to
human plore this possibility, we attempted to rescue deletion of yeast HTS1 with the full-

length human HARS protein. In yeast complementation assays similar to those described above,

I

expressing human HARS rescued yeast cell growth while a vector with no HARS insert did not (Fig.

4B).This cqk similar finding that was recently reported (Lee, et al., 2017). We next mutated the

HARS expr, nstruct to harbor the three missense mutations (p.Vall155Gly, p.Tyr330Cys, or

N

p.Ser35 und that p.Tyr330Cys and p.Ser356Asn HARS did not support any yeast cell

t

growth indftating that they are functional null alleles (Fig. 4B). Interestingly, p.Vall55Gly HARS

supported growth, But in a manner that is severely reduced compared to wild-type HARS (Fig. 4B).

g

These data i hat p.Val155Gly HARS is a hypomorphic allele. Combined, our in vivo functional

analyses 1 that p.Vall55Gly, p.Tyr330Cys, and p.Ser356Asn HARS are loss-of-function alleles.

A
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Multiple-turnover kinetics identify specific catalytic deficiencies of HARS mutations

The results of the yeast complementation assays and the location of these neuropathy-associated

t

P

HARS mutations in the catalytic domain raised the possibility that these substitutions compromise
catalytic fu initial characterization of catalytic function, the production of histidyl-tRNA

L | . . . . .
by each'mutant and a wild type control was monitored over a ten-minute time course in the

[]

presence of satugating concentrations of all three cognate substrates. In excellent agreement with

C

the yeast c entation results, the two non-complementing mutants (p.Ser356Asn and

p.Tyr330Cy8 HARS Jenerated about 20% of the amount of charged tRNA™ generated by wild-type

$

and p.Vall RS in ten minutes (Fig. 5). Despite its near wild type level of product

U

accumulati ten minutes, the initial rate of product formation by the p.Val155Gly mutant was

approximately 50% of the wild type protein, indicating that this mutant is at least partially

[F)

compromi inoacylation (Fig. 5, inset).

d

In order to he effect of the mutant substitutions on the recognition of individual substrates,

\l

the *°P- cylation experiments were repeated under multiple turnover conditions

employing fixed nanomolar concentrations of enzyme and varying substrate concentrations. In the

I

first set of kinetic experiments, aminoacylation was monitored in presence of varying concentrations

of tRNA an @ ing concentrations of histidine and ATP. This set of experiments showed that,

while non utants exhibited an elevated Kj, for tRNA™, p.Tyr330Cys and p.Ser356Asn HARS

th

exhibited 9-fold and 18-fold reductions (0.6 s™ and 0.3 s™, versus 5.4 s™* for WT) in the steady state

k.o for ami on, relative to wild type HARS (Fig. 6, Table 2). By comparison, the p.Val155Gly

U

HARS mut ited a modest two-fold reduction in k. (Fig. 6, Table 2). These results confirm

and ext revious yeast complementation and product formation assays.

A
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When histidine was the variable substrate and tRNA and ATP were the fixed concentration

substrates, the turnover numbers for each of the mutants were similar to the values obtained in

t

P

experimen re tRNA was the variable substrate (Fig. 6, Table 2). The most significant kinetic
difference ith the p.Tyr330Cys and p.Val155Gly HARS mutants. The K, for histidine was
eIevateEZ -fold Tor p.Tyr330Cys HARS, and at least 86-fold for p.Val155Gly HARS (Fig. 6, and Table

2). These resultsllustrate that, despite the fact that p.Tyr330Cys and p.Val155Gly HARS both exhibit

Cr

deficits in inding, the activity of the p.Val155Gly HARS mutant alone can be rescued by

elevated cancéntrations of histidine. Additionally, these results suggest that the diminished k.,

S

associated r356Asn HARS appears not be linked to a decrease in binding to histidine.

