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ABSTRACT

While having multiple aminoacyl-tRNA synthetases
implicated in Charcot-Marie-Tooth (CMT) disease
suggests a common mechanism, a defect in enzy-
matic activity is not shared among the CMT-causing
mutants. Protein misfolding is a common hypothe-
sis underlying the development of many neurological
diseases. Its process usually involves an initial re-
duction in protein stability and then the subsequent
oligomerization and aggregation. Here, we study the
structural effect of three CMT-causing mutations in
tyrosyl-tRNA synthetase (TyrRS or YARS). Through
various approaches, we found that the mutations do
not induce changes in protein secondary structures,
or shared effects on oligomerization state and stabil-
ity. However, all mutations provide access to a sur-
face masked in the wild-type enzyme, and that ac-
cess correlates with protein misinteraction. With re-
cent data on another CMT-linked tRNA synthetase,
we suggest that an inherent plasticity, engendering
the formation of alternative stable conformations ca-
pable of aberrant interactions, links the tRNA syn-
thetase family to CMT.

INTRODUCTION

Charcot-Marie-Tooth disease (CMT) is one of the most
common inherited neurological disorders, affecting 2.8 mil-
lion people worldwide of all races and ethnic groups (1).
Having no effective therapies, the disease causes degenera-
tion of the peripheral nerves and results in a loss of mus-
cle tissue and sensation in hands and feet. Despite simi-

lar clinical presentations, CMT is associated with vast ge-
netic heterogeneity: so far, mutations in more than 90 genes
are causatively linked to the disease (2). Among them,
six encode aminoacyl-tRNA synthetases (i.e., glycyl-(3),
tyrosyl-(4), alanyl-(5), histidyl-(6), lysyl-(7) and methionyl
(8)-tRNA synthetase [GlyRS or GARS, TyrRS or YARS,
AlaRS or AARS, HisRS or HARS, LysRS or KARS, and
MetRS or MARS]), and represent the largest gene family
implicated in CMT.

Aminoacyl-tRNA synthetases catalyze an essential reac-
tion for translation. Each of the 20 proteinogenic amino
acids encoded by the universal genetic code has its own
tRNA synthetase. The aminoacylation reaction links amino
acids to the 3’-ends of their cognate tRNAs in two-steps:
first, an amino acid (aa) is activated by ATP to generate
aa-AMP; second, the aminoacyl moiety is transferred from
aa-AMP to the 3’ end of the cognate tRNA to generate
aa-tRNA (9,10) (Supplementary Figure S1). Importantly, it
is the tRNA synthetase-catalyzed aminoacylation reaction
that establishes the rules of the genetic code by pairing each
amino acid with a tRNA harboring the cognate anticodon
trinucleotide. Therefore, the tRNA synthetase family is con-
sidered to be one of the most ancient and essential protein
families (11). Additionally, during the evolution of biolog-
ical complexity, tRNA synthetases have developed a broad
range of regulatory functions beyond their classic enzymatic
role in translation (12-17).

The involvement of multiple members of the same fam-
ily suggests a common mechanism, yet defect in tRNA
aminoacylation is not shared among the CMT-causing mu-
tants of tRNA synthetases. For example, the E71G mu-
tant of GlyRS (GlyRSF7'9) and E196K mutant of TyrRS
(TyrRSE®K) are strongly associated with CMT type 2D
(CMT2D) (3) and dominant intermediate CMT type C
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(DI-CMTC) (4), respectively, and both have wild-type-like
aminoacylation activities (18,19). In previous work, we
studied several CMT2D mutants (GlyRS®MT2P) and re-
vealed that they all show similar conformational opening
compared with the wild-type GlyRS (20). We also found
that GlyRSMT2P proteins, including GlyRSE"'9, gain aber-
rant interaction with neuropilin-1 (Nrpl) (21). The aber-
rant interaction competitively interferes with the binding
of the cognate ligand vascular endothelial growth factor
(VEGF) to Nrpl, thereby disrupting the neurotropic effect
of VEGF-Nrpl signaling and contributing to the neurode-
generation (21).

While GIyRS is a class II tRNA synthetase, whose
catalytic domain is composed of an anti-parallel B-sheet
flanked by a-helices, TyrRS is a class I tRNA synthetase
with a characteristic Rossmann fold composed of mostly
parallel B-strands connected by a-helices as the catalytic
domain. So far, five mutations in the YARS gene have
been linked to DI-CMTC, characterized by intermediately
reduced nerve conduction velocities, axonal degeneration,
and mild demyelination (4,22,23). All mutations are domi-
nants, with one mutated and one wild-type allele found in
each DI-CMTC patient. Among them, three mutants have
been enzymatically characterized, including two missense
mutations (G41R and E196K) and a 12-bp in-frame dele-
tion that results in the deletion of four amino acids (A153-
156VKQV) (19,24). Also, the pathogenicity of these three
mutants have been recapitulated in transgenic Drosophila
models (19). Indeed, flies expressing the enzymatically in-
tact TyrRSE°K mutant display comparable or, in some as-
says, more pronounced features of neurodegeneration than
flies expressing the aminoacylation compromised TyrRS
mutants (i.e. TyrRSY4R and TyrRSA133159) (19). These and
other studies suggested that the DI-CMTC phenotype, like
CMT2D, is due to toxic gain-of-function that could be
shared by all mutants (19,25). However, the nature of the
gain-of-function remains elusive. Specifically, does the gain-
of-function of DI-CMTC mutants also link to conforma-
tional opening and a capacity for making aberrant interac-
tions?

We set out to investigate the biochemical, biophysi-
cal, and structural properties of the three TyrRS mutants.
We found that DI-CMTC mutations minimally affect the
content of secondary structures and do not share effects
on protein stability. However, we revealed a conforma-
tional change induced by each of the two missense muta-
tions (G41R and E196K). Although the deletion mutation
(A153-156) does not induce the conformational change, all
three mutants make the same aberrant protein-protein in-
teraction. This and other evidences suggest that deletion of
153-156 residues exposes the same area that is opened by
G41R and E196K mutations. Thus, all DI-CMTC muta-
tions, like CMT2D mutations, cause structural opening to
expose a new surface for potential pathological interactions.

