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Conformational flexibility of interdomain
linker in bovine tyrosyl-tRNA synthetase studied
by molecular dynamics simulation
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Here we report a study of molecular dynamics of a YCD2 fragment of mammalian tyrosyl-tRNA
synthethase (Asp322-8Ser528), which includes the COOH-terminal cytokine-like domain, intermodular
flexible linker, and H5-a-helix of catalytic core of synthetase. Qur calculations show that while compact
C-terminal domain was less flexible and relatively stable, the interdomain linker shows a high degree of
conformational changes. After short relaxation time it forms a short helix-fike structure, which may be
involved in the regulation of domain interaction and modulation of protein activities.
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Introduction. Bovine (Bos taurus) tyrosyl-tRNA syn-
thetase (TyrRS, EC 6.1.1.1) is one of the most
studied mammalian aminoacyl-tRNA synthetases [1].
So far, the full-length synthetase has not been
crystallized and its experimental 3D structure has not
been reported. Difficulties of obtaining crystals can be
caused by presence of a labile peptide linker between
N-terminal catalytic core and C-terminal domain.
Mobility and flexibility of this linker may be required
for adaptable orientation of domains necessary for
tRNA amincacylation reaction. The lack of expe-
rimentally determined structure justifies the use of
computational methods for the study of TyrRS spatial
composition and temporal behavior. Hence, the miain
aim of this work is to study the structure of inter-
domain linker and its conformational flexibility using
molecular dynamics (MD) simulation technigques,
Bovine TyrRS cxists as a homodimer formed by
two 59.2 kDa subunits of 528 amino acid residunes
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each. N-terminal catalytic core and C-terminal do-
main of a subunit are joined by a peptide linker (Fig.
1}. N-terminal module forms a minimal 39 kDa
TyrtRS which reveals full cataiytic activity in vitro [1,
2). C-terminal domain is dispensable for catalytic
activity of mammalian TyrRS {3]. Presence of this
domain is not a ubiquitous feature among TyrRSs. Up
to date, it is found in human, mouse, rat, zebra fish,
and fruit fly. There is no equivalent of C-domain in
TyrRS of invertebrates (nematode Caenorhabditis
elegans), plants, lower eukaryotes, and Archaebac-
teriae. This suggests that it has been attached to the
TyrRS of chordates and insects common ancesior
later in cvolution. TyrRSs from Eubacteriae have
similar composition, but their C-terminal domains
have little or no homology to their counterpart in
higher eukaryotes or insects, and probably emerged
as a result of evolutionary convergence [4]. A multiple
alignment of C-domains guided by predicted secon-
dary structure revealed two independent sub-domains
[3]: a B-pleated part (OB-fold, residues Val363-
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Lys47(0) and an «-helical A-subdomain (residues
Gly471-Ser528, Fig. 1) {3, 5]1. The TyrRS C-domain
reveals 52.7 % identity to a mammalian cytokine
(endothelial and monocyte activating polypeptide,
EMAP 1Dy [6, 7], which activates both monocytes and
endothelial cells — an effect first discovered in chemi-
cals induced cancerogenesis [8, 91. EMAP II is a
product of p43 (proEMAP II) cleavage. p43 is a
non-synthetase protein involved in high-molecular
weight multi-tRNA synthetases complex formation in
higher eukaryotes [10]. p43 interacts with ArgRS
directly and modulates its aminoacylation activity
[11} It has been experimentally shown that stress-
induced cleavage of TyrRS by an unknown, possibly
thiol protease results in acquisition of cytokine-like
activity [12—14]. In vifro experiments show that
TyrRS C-domain induces a twofold increase of mono-
cyte chemotaxis and enhancement of human tissue
factor expression {12—14]. The described effects of
the C-domain are similar to those exhibited by EMAP
II cytokine.