U

The final sak of steady state kinetic experiments investigated the kinetics of aminoacylation under

q

conditions le ATP concentrations and saturating histidine (10 mM) and tRNA™ (5 pM).

d

Kinetic expefim for the wild type enzyme indicate that, under these substrate conditions, the Ky,

value for A aminoacylation reaction is 44.2 uM (Table 2). This is comparable to the value of

\

140 p for the S. typhiumurium WT HisRS catalyzed aminoacylation reaction (De

Lorenzo, etal., 1972). Initial pilot experiments conducted with the mutants indicated that

Of

substantially higher titration ranges had to be employed in order to accurately determine

parameter @ der these conditions, saturating velocities were not obtained with any of the

mutants. plotting the velocities against the concentration of [ATP] yielded straight lines
from which estimates of the second order rate constant V/ K,, could be obtained (Fig. 6C). Relative

to wild typ Il three mutants showed significant decreases in V/ Ky, for ATP, corresponding to

342-fold f 5Gly HARS, 866-fold for p.Ser356Asn HARS, and 2549-fold for p.Tyr330Cys HARS
(Table Z{these results, we conclude that, for all three mutants, a major component of the
attenuated cata activity originates from a significant increase in K, for ATP. It is noteworthy
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that, while we were unable to achieve saturation at 5 mM ATP, we were able to reproduce k.

results with 10 mM ATP in both the tRNA and histidine titrations (Table 2). In summary, we conclude

t

1%

that the HARS neuropathy-associated mutations lead to significant decreases in catalytic activity,

typically re creases in k., and increases in the K, for ATP binding.

Differential scanging fluorimetry reveals one out of three HARS mutations is unstable and two

C

mutations strate binding defects

Differentialiscaiiniflg fluorimetry (DSF) is a useful technique that can be used to assess the melting

S

temperatu izing effect of a substrate with respect to an enzyme, as well as aid in the

U

evaluation fect of a potential pathogenic missense variant on protein structure (Abbott, et

al., 2017). RPreviously, incubation of HARS with saturating concentrations of the histidine amino acid

A

ligand rais rmal shift transition temperature by seven degrees (Abbott, et al., 2017). On the

d

basis of the¥in esults indicating weaker binding of both histidine and ATP, we predicted that

one or mo utants would show altered thermal shift behavior. Thermal shift assays were

M

perfor combination of mutant enzyme and substrate. Consistent with the previous

kinetic data, there was an inverse relationship between the K, for histidine of a given mutant

I

protein an nt of temperature stability provided by incubation with histidine in the assay. As

seen in Fig @ able 3, p.Ser356Asn HARS exhibited the same extent of stabilization by histidine
(8.3vs7.0 HARS, consistent with its essentially equivalent K, in aminoacylation. By

contrast, p. s HARS and p.Val155Gly HARS exhibited smaller histidine mediated temperature

i

shifts (4.2 ° respectively) consistent with their substantially increased Michaelis constants for

U

histidine ( and 687.2 uM fold, respectively).

A
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For wild type HARS, the ATP and tRNA mediated temperature shifts are much smaller (2.04 and 1.7°,
respectively) than that provided by histidine (Fig. 7 and Table 3). In the presence of saturating ATP (5
mM) aIIMpathy-associated mutations had slightly increased AT,, values, corresponding to
least 2 2C ys and p.Ser356Asn, and 3 oC for p.Val155Gly (Table 3). In the presence of 20
uM tRNEHIMe mutants exhibited 1 2C in AT, increases in stability (Table 3). Notably, none of
the three mutants showed a significantly altered melting temperature in the presence of either ATP

or tRNA, despi e fact that all three show substantially reduced apparent second order rate

constants w with ATP binding (Table 3).

Analytical ;rifugation confirms that HARS neuropathy-associated mutations do not disrupt

enzyme dirgrization.

Previous st estigating mutations in the GARS gene linked to CMT have reported that a subset

of the mutaft s itutions lead to weaker tertiary interactions and thus reduced dimer stability

(Nangle, et'a® 7). Given the location of the HARS mutants in the active site, we considered the
possibil ecreased activity of these mutants might be a consequence of reduced dimer

stability. To address this hypothesis, we subjected highly purified preparations of each of the mutant

proteins and a wild type control to sedimentation velocity experiments at various loading

concentraese experiments, we monitored protein absorbance at 230 nm, allowing the

experimﬂerformed at concentrations that would be in the range of the equilibrium
dissocia |oi cons ii]t (Ky) for the dimer. As shown in Supplemental Figure 1, the molar mass

distributioﬁwild type and mutant proteins were closely similar. For each mutant, a major

species wa d that had a molar mass that was in excellent agreement with the dimer form of
HARS (T, upp. Figure S1). In none of the mutants was there a detectable amount of material

corresponding t0'te monomeric form of the enzyme. On the basis of these results, we conclude
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that the pathophysiology of these mutants is unlikely to be the result of a weakened dimeric
interface.
DISCUSSIONmmm——