MATERIALS AND METHODS
Construction of expression plasmids

The full-length TyrRS and CMT mutants constructs, en-
coding residues 1-528, with a hexahistidine tag fused to

their C-termini, have been obtained by PCR using the Pfu-
Ultra II polymerase and cloned into the pET-20b vector. To
generate the mini-TyrRS and mini-CMT mutants, the re-
gion coding for aa 1-364 were amplified with the addition
of a C-terminal His-Tag by PCR and cloned in the same
way into the pET-20b vector.

The full-length ORFs were also amplified by PCR and
cloned into the PGEX-6P-1 in order to generate GST-
TyrRS and GST-CMT mutants fusion proteins that were
used for Biolayer Interferometry experiments.

The expression plasmid for RBCC was obtained by
cloning by PCR the region coding for the residues 65-378 of
TRIM2S into a pET-20b vector containing a hexahistidine
tag in the N-terminus.

Expression and purification of TyrRS, DI-CMTC mutants,
RBCC and GST-fusion proteins

The Escherichia coli strains Rosetta [DE3] pLysS (Novagen)
was used for expression of TyrRS, mini-TyrRS, GST-fusion
proteins and RBCC recombinant proteins. Cultures were
grown overnight to saturation in LB medium containing
100 pwg/ml ampicilin and 34 pg/ml chloramphenicol. An
aliquot of the overnight culture was diluted 1/25 in SB
medium and grown at 37°C. At ODygq of 0.7, isopropyl B-
D-thiogalactopyranoside (IPTG) was added to a final con-
centration of 0.2 mM, and the cells were grown at 37°C for
3 h. The induced cells were harvested, washed and collected
by centrifugation (5000 g, 10 min). The resulting bacterial
pellets were frozen at —20°C.

The pellet was resuspended in 5 volumes (v/w) buffer A
(50 mM Tris—HCI pH 8§, 300 mM NaCl, 20 mM imida-
zole, 1 mM phenyl-methyl-sulphonyl-fluoride (PMSF) sup-
plemented with lysozyme 0.1 mg/ml, DNAse I 10 pg/ml
(Zymo Research), 20 mM MgSO, and protease inhibitor
cocktail (Sigma) (50 pl/g cells). After a 20 min incubation
with gentle agitation, the cells were disrupted by sonication
(using a 750 W sonicator and 5 cycles of 30 s each at 60%
power output). The lysate was clarified by centrifugation at
35000 g for 30 min. Starting from a 1 1 culture, the clarified
supernatant was injected onto a 5-ml HisTrap FF column
(GE Healthcare), previously equilibrated in buffer A sup-
plemented with 1 M NaCl. Elution was carried out using a
gradient of imidazole in buffer A supplemented with 1 M
NaCl. The fractions containing the protein were combined
and loaded onto a Superdex 200 HR 16/60 column (GE
Healthcare) and eluted in either 10 mM Tris—HCI, 300 mM
NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), pH
7.5. The protein was concentrated using Centricon Plus-20
(molecular cutoff of 3000 Da) (Millipore) and then stored
at —20°C.

For the GST-fusion proteins, a GSTrap column was used
instead of HisTrap and the protein was eluted using a buffer
containing 50 mM Tris and 10 mM of reduced glutathione
at pH 8. The elution was loaded onto a Superdex 200 and
eluted in a final buffer composed of 10 mM Tris—HCI, 300
mM NacCl, ] mM TCEP at pH 7.5.

All purification steps, except for gel filtrations, were car-
ried out at 4°C. Apparent molecular mass of proteins eluted
from the gel filtration column was deduced from a cali-
bration carried out with low molecular weight and high



molecular weight calibration kits (Amersham Pharmacia
Biotech). Protein concentrations were calculated using the
theoretical absorption coefficients e (mg/ml.cm) at 280 nm
as obtained using the program ProtParam at the EXPASY
server (http://www.expasy.ch/tools).

Far-UYV circular dichroism (CD)

Spectra were recorded on a AVIV Model400 dichrograph
using 1-mm quartz cells in 10 mM sodium phosphate pH
7 at 20°C. CD spectra were measured between 185 and 260
nm, at 0.2 nm/min and were averaged from three indepen-
dent acquisitions. Mean molar ellipticity values per residue
(MRE) were calculated as MRE = 3300m AA/(l ¢ n), where
1 (path length) = 0.1 cm, n (number of residues) = 79, m
(molecular mass in daltons) = 9040 and ¢ (protein con-
centration in mg/ml) = 0.1. Spectra were deconvoluted us-
ing the DICHROWERB website (http://dichroweb.cryst.bbk.
ac.uk/html/home.shtml) which was supported by grants to
the BBSRC Center for Protein and Membrane Structure
and Dynamics (CPMSD) (26). The CDSSTR deconvolu-
tion method was used to estimate the a-helical content us-
ing the reference protein set 7.

Thermal shift assays (TSA)

Thermal shifts assays were performed on a StepOnePlus 96
Real Time Cycler (Applied Biosystems). The dye from the
‘Protein Thermal Shift™ Kit” (ThermoFisher Scientific) was
used to monitor the thermal stability of protein by binding
to the exposed hydrophobic residues. Solutions of 5 pl of
protein thermal shift buffer, 2.5 pl of diluted thernal shift
dye (8x) and 12.5 pl of protein at 0.5 mg/ml (with or with-
out 2 mM tyrosine) were added to the wells of a 96-well
Optical Reaction Plates (Applied Biosystems). (To increase
the solubility of tyrosine, the buffer was preheated to 50°C
before adding the amino acid.) The plates were sealed with
optical sealing tape (Bio-Rad) and heated with the RT-PCR
from 20 to 90°C in increments of 0.5°C. Measurements were
done in triplicate and analysed with the corresponding Pro-
tein Thermal Shift™ Software (ThermoFisher Scientific).