Several organisms possess C-terminal domains
homologous to that of TyrRS. There are experimental
data showing involvement of Arcip (Gé4pl) from
Saccharomyces cerevisiae (55.3 %, identity) [15],
human p43 (pro-EMAP II) (62.7 %) {3}, and ARCE
from Euplofes octocarinatus (52 %) [161 in non-
specific tRNA binding. These proteins direct tRNA to
the active sites of corresponding ARSases [15, 171 It
is possible, that during the evolution C-terminal
domain was transferred to several diverse proteins
involved in translation (such as TyrRS, MetRS, pd3,
and Arclp) 1o enable their proper functioning in
higher eukaryotes protein synthesis apparatus {3].

Bovine C-domain contributes about 50 9, of
TyrRS affinity to ribosomal RNAs [18]. This binding
has a certain specificity: among others poly(G) had
the most inhibitory effect in the reaction of tRNA™
aminoacylation [18]. In chemical modification expe-
riments TyrRS protected anticodon of tRNA™ from
N-nitroso-N-ethylurea modification. Hence, the anii-
codon region is involved in tRNA™ recognition by
mammalian TyrRS [19].

Despite all the experimental information gathered
up to date, there is no clear understanding of
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C-domain and interdomain linker role and mode of
action. Significance of its relation to both cytokines
and tRNA-binding domains is unclear and needs
explanation. The absence of experimentally derived
structure and imporiance of studying the role of
eukaryotic cytokines justify computational approach o
TyrRS study. In the lighi of recent theories and
observations concerning functions of flexible inter-
domain linkers [20] we are especially interested in
gathering detailed information about temporal be-
havior of TyrRS linker to make an attempt of
understanding its functioning in the whole protein.

Materials and Metheds. The amino acid sequence
of bovine TyrRS was reported earlier [21, 22] and
can be downloaded from Entrez (htip://www.nc-
bi.nlm.nih.gov/entrez/), accession number Q29463.
To build the model of the three-dimensional structure
of TyrRS we used homology modeling techniques
[23]. Eartier, we performed homology modeling of 3D
structures of N- and C-terminal domains of bovine
TyrRS separately [5, 24) using two PDB structures
(IN3L, 95 9% homology and INTG_A, 92 %) as
templates. The putative conformation of bovine TyrRS
interdomain linker was modeled using the C-Abl
tyrosine proiein kinase structure {10PL_A}. lts frag-
ment connecting SH2 and SH3 domains has an
unexpected sequence homology (37 9% homology,
32 9% identity) to bovine TyrRS interdomain linker
(Fig, 2). The exact modeling procedure of the full-
length bovine TyrRS will be published elsewhere.

For molecular dynamics calculations we employed
GROMACS 3.1.4 with GROMOS96 force field (25,
261, We used a virtual octahedral box. Minimal
distance from its walls to the protein molecule was
1.0 nm. The box was filled with 16458 SPC-models
of water molecules. A total protein charge of +6 was
compensated by 38 sodium and 44 chloride ions
replacing equal number of water molecules to simulate
ionic strength of 0.15 M.

Algorithms of steepest descent and conjugated
gradient were used to do original minimization of
system energy. Minimal energy of 200 kj/mol was
attained after 3421 steps. We equilibrated water
molecules during 100 ps, while keeping proteins
coordinates bound to the box with the aid of ad-
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Fig. 2. Alignment of the YCD2 homology model and the mode! after
1875 ps of MD. An original modet is shown in black, the result of
MD is shown in gray: a — alignment of two chains; b — YCD2 after
1875 ps MD colored according to RMSD from the original model.
Lesser deviations are marked in gray, higher — in black
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Fig. 3. Time course of RMSD changes (nm) in position of C_-atoms
comparing 1o original model

ditional supplementary harmonic force field. After
this procedure we carried out an additional round of
gnergy minimization. An actual modeling procedure
was performed for about 2 ns at 27 °C (300 K} and
resulted in two independent trajectories of 1875 and
2000 ps. We analyzed the obtained results using a
suite of standard programs incorporated into GRO-
MACS 3.1.4 package [25, 26]. A root mean square
deviation (RMSD) was calculated by Fit subroutine of
Swiss-PDB viewer [27].