L

Mutations ipgfivaRd RS genes were previously implicated in CMT disease (Jordanova, et al., 2006;
Latour, et EQ Safka Brozkova, et al., 2015; Storkebaum, 2016; Tsai, et al., 2017; Vester, et al.,
2013). A cwsﬁon emerging from those studies is the degree to which the CMT disease is a
direct cons f a loss of canonical ARS function, or is instead linked to one or more potential
secondary . In this paper, we describe detailed functional analyses of three HARS mutations
linked to C@ characterization of these mutants showed that they all displayed losses in
catalytic actiyd en assessed in vivo and in vitro. Notably, the extent of decrease in catalytic
an

ith the loss of ability to support yeast growth. The most active of the three

activity co

mutant ly HARS) was the only one of the three mutants that retained some ability to

support wth when studied in the human HARS open-reading frame. In contrast to previous
work analyzing ARS mutants linked to CMT, each mutant was fully characterized with respect to
defects ass&'ﬁted with recognition of each substrate; indeed, biochemical analysis of CMT-associated

HARS mut@; not been previously reported. The novel finding emerging from our analysis is
¢

that all thre ts displayed substantially elevated Michaelis constants for ATP, and two of the

three (p.T&?aOCys and p.Vall55Gly) displayed an elevated K, for histidine. Notably, none of the
three exMtered K for tRNA. Collectively, these mutants represent some of the best-
characterized examples of ARSs where specific defects in substrate recognition that produce reduced

aminoacylation fugetion are specifically linked to CMT. It would therefore be valuable to know if

ciated ARS mutations lead to similar alterations in substrate interactions, as such
information would help develop comprehensive models to explain the gene-disease relationships.
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Strength of the evidence implicating the newly identified HARS mutations in neuropathy- Implicating

ARS mutations in peripheral neuropathy requires data showing that the variants segregate with

mt

D

disease in lar; edigrees and are absent at high frequencies in the general population. Indeed, the
majority o implicated ARS mutations meet these criteria (Oprescu, et al., 2017). When

geneticEa are iImpossible to obtain, functional studies can be employed to predict pathogenicity,

1

provided that the functional assays are informative. With respect to ARS mutations, enzyme kinetic

C

and yeast c entation assays are informative for predicting mutational pathogenicity

(Oprescu, €t alfy 2047). Several independent lines of evidence allow us to conclude that p.Val155Gly

S

and p.Tyr3 RS are the causal mutations in Family 1 and Family 2, respectively. Notably, the

U

mutations e with the CMT phenotype in pedigrees (albeit in a small family for p.Tyr330Cys),

occur at highly conserved amino acids, are absent from variant databases, and result in loss-of-

[

function ef; ilar to other CMT-associated ARS variants. By contrast, the evidence for the role

d

of p.Ser356A%n e CMT phenotype in Family 3 is less convincing. Specifically, the patient’s

unaffecte is heterozygous for p.Ser356Asn HARS, and this variant is present (albeit at a very

M

low fre e gnomAD variant database. However, the fact that p.Ser356Asn affects a highly

conserved amino-acid residue and displays impaired function similar to validated, disease-associated

1

ARS mutations strongly supports the conclusion that it may be a pathogenic variant (Safka Brozkova,

et al., 2015 @ et al., 2013). One possibility is that p.Ser356Asn HARS has reduced penetrance
similar to RS mutations (Sivakumar, et al., 2005). This proposal is supported by the low

frequency of validated, CMT-associated ARS mutations in the gnomAD variant database (e.g.,

th

p.Gly240Ar anttp://gnomad.broadinstitute.org/variant/7-30649345-G-C; Gly240Arg is

9:

equivalent 94Arg on a longer protein isoform). Conversely, it is possible that p.Ser356Asn is

not the causing mutation in Family 3 despite the deleterious effect on enzyme function.