Quantification of the monomer—dimer equilibrium

Each protein sample (200 1) was injected onto a Superdex
200 chromatography column (GE Healthcare, 10/300GL)
in PBS buffer (NaCl 137 mM, PO4*~ 10 mM, KC12.7 mM)
at pH 7.5 containing 5 mM B-mercaptoethanol and pro-
tein absorbance at 280 nm was monitored. The column
was calibrated using standard proteins. To estimate the ap-
parent monomer—dimer equilibrium dissociation constants
of each protein (ranging from 100 nM to 30 wM), 200 wl
were loaded onto a Superdex 200 chromatography column.
The elution volume peak of each concentration was moni-
tored by its absorbance at 280 nm. Due to undetectable ab-
sorbance of the proteins at low concentrations, 0.5 ml frac-
tions from elution volume ranges of 12 ml to 16 ml were col-
lected and then subjected to SDS-PAGE and immunoblot-
ted with anti-TyrRS antibodies to identify the elution vol-
ume peak at each concentration. Elution volume shift was
defined as the fractional distance between the monomer and
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dimer peaks. This difference was plotted versus concentra-
tion. The apparent Ky was taken as the concentration at
which the volume shift is half-way between the monomer
and dimer peaks.

Crystal structure analysis

Crystallization experiments were performed immediately
after protein purification. Screening experiments were
carried out using the sitting-drop vapor diffusion method
at 20°C in 96-well MRC crystallization plates using a
nanodrop-dispensing robot (TTP Labtech’s mosquito®
Crystal) and various commercial crystallization Kkits
(Molecular Dimensions Limited, Emerald BioStructures
and GenaBiosciences). Reservoir solutions were 30 wl in
volume and crystallization drops were composed of 100,
200 or 300 nl protein solution at 10 mg/ml and 100 nl of
reservoir solution. Crystallization plates were sealed with
transparent film after set-up of the drops and transferred
to a storage cabinet at 20°C.

Mini-TyrRSS*R crystals grew typically within 48 h to
a size of 0.1 x 0.1 x 0.05 mm? by mixing 300 nl pro-
tein at 10 mg/ml with 100 nl of the same condition used
for Mini-TyrRSWT crystals (27). Mini-TyrRSE!°K crystals
grew within 3 days to a size of 0.2 x 0.1 x 0.05 mm?’
by mixing 300 nl of protein at 10 mg/ml with 100 nl of
the same solution. Single crystals were harvested from the
drop and flash frozen in liquid nitrogen at 100 K with 2-
methyl-2,4-pentanediol (MPD) as cryo-protectant. Diffrac-
tion data sets were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL).

Small-angle X-ray scattering (SAXS) and ab initio shape re-
construction

All SAXS measurements were carried out at the SSRL on
beamline BL4-2 at a working energy of 12.5 keV corre-
sponding to A = 0.992 A. The sample-to-detector distance
of the X-rays was 2.847 m, leading to scattering vectors ¢
ranging from 0.028 to 4.525 nm~'. The scattering vector is
defined as ¢ = 4m/\ sinf, where 20 is the scattering angle.
The exposure time was optimized to reduce radiation dam-
age. Data reduction was performed using the established
procedure available at the beamline, and buffer background
runs were subtracted from sample runs. The radius of gyra-
tion (Rg) and forward intensity at zero angle /(0) were de-
termined with the program PRIMUS (28) according to the
Guinier approximation at low values, in a 0.R, range up to
1.3 (29):

QZRgZ
3

Q: the scattering vector; I(Q): the intensity as a function of
the magnitude of the scattering vector; Iy: intensity at zero
angle; R,: radius of gyration of the molecule.

The forward scattering intensity was calibrated using
bovine serum albumin as reference. The R, and pairwise dis-
tance distribution function, P(r), were calculated with the
program GNOM. The maximum dimension (Dy,.) value
was adjusted such that the R, value obtained from GNOM
agreed with that obtained from the Guinier analysis.

Ln [[(Q)] = Lnflo] —
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SAXS data were collected at 10°C using 30 wl of five dif-
ferent protein concentrations ranging from 0.5 to 10 mg/ml
in 10 mM Tris—HCI (pH 8.5) buffer with 5 mM EDTA,
and loaded in a fully automated sample charger. Ten ex-
posures each of 10 s were made for each protein concen-
tration and were combined to give the average scattering
curve for each measurement. Any data points affected by
aggregation, possibly induced by radiation damages were
excluded. The profiles obtained at five different protein con-
centrations had the same shape and were flat at low q values
indicating the absence of significant aggregation. Then, we
used the higher concentration to have the maximum infor-
mation at high resolution.

Three-dimensional bead models were built by fitting the
scattering data with the program DAMMIF (30). Thirty in-
dependents models were generated with DAMMIF assum-
ing P2 symmetry. The models resulting from independent
runs were superimposed using the DAMAVER suite (31).
This yielded an initial alignment of structures based on their
axes of inertia followed by minimization of the normalized
spatial discrepancy (NSD), which is zero for identical ob-
jects and larger than one for systematically different objects.
The aligned structures were then average, giving an effective
occupancy to each voxel in the model, and filtered at half-
maximal occupancy to produce models of the appropriate
volume that were used for all subsequent analyses.

Hydrogen—deuterium exchange analysis

Before carrying out hydrogen-deuterium exchange experi-
ments, the optimal proteolysis conditions that produced the
best sequence coverage map of wild-type TyrRS were es-
tablished as described (32). Briefly, 3 ul of TyrRSWT pro-
tein (1mg/ml) was incubated with 18 pl of 0.08 M GuHCI
and digested on immobilized pepsin column for 40 s, it was
found to generate the most peptides (302) which covered
100% of WT protein sequence. To initiated H/D exchange
(HDX) reactions, 3 .l of protein stock solution (WT or mu-
tants) was mixed with 9 pl of D,O buffer (8.3 mM Tris, 50
mM NaClin D,O, pH 7.6) and incubated for 10, 100, 1000,
10 000 and 100 000 s at 0°C. At the designated times, HDX
reaction was quenched by adding 18 pl of ice old quench
buffer (0.08 M GuHCI, 0.8% formic acid, 16.6% glycerol)
and samples were immediately frozen at —80°C. In addi-
tion, non-deuterated and fully deuterated samples were also
prepared as previously described (33). The 30 pl quenched
samples were thawed at 4°C and immediately passed over
the immobilized pepsin column (I x 20 mm, 40 mg/ml
porcine pepsin (Sigma)). The digested peptides were col-
lected on a trap column (Michrom MAGIC C18AQ, 0.2 x 2
mm) for desalting and separated with a Magic C18 column
(Michrom, 0.2 x 50 mm, 3 wm, 200 A) by a 30 min lin-
ear acetonitrile gradient of 6.4-38.4%. The accurate peptide
mass measurement was performed with an OrbiTrap Elite
mass spectrometer (Thermo Fisher Scientific), which was
setup for optimal HDX performance with minimum back-
exchange rate (34,35). Data acquisition was completed in ei-
ther data-dependent MS/MS or MS|1 profile mode and pep-
tide identification was done using Proteom Discoverer soft-
ware (Thermo Fisher Scientific). Deuterium incorporation
levels of each peptide at each time-points were determined

by HDXaminer (Sierra Analytics Inc) with back-exchange
correction use above control samples (36).