Results and Discussion. In order to analyze the
conformaiional flexibilily and iemporary stiuctural
changes of the interdomain linker, we used MD
simulations of the extended cytokine-like C-domain of
bovine TyrRS. This fragment, designated as YCD?2,
has an «-helical subdomain of N-terminal! catalytic
core (residues Asp322—Pro342), the linker region,
and complete C-terminal domain. This is not an
arbitrary truncation of TyrRS polypeptide chain.

RMSD, nm
0,7 1

_ o [
”fw" "'-‘W.WH
0,5 1 ) fq“wﬂ%ﬁ”ﬁ !
) 4
634 IM,N‘I“
swar AP s A NI N Ay A

U,IE

o 100 400 700

—T T

1000 1300 1600 1ime, ps

Fig. 4. Time course of RMSD (nm) of the linker area {(upper curve),
and the remaining part of YCD2 (lower curve)

YCD2 fragment was experimentally obtained earlier
as a protein having cytokine-like activities and RNA
binding ability [28 ]. In further discussions we use the
numbering system starting from the first amino acid
of YCD2, which corresponds to Asp322 of the full
length TyrRS. We ran two 1875 and 2000 ps MD
simulations, respectively. For further analysis one of
them (1875 ps) was selected. Both MD simulation
experiments display the same pattern of linker
behavior.

Fig. 2 shows an alignment of the initial structure
of YCD2 and its structure after 1875 ps of MD
simulation. It may be pointed out that both N-
terminal fragment and linker region (Pro2l-Glu4Q)
are the most flexible and reveal higher deviations
from the initial structure.

Fig. 3 represents time course of C_-atoms RMSD.
It increased up to 0.4 nm during first 400 ps quickly.
Slower increase during the next 1000 ps brings RMSD
to 0.5 nm. After that the system shows low amplitude
fluctuations between 0.5 and 0.6 om. This cor-
responds to the original re-arrangement and sta-
bilization of the structure, while the last stage reflects
small system fluctuations. We suggest that the largest
changes are contribuied by more flexible linker area.
To prove this assumption, we factored out and
analyzed RMSD changes contributed by the linker
only. The results can be seen in Fig. 4. It is clear that
the RM3Ds of the area between Aspi (322) and
Glud0 (362) (C-terminal part of N-domain and the
linker) show higher values {up to 0.6 nm) comparing
to those of the rest of YCD2 (0.25 nm). This supports
our hypothesis about high impact of the linker on
overall protein mobility.

Fig. § displays time-dependent behavior of soi-
vent accessible surface area (SASA), as well as its
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Fig. 5. Time-dependence of total (@), hydrophilic () and hydro-
phaobic (¢} YCD?2 linker surface {(nm®) accessible to solvent

hydrophilic and hydrophobic components. These are-
as decreased significantly during first 1.5 ns of the
experiment, and then increased by a small amount.
This behavior suggests compactization and stabili-
zation of the protein structure in the course of
dynamics.

A number of hydrogen bonds formed by protein
atoms displays the following trend: it drops after first
50 ps (protein relaxation), and increases significantly
by the end of MD trajectory. For the whole YCD2
protein their number drops to 140, then rises to 155
and later fluctuates around this value (Fig. 6, a). The
area Asp2l-Val68 (343—389) displays a higher per-
centwise change comparing to the rest of YCD2 —
from 18 to 25 (Fig. 6, b). The number of hydrogen
bonds is a good indication of secondary structure
formation. To get more insight into changes in
secondary structure of our protein, we plotied a
percentile of time a residue stays in helical con-
formation (Fig. 7). It is clear, that residues 1—20
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Fig. 6. Change of the number of imtramolecular hydrogen bonds
versus time {(ps): a — YCD2; & — linker
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Fig. 7. Percent of time that an amino acid residue stays in helical
conformation

which correspond to helical part of N-terminal ca-
talytic module form helices most of the time. Sur-
prisingly, our linker fragment between amino acids 22
(343) and 38 (359 can form unstable helix-like
structure.

Analysis of root-mean square fluctuations
(RMSF) of C_-atoms, presented in Fig. 8, shows that
N-terminal part of YCD2 and the linker area are most
labile (0.3 nm), while C-domain residues remain
relatively stable. We think that the linker undergoes
compactization as a result of hydrogen bond for-
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Fig. 8. RMSF {(nm) for C_-atoms of YCD2

mation. This leads to reduction of solvent accessible
area.