A
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Thus, we conclude that p.Ser356Asn HARS is an excellent candidate for pathogenicity in Family 3, but

that further genetic and phenotypic evidence is required to implicate this variant in CMT disease.

pt

Structurgl juskifigadion for activity defects- All three of the amino acid substitutions analyzed here
alter aminoh:ated in the catalytic domain, consistent with their pronounced effect on
aminoacyl@ualization of these substitutions in the context of available X-ray structure of
human HA ides insights into potential structural and functional consequences. While Ser356
does not apme involved directly in substrate binding interactions, it may be important for
positioning other afhino acid residues within the active site that are critical for binding of the ATP

substrate. A ng in the active site of HARS is dependent on magnesium ions that are
coordinate on-bridging oxygens of the 3 and y phosphates of ATP, and the strictly conserved
glutamate m In the human HARS histidine complex (no ATP), Ser356 is within 2.5 A of Arg
388 (Fig. 8A), the conserved motif 3 arginine that (based on the E. coli complex) is predicted to
interaotﬁma phosphate of ATP (Fig. 8B). Important caveats regarding the likely effects of

p-Ser35

t, firstly, a complex with ATP is not available, and secondly, that much of the
loop betwein strands B9 and B10 in which Ser356 residue resides is disordered in the various human

HARS structures, and has different conformations in the different subunits of the asymmetric unit

(Koh, et alence, it is difficult to make definitive conclusions about the potential role of

Ser356 in stgiilizimy interactions in the bound complex, and about the consequences of substitution
with as;ny event, the elevated Ky, for ATP seen with p.Ser356Asn could be seen as a
likely om local disruption of contacts to the gamma phosphate.
The one mu would be predicted to have the most severe consequence for HARS function is
p.Tyr33m substitutes a highly conserved tyrosine in the His A motif that constitutes part of
the binding site for histidine (Fig. 3). Notably, this residue has different conformations in the apo
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versus histidine bound human cytoplasmic HARS complex. In the apo complex without substrates
(4X50), Y330 adopts a conformation directed away from the active site, pointing towards solvent and
donatingayﬁgen bond to the main chain carbonyl of Gly108 (Fig. 8C). In the complex of HARS
with its a @ substrate, Y330 moves some 8 A to approach within 3.1 of the alpha- carbon of
histidinen( Higm8iymIn this bound conformation, Y330 may further stabilize the histidine binding
pocket by %in a stacking interaction with the polar group of the neighboring tyrosine in

position 331.

SC

A similar e y underlie the effect of p.Val155Gly on HARS function. Notably, this mutant

exhibited a lower melting temperature than the other mutants, but the substitution had no effect on

U

the associ tant for the dimer. Analysis of the human HARS-histidine complex and

I

compariso . coli HisRS-histidinol ATP complex suggests that p.Val155Gly is unlikely to

substitute aire hat interacts directly with ATP (Fig. 8E). However, Val155 is in the region of the

3

e ATP binds, and the valine can potentially make a CH-r interaction with the

neighboring obic Phel71 in the active site (Fig. 8E). Phel71 in human HARS corresponds to

Phel25 1n coli enzyme (Arnez, et al., 1995), which makes a critical stacking interaction with
the adeninSing (Fig. 8F) The substitution of glycine for valine at position 155 may allow greater
conformatio, ibility on the part of Phel71, reducing its ability to generate stable binding pocket
for ATP. T s of this disruption are apparent in the elevated Ky, value for ATP observed for

p.VallSS:!. Additionally, a glycine substitution would permit greater conformational freedom in the

accessible *i-psi rgles within the peptide backbone of the beta sheet, potentially accounting for the

lower meltj rature in the absence of substrate. Furthermore, a less constrained beta sheet

created by e substitution could directly impact the helix 3, which contains the ‘TXE’ motif

for histidi ing. This provides a structural rationale for the decreased T,, of the p.Val155Gly apo
25
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enzyme, the dramatically reduced T,, in the presence of histidine (Table 3), and the elevated K, for

histidine (Table 2).