SwitchSense analysis

Sample  preparation. Forty microgram of thiol-
modified DNA (5-ATC AGC GTT CGA TGC
TTC CGA CTA ATC AGC CAT ATC AGC TTA
CGA CTA-(SH-modifier)-3’ was activated with het-
erobifunctional  crosslinker  sulfosuccinimidyl — 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-
SMCC) in PBS for 20 min. In a second reaction, the
activated DNA was covalently linked (using an amine
coupling strategy) via ecither the e-amino groups of re-
active lysines or the N-terminal a-amino group of the
Tyrosyl-tRNA synthetase constructs. The Tyrosyl-tRNA
synthetase-DNA conjugation reaction mixtures were
incubated at 4°C for 12 h and subsequently purified on an
anion-exchange column (YMC-BioPro QA).

Single-stranded DNA oligonucleotides (48 bp) are teth-
ered to a gold microelectrode by thiol chemistry. Tethered
strands have the following sequence: 5'-(SH-modifier)-TAG
TCG TAA GCT GAT ATG GCT GAT TAG TCG GAA
GCA TCG AAC GCT GAT-(fluorophore)-3". The Tyrosyl-
tRNA synthetase conjugates are hybridized to their com-
plementary tethered DNA nanolevers, thus immobilizing
the Tyrosyl-tRNA on the biosensor surface.

Sample measurement. The Tyrosyl-tRNA synthetase-
DNA conjugates were immobilized onto the biosensor sur-
face (by hybridization) at a concentration of 200 nM.
The experimental running buffer used was PE40 (10 mM,
Na,HPO4/ NaH;POy4, 40 mM NaCl, 0.05% Tween20). For
the determination of hydrodynamic drag in solution, a re-
porter fluorophore (probe a rhodamine-derivative with an
emission maximum at 576 nm) was attached to the DNA’s
distal end, and read out by an epifluorescence setup. By
distant-dependent, non-radiative energy transfer from re-
porter fluorophores to the metal surface, the DNA levers’
orientation and movement can be accurately monitored. By
alternating the applied surface potentials of -400 mV and
+400 mV at a frequency of 10 kHz, the DNA’s intrinsic
negative charge enables forced switching movement of the
nanolevers. Whenever a sufficiently negative potential is ap-
plied, the DNA is repelled from the surface to a standing
position (Figure 5SA). Conversely, positive potentials attract
the DNA to the surface, transitioning the nanolever from a
standing to a lying position. The nanolever movement hap-
pens on the microsecond scale, and can be fully resolved em-
ploying time-correlated single photon counting, with sam-
pling events of 25 ns precision (37). To describe the DNA’s
motion between lying and standing states, the orientation of
reporter fluorophores were recorded as a function of time,
the fluorescence response curves. The slope and form of the
sigmoidal transition within the response curve is affected
by the hydrodynamic drag of the nanolevers. As such, a
nanolever carrying a protein cargo at its distal end experi-
ence a notably larger hydrodynamic drag, corresponding to
the hydrodynamic radius of the sampled protein. The cal-
culation of hydrodynamic radii from these fluorescence re-
sponse curves is done according to previous work (37).



Biolayer interferometry

The dissociation constants (K4) between RBCC (aa 65-378
of TRIM28) and TyrRS or CMT mutants were obtained
through biolayer interferometry with an Octet QK system
(FortéBio). Samples or buffer were dispensed into 96-well
plates (Greiner Bio-one) at 200 .l per well. The operating
temperature was maintained at 20°C. The GST fused wt
TyrRS and CMT mutants proteins were diluted into kinetic
buffer (PBS with 0.1% BSA and 0.002% Tween-20) and im-
mobilized on anti-GST sensor tips. The RBCC protein used
for injections was diluted with the same buffer into a range
of different concentrations.

Sensors were subsequently incubated with GST fusion
protein for 5 min, until signals plateaued and immediately
followed by a 2 min wash with the binding buffer to remove
the unbound GST fusion protein and to serve as a baseline
for the association and dissociation steps. To monitor the
association, 5 uM of Tag free RBCC was added to the re-
action wells for 6.5 min. To monitor protein dissociation,
sensors were advanced to wells containing assay buffer for
10 min.

The equilibrium binding magnitude was defined as the
net signal after reactions had plateaued and this net signal
at each time point was plotted. The raw data were processed
by subtraction of values for reference cells and then aligned
with the association phase (0.2-0.4 s). The dissociation con-
stants K4 were obtained by fitting the processed data with
the 1:1 model in Octet analysis software with R?> > 0.99 and
are shown as mean =+ error of fit.

RESULTS
DI-CMTC mutations do not affect protein folding

The three DI-CMTC mutation-associated residues are lo-
calized in the catalytic domain of TyrRS (Figure 1A): G41
is on one of the six B-strands that make up the structural
core of the Rossmann nucleotide-binding fold catalytic do-
main; E196 is within an a-helix («9) that is on the periph-
ery of the Rossmann fold and is exposed to the solvent;
and the four amino acids missing in A153-156 are located
within a flexible loop connecting two a-helixes (a7—a8) in
the CP1 domain that makes contacts at the dimer interface
(27) (Figure 1B). Before carrying out a structural analysis of
the mutants, we performed biochemical experiments to see
if the mutations can affect the solubility and/or the fold-
ing of the protein. All human proteins were overexpressed
in E. coli and purified from the soluble fraction of the bac-
terial lysate with similar yield, indicating that the protein
solubility is not obviously affected by the CMT mutations.
In order to monitor any possible changes in the protein sec-
ondary structures, we carried out far-UV circular dichroism
(CD) experiments. All recorded CD spectra indicate prop-
erly folded proteins, and deconvolution of the spectra leads
to comparable amount of a-helix and B-strands among the
four proteins, suggesting that the mutations do not affect
protein folding (Supplementary Figure S2).
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G41R and A153-156 increase while E196K decreases protein
stability