The peculiarities of linker behavior — change in
flexibility by formation of short helical structure —
may suggest that it may be involved in regulation of
TyrRS activity. Such behavior was observed in many
proicins, where short interdomain connectors play an
important rol¢ in function modulation [20]. It is
noteworthy that X-ray crystallographic studies of
TyrRS from Thermus thermophilus revealed a for-
mation of an additional turn of helix in the flexible
linker between N-terminal and C-terminal parts of
the enzyme after its binding with cognate tRNA™
[29).
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M. O. Mudwpa, ©. A. Tepewenxo, 0. I. Kopnemox

Busderns koHDOPMALIAHOT PYXAMBOCTI MiXKAOMEHHOTC NiHKEpa
THPO3UN-TPHK CHHTETa3b! CCABUiB METOAOM MONCTIOBAHHS
MONEKYIIAPHOT AHHAMIKH

Pesome

3diidcneno Gocaidxena monexyraprol dunamicu YCD2- hpacmen-
ma muposun-mPHK cunmemasu ccasyie ( Asp322-Ser528), axui
exuonae COOH-xinyesud yumokinnodionvi modyas, mixmodyis-
Huil eHyuxuii ninkep ma HS5-a-cnipane xamanimuunoio modyns
cunmemasu. Y npoyeci Ounamixu xomnaxmuuli C-xinyeeui domen
BUASUACH MeHWL pPYXAUGUM | 8IGHOCHO cmabinerum, modi K
MIXMOOYbHUE Rinkep nid0asca 3naunum KOHGODMAUIIHUM hepe-
bydpaar. Hicaa xkopomxoeo nepiody perakcayil y Rinkepi uAGAeHO
dopmysanns xopomxoi cniparHol OiasHku, Rka moxe JSymu
npunemnoro 0o peeyaauil e3aemodii domenia | Modyaayil axmuano-
et Hiaxa.

Knrouosi caoda: muposut-mPHK cunmemasa, yumoixin, C-mo-
dyas, MoReKyARpHa OQunamixa, KORPOpMAUYIENG DYXAUGICMb AiH-
xepa.

H. A Hwudwpa, @. A Tepewenxo, A. H. Koprenwx

Hayuenne xoHDOPMALMOHHOH NOABMKHOCTH MEXIOMEHHOIO
nunkepa THpo3ua-TPHK cHHTETA3bI MACKOTIMTAIOWMX METOROM
MOJESMPOBAHUS MONEKYIRPHOH AVHAMHKH

Pesiome

Onucano wccaedo8anue MOACKYARPHOU OuRaAMUKY dpacmenma
YCD2 muposun-mPHK cunmemasn maexonumawux (Asp322-
Ser528), exmowmoweeo COOH-konuesoli yumokunnodobuei 00-
MEH, Medmodyapnbtii cubruil aunkep n H5-a-chupans xamanumu-
HECKOZ0 MOOYAR cunmemasv. B npouyecce OuHOMUKY KOMRIKMMDLI
C-konyesoid Jdomen BEAKA OKA3QNCR MEHee NOOBUNXHLBIM W OMHOCU-
menvn0 cmabunonoim, Moeda KaKk mexmMoOOYRoHBIL RUHKED BBLAGLLL
InauumenvHoie Konpopmanuoruse nepecmpoirw Hocre xopomko-
20 nepuoda penaxcayui OOHApYXERs 06PA306aHUE KOPOMKOLO CRU-
PAALHOZO YHACIKQ, KOMOPLli MoXem Dolmb GOGACUEN 8 PeeYAupO-
sanue a3qumodelicmaun 0OMEH08 U MOGYRAYLL akmusHocmeli ben-
Ka.

Kuoueaoie crosa: muposur-mPHK cunmemasa, yumoxux, C-
MOOYRAb, MOAEKYAADHOR OUHAMUKG, KOHGODMARUOHNAR NOOBUX-
HOCMb JHHKepa.
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