e

The vast m w ARS mutations impair enzyme activity- Previous studies examining the links

betweeMnTHEIHOMS in ARS genes and CMT have addressed the question of whether mutations lead
to a signifi of aminoacylation activity, or a change in an as yet undetermined secondary
function. T i mical analyses in this study indicate that CMT-linked HARS mutations confer

significant ged@€tidhs in aminoacylation function, in accordance with what has been described for

SCT

AARS muteﬂdaughlin, et al., 2012). These AARS mutations, like the described HARS

mutations, to complement yeast growth over a background where the endogenous yeast

gene has b!en disrupted (Oprescu, et al., 2017). Thus, for AARS and HARS mutations, the link to CMT

appears tomly associated with a loss of aminoacylation function.
The IinkEMT and reduced ARS function is slightly less clear for two other aminoacyl-tRNA

synthetase genes, GARS and YARS. In these cases, multiple mutations are linked to the disease, some
of which h“reductions in aminoacylation, and some of which appear to retain significant
activity. In ere GARS mutations have been associated with CMT disease, the majority of
which are del jous to enzyme function (Oprescu, et al., 2017). In the case of YARS, two mutants
arerep significantly reduced activity (Jordanova, et al., 2006) but one (p.Glu196Lys)
appearsw more active, or even unaffected (Froelich and First, 2011). However, the
p.Glul96Lys mutas and another CMT-associated mutation at the same codon (p.Glu196GIn) were
unable to ful ort yeast cell growth in complementation studies (Gonzaga-Jauregui, et al., 2015;
Jordanoﬁ)%). Furthermore, studies employing a D. melanogaster model of CMT show
that, despite its near wild type activity in vitro, p.Glu196Lys YARS leads to decreased protein
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synthesis rates in flies (Niehues, et al., 2015). These and other results suggest that, in the context of
specialized cell types, the consequences of a particular human pathogenic ARS mutation may be
difficultm priori. Mutations that lead to decreased activity may have limited phenotypic
impact ow t that, under normal conditions, protein synthesis can be met by less than

100% aaon a given tRNA synthetase. Conversely, a mutation that has limited impact on

aminoacylatjon ig vitro may exert more deleterious impact in vivo, owing to folding defects that
promote p Ic stress. Discrepancies may arise as a consequence of additional interactions

with otherwand/or RNAs that are necessary to execute all phases of protein synthesis.

Moving fo:ritical question to be addressed for each CMT-related ARS allele is if protein

synthesis i d as a direct downstream consequence of impaired aminoacylation.

-

Proposed nction effects of ARS mutations- Clearly more research is needed to resolve the

effect -associated ARS mutations on enzyme function. As an alternative to loss-of-function

mechani ultiple gain-of-function hypotheses have been proposed, specifically for GARS

mutations (Motley, et al., 2010). For example, a mechanism in which mutant monomeric GARS binds

to the VEGL)r neuropilin-1 and alters neuronal signaling has been proposed in the context of

a mouse et al.,, 2015). As yet, the relevance of this model to human disease-associated
mutations i y clear. However, three human mutant GARS proteins (p.Glu71Gly, p.Leu129Pro,
and p.ﬁere shown to bind to neuropilin-1 in vitro. Additionally, it was argued that the
propensWnt GARS to bind to neuropilin-1 was linked to weakened dimer formation (Xie, et

al., 2007). While the findings reported here do not explicitly address the neuropilin-1 hypothesis, our
characterizati ARS mutant proteins indicates that, despite a loss of canonical catalytic
function, th evidence for weakened dimerization (Supplemental Fig. 1). It should also be
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noted that, despite the linkage of over 80 loci to CMT disease, neither mutations in neuropilin-1 nor

in any of the ligands for this receptor have been identified in patients with CMT disease.

pt

Closing ihoughtsslere we present data that for the first time link impaired enzyme activity to HARS-

I

associated al neuropathy. This observation dictates considerations of how altered tRNA

C

charging ht affgct peripheral nerve function. Human peripheral nerve axons can extend more

than a metéfi th, and transport of essential proteins to the cell periphery is essential for

S

maintaining axon function (Giuditta, et al., 1968). There is increasing evidence of local protein

L

translation ons and at synapses, but the role of ARSs in this process is still not well

understoo olt and Schuman, 2013). Moving forward, it will be important to directly test if CMT-

N

associated A ations alter specific aspects of protein translation. In summary, additional studies

are requir rmine if CMT-associated ARS mutations act via a loss-of-function or gain-of-

a

functio anism; we suggest that these two mechanisms are not mutually exclusive. Our study

at further supports a loss-of-function molecular pathology and provides key data,

presen

M

newly applied methods, and novel reagents for studying the pathological mechanism of ARS-

associated isease.