To study the impact of the mutations on protein stabil-
ity, we performed fluorescence-based thermal shift assays
(TSA). This method measures the fluorescence emission
upon binding of the fluorescent probe to the hydrophobic
regions of the protein that become more exposed during
protein thermal denaturation. In the absence of any ligand,
compared with TyrRSWT, an increase in the T}, (appar-
ent melting temperature) was observed for TyrRS2133-156
(+1.1°C) and TyrRSY#R (+3,5°C), whereas a large decrease
in the 7m was found for TyrRSE?*K (=7.3°C) (Figure 1C),
indicating that the DI-CMTC mutations have idiosyncratic
effects on protein stability. Interestingly, except for the most
stable TyrRSY4!R | all proteins are stabilized by the addi-
tion of tyrosine to various degrees (Figure 1C). The stabi-
lizing effect of the amino acid substrate is most pronounced
for the least stable TyrRSEP*K (+5.3°C). However, tyro-
sine binding does not change the order of the four pro-
teins in stability (TyrRSC*R > TyrRSA153156 - TyrRSWT
> TyrRSEI6K),

E196K, but not G41R and A153-156, affects monomer—
dimer equilibrium

TyrRS is known to function as a dimer to catalyze the
tRNA aminoacylation reaction. Analytical size-exclusion
chromatography was performed for TyrRSWT, TyrRSG4IR
TyrRSEK and TyrRSA133-156 at a high concentration (100
pM), and each showed an apparent molecular mass of
120 £+ 5 kDa, consistent with a dimeric organization for
all proteins (data not shown). To investigate the effect of
DI-CMTC mutations on the dimerization of TyrRS, vary-
ing concentrations of the four proteins were used to esti-
mate the apparent dissociation constant for the monomer—
dimer equilibrium. The estimated Ky for TyrRSG#R and
TyrRSA13156 are similar to TyrRSWT with values of ~200
nM, indicating that G41R and A153-156 do not affect
the dimerization ability of TyrRS (Figure 1D). In contrast,
the apparent dissociation constant for TyrRSF!?°K was es-
timated as 4.9 wM, which is 23-fold higher than that for
TyrRSWT. This result indicates that the E196K mutation
weakens the dimer formation of TyrRS, but this effect is
not shared by other DI-CMTC mutations. It is worth not-
ing that tRNAD" binds to TyrRS across the dimer inter-
face (38) (Supplementary Figure S1), which would stabilize
the TyrRS dimer and may explain why E196K, despite the
much-reduced Ky for dimerization, does not affect tRNA
aminoacylation (19).

Crystal structures of DI-CMTC mutants G41R and E196K

Human TyrRS contains three domains: catalytic domain,
anticodon binding domain, and EMAP II-like domain (39)
(Figure 1A). The first two domains (mini-TyrRS) are evo-
lutionary conserved and are necessary and sufficient for the
aminoacylation activity of TyrRS (40). Although there is
no crystal structure for the full-length TyrRS, the structures
of both mini-TyrRS and the C-terminal EMAP Il-like do-
main have been determined separately (27,41). In order to
achieve a structural understanding of the effects caused by
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Figure 1. CMT-causing mutations on TyrRS and their effect on protein stability. (A) The 3 CMT-causing mutations mapped onto the domain structure of
TyrRS. (B) Model of the full-length dimeric TyrRS structure based on the crystal structure of mini-TyrRS (pdb 1N3L) and the C-terminal EMAP II-like
domain (pdb INTG). A close-up view at the dimer interface shows the localization of the 3 CMT mutations on each subunit. (C) The top panel shows
the thermal shift data and the associated melting temperature (7h,) for TyrRSWT and the 3 CMT mutants. The middle panel shows the corresponding
melting data in the presence of tyrosine (2 mM) and the arrows indicate changes in 7}, from the apo form of the proteins. The table below summarizes the
different melting temperatures obtained for each of the proteins with or without tyrosine, as well as the differences between the two conditions (A7y,). (D)
Estimation of dimer-monomer equilibrium dissociation constant by gel filtration chromatography in combination with immunoblotting.

DI-CMTC mutations, we solved the crystal structures of
mini-TyrRSS*R and mini-TyrRSF**K at 1.6 and 1.95 A res-
olution, respectively.

The attempts to crystalize the full-length TyrRSS#R and
TyrRSEK "as well as TyrRSWT, have been unsuccessful,
most likely due to the presence of a disordered and highly
flexible linker between mini-TyrRS and EMAP Il-like do-
main (Figure 1A and B). Interestingly, the crystal structures
of both mini-TyrRS®*R and mini-TyrRSE!°K are similar
to that of mini-TyrRSWT (Figure 2A). (Compared to mini-
TyrRSWT, the root-mean-square deviation (RMSD) for 318
Ca positions is 0.27 and 0.73 A for mini-TyrRSS*'R and

mini-TyrRSF%6K | respectively.) The crystallization condi-
tions used in both cases were similar to those used for
mini-TyrRSWT (27), and the crystals have the same space
group (P2;2,2) with each asymmetric unit containing one
monomeric subunit (Supplementary Table S1).
Interestingly, in the structure of mini-TyrRSCG#R, the
arginine substitution occupies the tyrosine-binding pocket
(Figure 2B). This prevents tyrosine from binding to the mu-
tant, and thus explains the lack of 7y, shift in the pres-
ence of tyrosine for TyrRS%4!R (Figure 1C) and its complete
loss of aminoacylation activity (19,24). While the mini-
TyrRSC#IR structure was obtained without any ligand bind-
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Figure 2. Crystal structures of mini-TyrRSC*R and mini-TyrRSE1?®K  (A) Comparison of the crystal structures of mini-TyrRSO*'R and mini-TyrRSE196K
with the co-crystal structure of mini-TyrRSWT /tyrosine (pdb 4QBT). The superimposition has been made using the molecular graphics program UCSF
Chimera, and the side chains of the two mutated residues (R41 and K 196) are represented in red. (B) Close-up view of residue 41 in mini-TyrRSWT /tyrosine
(left panel) and mini-TyrRSO4IR (right panel) structures. The bound tyrosine in the active site of the mini-TyrRSWT is colored in yellow and the residue
41 is colored in red. (C) Close-up view of residue 196 in mini-TyrRSWT /tyrosine (left panel) and mini-TyrRSEIK structures (right panel). The bound
tyrosine in the active site of the mini-TyrRSWT is colored in yellow and the residue 196 is colored in red. Note a bound tyrosine was unexpectedly found

in the active site of the mini-TyrRSE1?K structure.

ing, all mini-TyrRSF!?K crystals we tested have a tyrosine
bound in the active site (Figure 2C). Because no tyrosine
was added to the protein during purification and crystalliza-
tion, the bound tyrosine must have co-purified with mini-
TyrRSE9®K  Because tyrosine has a strong stabilization ef-
fect on TyrRSF!6K (Figure 1C), it is conceivable that the
tyrosine-bound form of mini-TyrRSE!®K is easier to crys-
tallize than the apo form, although the apo form is the ma-
jor population in solution.

We speculate the selection of a certain population during
crystallization and the crystal packing forces have prevented
us from capturing conformational differences between the
proteins. Therefore, we started to investigate the conforma-

tions of these proteins in solution by small-angle X-ray scat-
tering (SAXS).

SAXS reveals similar conformational change induced by
G41R and E196K

SAXS experiments were performed for the full-length
TyrRSWYT and all three DI-CMTC mutants. For each pro-
tein, the shapes of the scattering curves are independent of
protein concentrations in the range of 5-185 wM. (Sup-
plementary Figure S3A), and the corresponding Guinier
plots show parallel straight lines at the very small scattering
angles (the low-resolution Guinier region) (Supplementary
Figure S3B), indicating the absence of significant aggrega-
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tion. The molecular mass determined from the extrapolated
scattering intensity at a zero angle is ranged between 111.5
and 120.7 kDa (Figure 3A), indicating dimeric organiza-
tion for all proteins, consistent with the result from size-
exclusion chromatography. The Guinier analysis gave R,
(radius of gyration) values of 4.62, 4.86, 4.52 and 4.89 nm
for TyrRSWT, TyrRSC4IR TyrRSA153-156 and TyrRSEIP0K
respectively (Figure 3A). These values indicate an over-
all size increase for TyrRSS*R (+5.2%) and TyrRSEI6K
(+5.8%) and a size decrease for TyrRS2133156 (-2 4%), com-
pared to TyrRSWT.

A closer look at the scattering curves within the medium
resolution region (50-25 A) that is most sensitive to global
conformational change shows a clear separation of the pro-
files obtained for TyrRSWT and TyrRS4!531%¢ from that
for TyrRSC*R and TyrRSE!°K (Figure 3B). The pairwise
distribution functions are also in agreement with this ob-
servation (Figure 3C), suggesting that G41R and E196K,
but not A153-156, induce significant global conformational
changes in TyrRS.

To visualize the conformational change, we carried out
ab initio shape reconstruction from the scattering data col-
lected at the highest concentration. For each protein, a to-
tal of 30 independent ab initio reconstructions were calcu-
lated and merged to generate the molecular envelop (Fig-
ure 3D). (The envelopes obtained for each protein were
highly similar, as indicated by a small average normalized
spatial discrepancy (NSD) value (Figure 3A). As shown
in one of our previous studies (42), TyrRSWYT forms an S-
shaped molecule, with the central region containing mini-
TyrRS in dimeric form and two C-terminal domains pro-
truding toward opposite ends (Figure 3D). All three CMT
mutants also display this S-shaped organization (Figure
3D; middle row); however, obvious differences were ob-
served between TyrRSWT and two of the CMT mutants:
TyrRSY4R and TyrRSE!®K. These differences originated
from the mini-TyrRS region, and caused changes in ori-
entation of the C-terminal domains (Figure 3D; top row).
The dimeric mini-TyrRSWT crystal structure (PDB 1N3L)
fits better in the TyrRSWT envelope than in the TyrRSS4R
and TyrRSE!96K envelopes (Figure 3D). Compared to the
TyrRSWT envelope, the central region of TyrRSS*R and
TyrRSEK envelopes bends toward the opposite direction,
causing a translocation of the C-terminal domain in these
two mutants (Figure 3D; bottom row). Interestingly, this
translocation of the C-terminal domain and bending in the
mini-TyrRS region are not observed in the TyrRS#!33-136
envelope, which displays the same overall conformation as
TyrRSWT (Figure 3D).

HDX analyses confirm overall conformational opening in-
duced by G41R and E196K

In order to pinpoint the site of the conformational change,
we recorded hydrogen—deuterium exchange (HDX) for the
full-length TyrRSWT and the three DI-CMTC mutants.
HDX is a powerful analytical technique for studying pro-
tein dynamics in solution and revealing conformational
changes when mutants are compared with the WT protein.
After each exchange period in a D,O buffer, the protein
is rapidly proteolyzed into fragments and analyzed using

high-resolution proteomics methods to gain insights on the
solvent accessibility to different regions of the protein. For
TyrRSWYT, the HDX-mass spectrometry analysis gave excel-
lent peptide coverage (>90%) (Figure 4A). Interestingly, the
loop region between helix a7 and a8 that flanks the four
amino acids missing in TyrRS213315¢ showed the most sig-
nificant deuterium uptake (>80% of deuteration level after
10 s of exchange) (Figure 4A), indicating this loop is highly
dynamic and exposed on the protein surface. This observa-
tion is in agreement with the fact that this region was char-
acterized by high B-factors in the crystal structure (27,42).

Compared with TyrRSWYT, TyrRSF!%K shows an over-
all increase (10.8% at 1000 s of exchange) in deuteration
level. Considering that the apparent dissociation constant
for the monomer—dimer equilibrium is increased for the mu-
tant and that the protein concentration during the HDX ex-
periment (~6 wm) is only slightly above the Ky, a larger
monomer population is expected for TyrRSE?*K  which
would enhance the deuterium incorporation at the dimer in-
terface. Indeed, residues at the dimer interface (a6—a7-a8—
a9 [Ser126-Gly203]) show a strong increase in deuteration
levels (>40%) (Figure 4B). However, other regions of the
catalytic domain outside of the dimer interface, and the ma-
jority of the anticodon binding domain also show substan-
tial HDX increase (Figure 4B and Supplementary Figure
S4A). The overall increase in deuteration level is suggestive
of a more relaxed structure, consistent with the size increase
observed by the SAXS analysis for TyrRSF!?°K (Figure 3A).