Or
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Table 2. Steady state kinetics of tRNA™ aminoacylation by human and neuropathy-associated

mutations of histidyl-tRNA synthetases

Variable Substrate

tRNA histidine ATP
[ ] ﬁ kead Ko ket Ky
K (HM) kcat 1 Km kcat (uM-l Km kcat kcat/Km References
L“‘ ) | (MG | | T M) | 6T | M)
s7)
0.782 + 14 69 8.0 + 4: 0.5+ | 442 Sf 013 ATP data
' . . +35. ’ i
0.2 4.0 0.4 0.4 5.5 0.2 this work
i)
p-Ser356Asn 199 + 0.30 10.8 0.39 1.5x10 _ .
+ 1.5 191 + 0.04 ND ND | +£1.2x10 This work
0.02 1 0.04 5
0.56 2029 | 0.74 763
0.330£0.072 | =+ 1.7 + + 0.004 i’ ” 0.48 | 0.000272 | This work
0.03 83.23 | 0.10
3.05 687.2 | 2.08 3.8x10*
9+0.159 | =+ 3.1 + + 0.003 | ND | ND | £2.7x10" | This work
0.14 200.0 | 0.16 5
E. coli HisRS 1.71 354 133 (Fahoum
0.34 £0.05 + 5.0 + + 3.8¢ 380 ND ND and Yang,
0.06 37§ | 22§ 1987)

ed are the mean * standard error of three independent experiments. § Data are for

Values rep@rt
histidine i

iphosphate exchange reaction.

Table 3. TQtability of neuropathy-associated HARS variants and substrate complexes

This article is protected by copyright. All rights reserved.

Enzyme ! T C AT, C* AT, C"
WH 51.72 + 0.44%** - -
WT + his: 58.75+0.41 7.03 -
WT + 53.76 £ 0.21 2.04 -
35




histidi

WT + tRNAMS 53.43 +0.41 1.71 -
p.Ser356 50.87 + 0.33 - -0.85
M?&E T 50.17+ 031 8.30 0.42
histidine

.Ser356As;n TP 53.12+0.11 2.25 0.64
p.Ser356Ay ] + 55.16 + 0.20 429 NA
tRNAS s

p.Tyr330ms 51.72+0.36 - 0
p.Tyr + 55.95+0.32 423 2.8
histidine

p.Tyr330Cys + ATP 53.85+0.12 2.13 0.09
p.Tyr330C + 55.88+0.29 4.16 NA
tRNA"™ O

p.Va115+5 ly 48.05 & (0.39%** - 3.67
p.VallSS: + 4935+ 0.67 1.30 94
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p.Vall55Gly + ATP

51.09 £ 0.16

3.04

-2.67

p.VallSSilz ' +

O,

53.91+£0.26

5.86

NA

Bold values ier: jreviously determined (Abbott, et al., 2017). # Relative to the apo form of the same

enzyme. #

error of 2 1

VallSSGlyﬂa‘[ed as *** p<0.0001 (extra sum-of-squares F test).

— Monte Carlo results
locity experiment.

ependént experiments in triplicate. Values that are significantly different WT to

ige to the same form of WT HARS enzyme. Values reported are the mean + standard

(straight-line parameterization) from

olar mass D (x 107 s (x 107" sec) o RMSD
(kDa) cm/secz)
18.5 (111.6, 4.54 (4.43,4.66) | 5.67 (5.48, 1.44 (1.43, |0.0025
125.5) 5.85) 1.45)
22.0 (110.6, 4.43 (4.20,4.65) | 5.68(5.42, 1.46 (1.44, |0.0032
133.5) 5.94) 1.49)
120.6 (116.3, 4.52 (4.50,4.55) | 5.74 (5.51, 1.44 (1.42, |0.0028
124.9) 5.97) 1.46)
20.0 (110.3, 441 (4.34,449) | 5.57(5.21, 1.48 (1.46, |0.0034
129.6) 5.93) 1.49)