We also observed a slight overall increase in deuterium
incorporation for TyrRSO*R compared with TyrRSWT
(1.3% at 1000 s of exchange) (Figure 4C and Supplemen-
tary Figure S4B). The overall increase for TyrRSGR ig
much smaller than that for TyrRSE!°K and the two mu-
tants have an opposite effect at the dimerization interface
where TyrRSS*R shows a decrease in deuterium incorpora-
tion (Figure 4C). Because the effect of G41R on monomer-
dimer equilibrium is minimal (Figure 1D), the decrease
in deuterium incorporation at the dimer interface is most
likely due to a stabilization effect of the R41 side chain in
the active site (Figure 2B). Indeed, in the crystal structure of
mini-TyrRSY*R | the arginine side chain projects toward the
dimerization interface (Figure 2A and B), and the stabiliza-
tion effect of the G to R mutation has been demonstrated
by the increased Tm for TyrRSO*R in the TSA experiment
(Figure 1C). The stabilization effect may also contribute to
the less dramatic increase in deuterium incorporation out-
side the dimerization interface, compared with TyrRSF196K
Nevertheless, the overall increase in deuterium incorpora-
tion for TyrRSS#!R is consistent with an overall structural
opening, as revealed by SAXS analysis.

As for TyrRSA133156 no significant difference from
TyrRSWYT was observed in deuterium incorporation except
for slight variations around the deletion site and the dimer-
ization interface (Figure 4D and Supplementary Figure
S4C), which confirms our SAXS observation that deletion
of the 4 amino acids does not induce a global conforma-
tional change.
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Figure 3. Small-Angle X-ray Scattering (SAXS) analysis of WT TyrRS and its CMT mutants. (A) Summary table of main SAXS parameters for all the
proteins tested. (B) Experimental solution scattering data for the four proteins. The inset shows a close-up view of the medium resolution region (q values
ranging from 0.08 to 0.25). (C) Pair distance distribution, P(r), of the SAXS data determined during data reduction with GNOM. (D) Three different views
of the ab initio envelope. The structures of the dimeric mini-TyrRS and the EMAP IlI-like domain have been manually docked in each of the envelope. The

extra densities correspond to the disorder linker, which is not present in either of the two crystal structures.
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Figure 4. Hydrogen-Deuterium exchange analysis. (A) Left panel: raw map of deuterium incorporation for TyrRSWT. Right panel: mapping of the level
of deuterium incorporation on the structure of the dimeric mini-TyrRS. (B) Difference map that shows the changes in deuterium incorporation for the
E196K mutant (left panel) with a mapping of those changes on the mini-TyrRS dimer crystal structure (right panel). The three regions show most dramatic
increases in deuteration level are boxed. Similar analyses have been done for the G41R (C) and A153-156 (D) mutants. The dotted oval in (B), (C) and (D)
show the dimer interface.



SAXS results confirmed by hydrodynamic radii measured by
switchSENSE® technology

The unique structural and dynamics properties of each mu-
tant motivated us to further investigate them using an in-
dependent method. The switchSENSE® technology can
monitor protein size in solution by assessing the hydrody-
namic radius (43). The technology tethers short DNA dou-
ble strands to a gold surface on one end and allows binding
to proteins of interest on the other end (Figure 5A). The
motion of the DNA levers is triggered by alternating the
voltage across the electrode surface and is tracked in real
time through a fluorescence probe attached to the DNA.
Upon binding of TyrRS proteins, the hydrodynamic friction
of the levers is affected and subsequently the movement of
these levers. The movements were recorded (Figure SB) and
used to calculate the hydrodynamic radius of each protein
(Figure 5C). To minimize the difference in dimer-monomer
populations, in this experiment, we isolated the dimers by
gel filtration after the conjugation with the DNA and di-
rectly subject them to the analysis. Remarkably, we found
that TyrRS9*'R and TyrRSE!6K are substantially larger
than TyrRSWT, with a 6.9% and 10.3% increase in the hy-
drodynamic radius, respectively (Figure 5C). As expected,
TyrRSA153156 is smaller than TyrRSWT, with an 8.63% de-
crease in the hydrodynamic radius. Although the changes in
size as detected by the switchSENSE®technology is more
pronounced than those detected by SAXS, qualitatively
speaking, results from all experiments are highly consistent
in suggesting G41R and E196K, but not A153-156, induce
conformational opening in TyrRS.

All DI-CMTC mutations enhance TyrRS’s ability to interact
with TRIM28

Neomorphic conformational opening can lead to aber-
rant interactions. Although the interaction of TyrRS with
tRNA seems not affected by the DI-CMTC mutations (24),
protein—protein interactions may be impacted. Previously,
we showed that TyrRS is trans-located from cytosol to
nucleus in response to oxidative stress to protest against
DNA damage (44,45). In the nucleus, TyrRS makes a di-
rect interaction with TRIM28 to sequester this vertebrate-
specific transcriptional repressor to activate the expression
of DNA damage repair genes (45). The TyrRS interaction
was mapped to the coiled-coil domain of TRIM28 (45). Us-
ing E. coli-based overexpression system, we are able to pro-
duce and purify an N-terminal fragment of TRIM28, which
contains the RING, Bl1, B2, and the coiled-coil domain
(RBCC) (Figure 6A). Although RBCC, compared with the
full-length TRIM28 and the isolated coiled-coil domain,
has a weaker interaction with TyrRS (45), we were able to
detect the interaction using biolayer interferometry in vitro
(Figure 6B). Remarkably, all three DI-CMTC mutants have
an enhanced interaction with RBCC (Figure 6B), with a 3-
fold increase for TyrRSY*R and a 5-fold increase for both
TyrRSEK and TyrRSA133-156 in the binding affinity.