asis are 95% confidence intervals from the Monte Carlo analysis. The theoretical

molar mE WT dimer is 114.9 kDa, indicating the observed species is a dimer. The residual
mean square devigtion (RMSD) of the fit is shown in units of absorbance at 230 nm.
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Figure 1. Histi NA synthetase mutations identified in three pedigrees with peripheral
neuropath enotyping was performed to determine if HARS variants segregate with disease

status. Thegpedigree structures of Family 1 (A), Family 2 (B), and Family 3 (C) are shown. Circles

i

represent f iadividuals and squares represent male individuals. Shaded symbols represent

c

affected indiyi and non-shaded symbols represent unaffected individuals. Diagonal lines

indicate d individuals. Genotypes are indicated under each individual where DNA was

M
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B oS ARHT

Figure 2. Histid |-!RNA synthetase CMT variants are found in the active site of the dimeric enzyme.

(A) Histidyl-t nthetase forms a homodimer (first monomer yellow and second monomer blue).

The ne ociated HARS residues are shown in the 3D structure as red sticks of the HARS
dimer boug to histidine (green spheres) (PDB 4PHC). (B) The HARS active site pocket (yellow)
reveals that athy-associated mutations face into the active site (shown as red sticks and
spheres). (ming in HARS neuropathy-associated substitutions indicates that interference with

substrate ‘ding (histidine green sticks and ATP gray sticks) can occur. ATP was modeled into the

active site F the n'man HisRS bound to histidine (PDB 4PHC) by aligning the HisRS E. coli structure

bound to ADlKMN).
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Figure 3. NeurEy-associated HARS mutations are highly conserved. (A) Multiple-species
protein alignments were generated to assess the conservation of each affected amino-acid position.
Complete gino acid sequence alignment of human, mouse, worm, yeast, and bacterial HARS were
generated Dstal Omega and annotated with quaternary structural information with ENDscript

(Robert an 2014). The position of known functional domains of the HARS protein indicated

in blue (WSP—TRS domain of unknown function), red (catalytic core), and yellow (tRNA binding
domain)M critical for substrate binding are indicated along the top. For each of the three
variants, t d amino acid is indicated by an * in the HARS protein sequence in multiple,

evolutionarily divegse species. Note that strictly conserved residues are highlighted in red with white

“‘H@ lightly conserved residues across multiple but not all species are red.
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Figure 4. Nguropathy-associated HARS mutations result in loss-of-function in vivo. (A) Yeast

compleme i nalysis of HARS variants. Haploid AHTS1 yeast strains were transformed with a
vector contgiigi o insert (‘Empty’) or an insert to express wild-type, p.Val155Gly, p.Tyr330Cys, or
p.Ser356A;s @ f'wo colonies (indicated by ‘A’ and ‘B’) from transformations with p.Val155Gly,
p.Tyr330Cys -5er356Asn HTS1 are shown. Resulting colonies (undiluted, diluted 1:10, or diluted

1:100) wer, n agar plates containing complete media with 0.1% 5-FOA. Note the severe
depletiﬂassociated with p.Tyr330Cys and p.Ser356Asn HTS1 in the 1:10 and 1:100
dilutions. (B) Similar yeast complementation assays as describe in A using the human HARS open-
reading frafnhe. Haploid AHTS1 yeast strains were transformed with a vector containing no insert

(‘Empty’) o rt to express wild-type, p.Val155Gly, p.Tyr330Cys, or p.Ser356Asn HARS. After
transformagi onies (undiluted, diluted 1:10, or diluted 1:100) were grown on agar plates

containing com media with 0.1% 5-FOA. Note the severe depletion of growth associated with
p.Vall5 S in the undiluted sample and the lack of growth in the 1:10 and 1:100 dilutions.
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Figure y-associated HARS mutations reduce aminoacylation function. Progress curves
for amin on of tRNA™ substrates with histidine by wild type or mutant HARS enzymes under

conditions of excess substrates and limiting enzyme. Reaction conditions utilized saturating

substrateshATP, 10 mM histidine, and 10 pM tRNA"™®) with either wild type or mutant HARS