It is remarkable to see that not only TyrRSE”*K and
TyrRSC4R | but also TyrRS2133156 which lack conforma-
tional change, end up making the same aberrant interac-
tion. This result suggests that residues 153—156VKQV act
as a structural blocker to prevent the aberrant interaction in
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TyrRSWYT. Instead of inducing a conformational opening,
A153-156 removes the ‘access blocker’ to unmask a bind-
ing surface that also becomes exposed by the G41R and the
E196K mutations to make the same aberrant interaction
(Figure 6C). The fact that residues 153-156VKQV are lo-
cated in a highly exposed and dynamic loop near the dimer
interface (Figures 1B and 4A) and that removal of these
residues does not cause conformational change suggest that
the TRIM28 binding site is near the dimer interface (Figure
6C).

DISCUSSION

Protein misfolding is a common hypothesis underlying the
development of many neurological diseases (46,47). Mis-
folding can expose hydrophobic residues that are normally
buried within the structural core, and result in decreased
protein stability and solubility. Reduced solubility is often
associated with the conversion of some a-helices and un-
ordered structures to B-strands, which further promote pro-
tein self-assembly and aggregation. The resulting aggrega-
tion eventually form amyloid-like fibrils or inclusion bodies
that are commonly found in various neurological diseases
such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, and Amyotrophic Lateral Sclerosis. However,
in neurological diseases, the quantity of aggregates does
not correlate with severity of clinical symptoms, suggest-
ing that the most neurotoxic species may not be the readily
detectable aggregates but rather the misfolded soluble pro-
teins and/or small oligomers (48). Through several possible
mechanisms (49), including aberrant interactions with var-
ious intracellular or extracellular targets, those misfolded
soluble proteins may mediate toxic effects to disrupt cellu-
lar homeostasis and cause neuronal death. In this regard,
formation of aggregates that would block the aberrant in-
teraction may even be protective to cells.

In principle, many proteins, if not all, have the potential
to misfold and form aggregates under certain conditions
(47,50). This phenomenon questions whether protein mis-
folding is the original cause or a mediator of other causative
molecular and cellular perturbations. A clear answer is not
always achievable for many common neurological diseases
such as the Alzheimer’s and Parkinson’s diseases, where the
genetic makeup for the diseases is complex. However, for
CMT, the causal relationship between certain mutation and
the disease is clear, oftentimes with complete penetrance.
For example, G41R and E196K mutations in YARS were
each segregated with DI-CMTC in large families (4). Al-
though A153-156 is a de novo mutation without family
history, the pathogenicity of this mutation, as well as that
of G41R and E196K, has been recapitulated in transgenic
Drosophila models (19). Therefore, structural abnormali-
ties, especially those shared among different disease-causing
mutations, are likely to be the fundamental cause of the dis-
ease.

We have demonstrated in this study that protein instabil-
ity is not a common feature of DI-CMTC mutants. E196K
is the only mutation that causes a decrease in thermal stabil-
ity (Figure 1C). The other two mutants (G41R and A153—
156) are in fact more stable than the WT protein. The
E196K mutation also decreases the dimerization capacity
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of TyrRS, but again this effect is not shared by the other
two mutations (Figure 1D). All mutants have proper fold-
ing in terms of secondary structure contents (Supplemen-
tary Figure S2). However, they seem to share a similar con-
formational opening, either induced by a missense mutation
(G41R or E196K) or enabled by a specific deletion (A153—
156). Therefore, we suggest that DI-CMTC is not caused
by loss of protein stability, but rather by a specific change
in protein structure to generate an alternative stable confor-
mation. It may not be appropriate to refer this structural
change as protein misfolding. An alternative stable confor-
mation may share some, but not all, consequences of a mis-
folded protein. For example, these stable alternative con-
formers are less likely to cause protein aggregation than are
misfolded proteins.

The alternative stable conformation adopted by DI-
CMTC mutants can explain the toxic gain-of-function
mechanism suggested by genetic studies in Drosophila
(19,25) and the dominant genetic trait of DI-CMTC. How-
ever, the aberrant TRIM28 interaction that we demon-
strated may not be the only aberrant interaction for DI-
CMTC mutants. Rather, it serves as a proof of concept that,

despite the uniqueness of each DI-CMTC mutation in af-
fecting the biophysical and biochemical properties of the
protein, all mutations share the same capacity for making
an aberrant interaction, or interactions, that may uniquely,
or collectively, contribute to the disease phenotypes. To fur-
ther advance our understanding of the molecular mecha-
nism of DI-CMTC, future work should be focused on de-
termining whether the aberrant interaction with TRIM28
is linked to the pathology and to identify, if any, addi-
tional aberrant interaction partners that are common for
DI-CMTC mutants. We should note that a TRIM28 or-
tholog is not found in Drosophila, suggesting that the aber-
rant TyrRS-TRIM28 interaction per se is not involved in
the development of CMT-like phenotypes in the Drosophila
model.

What we have revealed here for DI-CMTC mutants
of TyrRS shares remarkable commonality with CMT2D
mutants of GlyRS. Most CMT2D-causing mutations are
also located in the catalytic domain, which also mediates
the dimerization of the synthetase (45,51). The effect of
CMT2D-causing mutations on dimerization is also idiosyn-
cratic, with some promoting (e.g., G526R) while others
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weakening (e.g. L129P) the dimer association (20). How-
ever, all CMT2D mutants share conformational opening
around the dimerization interface to expose new binding
surfaces (20,21), which are correlated with the aberrant
GlyRS-Nrpl interaction that contributes to the neurode-
generation (21). The open conformation seems to be sta-
ble, and no aggregation or ubiquitin-positive inclusion was
detected in neural tissues of CMT2D mouse models (52).
Interestingly, majority of the CMT-causing mutations in
tRNA synthetases are located in the catalytic domain (53),
and all tRNA synthetases belong to either class I or class 11
as exemplified by TyrRS and GlyRS, respectively. Although
the two classes use completely different molecular architec-
ture for catalysis, both types of architecture may be prone
to conformational perturbation, as they were evolved to cat-
alyze an equivalent reaction. Therefore, we suggest that an
inherent plasticity, engendering the formation of alterna-
tive stable conformations capable of aberrant interactions,
may be the common feature for all tRNA synthetase-linked
CMT subtypes.
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