enzymes. ess of the reaction was followed by detection of aminoacylated *’P radiolabeled
over time, a ibed in “Materials and Methods.” The progress curves are color coded as follows:
wiId-ty;ﬁck diamonds, 4); p.Val155Gly HARS (green triangles, ®); p.Tyr330Cys HARS (red
circles,®), ®and p.Ser356Asn HARS (blue squares,M). Each point represents the mean of three

independent expefiments, and error bars indicate the standard error. Inset, progress curves over the

first six'{
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Figure 6. mtlon of specific catalytic defects in neuropathy associated HARS CMT mutants
by steady inetics. Multiple turnover aminoacylation reactions were performed under
Michae onditions of excess substrates and limiting enzyme as described in “Materials
and Methi " Initial velocity of product formation was plotted against substrate concentration for

A, tRNA; B, Histidine, and C, ATP. Fits to the Michaelis-Menten equation returned k., and Ky, values,

which are in Table 2. The plots are color coded as in Figure 5: wild-type HARS (black
diamonds, #®); p.Val155Gly HARS (green triangles,®@); p.Tyr330Cys HARS (red circles,®), and

p.Ser356Asin HARSg(blue squares,®). When ATP was the variable substrate, none of the mutants

reached a veIOC|ty at the highest ATP concentration (5 mM). The inset shows linear fits of
the V/S da e mutants to allow an estimation of kcat/Ky. Each point represents the mean of
threei nt experiments, and error bars indicate the standard error.

43

This article is protected by copyright. All rights reserved.



1,35y 1,25
- SI56H _ & 9355H
.o +'WT . 1.0 = GA55M + histiding
.,D'?P 0.7
n
£ -3
.54 01504
025 0.2
0.0 ¥ ¥ . ¥ ¥ 0.0
m an 60 [ n ko] L] 50 60 T
Tamparatuna [*C] Tomparatuns [*C]
1 25 1.25%
& VIESG
= V1356 1004« VIS5 + histdine

1.0 +WT

J‘*‘fﬂﬂ
0.75

e i f,r’“
.50 '3 e
[ 0.25

] a0 50 B0 m

128 1.25 b rel
= Y3300
1.0 109 = TAE00 » NiStling
.:nﬂi 07
z &
aan e
025 0.2
L] H
an 41 L) BO ™ . k0] %] 50 G0
Temperaturs [C] Temperature [*C]

Figure 7. Differential scanning fluorimetry of neuropathy associated HARS enzymes and their

interactiohbstrates. A-C, Melting temperature of apo wild type or mutant HARS enzymes

determinecentration of 10 mM WT enzyme (black diamonds, 4); p.Ser356Asn HARS (blue
squares,l)#p" 5Gly (green triangles,®@); and p.Tyr330Cys HARS (red circles,®). D-F, Stabilization
by histigxestigated by incubation of mutant HARS enzymes with 5 mM histidine. Empty
symbols r apo enzymes, while filled symbols represent histidine bound complexes of

p.Ser356A (D); p.Val155Gly HARS (E); and p.Tyr330Cys HARS (F). Thermal shift curves are

represe{neuropathv—associated mutants measured in duplicate.
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Figure 8. M&eu interactions of HARS neuropathy-associated amino acid residues in the active
site. (A) S3 itioned in the active site to coordinate a critical arginine residue R388 in motif 3.
(B) R38 i nserved and corresponds to R311 in E. coli HisRS structure (cyan) that is

responsible for positioning the y phosphate of ATP adjacent R121. (C) Y330 is situated 2.5 A from the

alpha carbon of histidine (green) but makes no immediate interactions with modeled ATP (gray
sticks and s @ (D) Y330 and Y331 facilitate hydrogen bonding interactions with histidine. Y330
in the apo shown as purple sticks) can flip away from the active site and swing 8 A upon
histidine biiding i\own as red sticks) to facilitate hydrogen bonding interactions. (E) Phe 171 forms
a stacking i:n with the ribose ring of ATP (as modeled in the active site as grey sticks and

spheres). ( 5Gly is buried in the active site and does not mediate any direct interactions

with ei trate histidine or ATP, but in the apo enzyme forms a CH-Pi interaction with the

aromatic ring of 171 within the active site.
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